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General Introduction



Osteoarthritis (OA) is a common chronic degenerative joint disease that affects multiple
joint structures including cartilages, synovial membranes, ligaments, and subchondral bones,
and clinically characterized by chronic joint pain, stiffness, and reduced joint movement
(Dequeker et al., 2008; Glyn-Jones et al., 2015; Loeser et al., 2012). In humans, OA has
affected over 500 million people of the global population in 2019, which greatly reduces the
quality of life and causes 2% of the global years lived with disability in the patients and
generates a socioeconomic burden (Hunter et al., 2020). The prevalence of dogs with OA is
vary between studies. While a previous study in the U.S.A. reported up to 20% of dogs over
1-year old are suffered from the disease (Johnston, 1997), estimated number of dogs
presenting with OA has been reported up to 6.6% in the U.K (O’Neill et al., 2014). In horses,
around 60% of the lameness is considered to be associated with OA (Caron et al., 2003), and
the estimated direct and indirect financial costs for OA horses could exceed one billion dollar
per year in the U.S.A. (Keegan, 2007). Thus, OA has now been recognized as a major

metabolic disorder in joints with multiple etiologies in both human and veterinary medicine.

In the joint, hyaline articular cartilage is a special layer of avascular connective tissue
covering the joint surface (Goldring et al., 2009). Hyaline cartilage consists of 1-5% of
specialized resident cells called chondrocytes embedded in the extracellular matrix (ECM)
produced by chondrocytes, which are responsive to renew the components of this ECM
continuously (Fox et al., 2009). The major components of the cartilage include 15-20% of
collagen fibers (dominantly type Il collagens), 3-10% of negatively charged proteoglycans,
and a large amount of water trapped by the negatively charged environment (Borthakur et al.,
2006; Eyre et al., 1995; Fox et al., 2009). This structure lets hyaline cartilage absorbs the
mechanical pressure and distributes the weight over the subchondral bone, and makes
normal motion of the joint be possible (Gao et al., 2014; Fox et al., 2009). Although ideally,
articular cartilages will function through the lifetime, it could be affected by multiple risk
factors, including age, traumatic injury, obesity, and genetic factors, which lead to the
development and progression of OA (Glyn-Jones et al., 2015; Goldring et al., 2009;

Sokolove et al., 2013). Key events in the pathogenesis of OA of articular cartilage include an



interruption of anabolic and catabolic signals, caused by cytokines and inflammatory
mediators (Kapoor, 2015; Krasnokutsky et al., 2008). The biochemical changes in OA
cartilage include reduced proteoglycan contents, disruption of the arrangement of the
collagen type 11 fibril network and aggregation of proteoglycans, and upregulated synthetic
activities and degradation of the ECM macromolecular components (Loeser et al., 2012,
Sokolove et al., 2013). Water content in OA cartilage was increased firstly, then reduced
with the loss of ECM components. (Loeser et al., 2012). The breakdown of the ECM
structures leads to changes mechanical properties of the cartilage, resulting in loss of

protective and weight-bearing functions.

Chondrocytes are the only cellular component of articular cartilage, and are responsible
for regulating the homeostasis of cartilage and the turnover of ECM. Chondrocytes are
derived from mesenchymal stem cells (MSCs) in the bone marrow through a series of
differentiation process (Chen et al., 2021). Physiologically, chondrocytes in hyaline
cartilages could produce various types of collagens, including collagen type II, IX, and XI,
of which more than 90% are type Il collagens (Charlier et al., 2019; Eyre, 2002).
Proteoglycans are another major product of articular chondrocytes to form the cartilage
matrix, and aggrecans are the most abundant type of proteoglycans by weight in the hyaline
cartilage (Roughley et al., 1994). Thus, type Il collagen and the aggrecan are also recognized
as the specific markers of articular chondrocytes (Caron et al., 2012; Chijimatsu et al., 2019).
However, during the progression of OA, chondrocytes would experience phenotype shift to
more mature phenotypes with changes in synthetic activities (Charlier et al., 2016). The
hypertrophic change of articular chondrocytes is currently the most recorded phenotype
(Ripmeester et al., 2018; Singh et al., 2019), while studies have confirmed that chondrocytes
undergo various types of phenotypic changes in OA pathogenesis, including a

dedifferentiated-like change (Aigner et al., 2007; Charlier et al., 2019).

The dedifferentiated-like phenotypic changes of chondrocytes have been observed
within OA cartilage when the ECM stability and integrity are compromised, as an attempt to
repair the damage (Pearle et al., 2005; Zaucke et al., 2001). Similarly, differentiation of
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chondrocytes would happen after isolation from the cartilage and cultured in monolayers
(Allen et al., 2012; Lin et al., 2008). Despite physiologically exhibiting a very low mitotic
activity, chondrocytes can transition to an “active” state and proliferate rapidly in response to
the stimulation of cartilage injury, which however, results in the production of non-hyaline
cartilaginous ECM (Chen et al., 2021; Pearle et al., 2005). Dedifferentiated chondrocytes
would produce less amount of aggrecans and type Il collagen and initiate the synthesis of
type I and 11 collagens (Charlier et al., 2019), resulting in a fibrotic remodeling of articular
cartilages in OA (Chan et al., 2018; Deroyer et al., 2019). Furthermore, a major transcription
factor required for the expression of collagen type Il alpha 1 (COL2A1) gene and cartilage
formation, SRY-box transcription factor 9 (SOX9), have been found to be downregulated
during the dedifferentiation of mouse chondrocytes (Bi et al., 1999; Lefebvre et al., 1997).
This loss of the normal anabolic phenotype of chondrocytes leads to s regenerative property
of articular cartilage, in which efforts on promoting the redifferentiation of dedifferentiated

chondrocytes should provide new targets of interest for the development of OA treatment.

Given the degenerative nature of the OA, it is unlike to reverse the pathological process
of the disease and repair the damaged joint structures with existing medical techniques, and
surgical treatments such as total joint replacement, could only be considered as a salvation in
the late-stage OA cases (Taruc-Uy et al., 2013; Weinstein et al., 2013; Yu et al., 2015).
Therefore, current treatment strategies for OA mainly could focus on medical management
using physiological or pharmacological approaches to relief the pain and slow down the
progression of OA, thereby improving the patients’ quality of life and delaying the necessity
for a surgical intervention (Ghouri et al., 2019; Mobasheri, 2013; Mora et al., 2018).
Conventional pharmacological options for OA include paracetamol, opioids, nonsteroidal
anti-inflammatory drugs (NSAIDSs), and intra-articular drugs such as steroids and hyaluronic
acid, which, however, could not attenuate the degradative changes in the joint and commonly
associate with side effects (Ghouri et al., 2019; Mobasheri, 2013; Weinstein et al., 2013; Yu
et al., 2015). With the increasing understanding of the biomolecular mechanism of OA

pathogenesis, disease modifying osteoarthritic drugs (DMOADSs), a novel type of



pharmacological agents capable of reversing the progression of OA and the pathological
damage of the joint, have been developed in the last decades (Anandacoomarasamy et al.,
2010; Ghouri et al., 2019; Oo et al., 2021; Oo et al., 2022), including a semi-synthetic
polysaccharide substance called pentosan polysulfate sodium (PPS) (Kumagai et al., 2010).
Although some of the DMOADs has been used in animals in certain parts of the world to
manage the OA symptoms, wider use of these drugs is still restricted due to insufficient
clinical and laboratorial information on the effects and mechanisms of actions of DMOADs
(Ghouri et al., 2019; Oo et al., 2022). The unmet needs of disease-modifying drugs require
further studies to reveal the molecular mechanisms involved in OA pathogenesis and the

biomedical mechanisms of DMOADs.

Among the DMOADs, PPS is a mixture of structurally complex heterogenous sulfated
polysaccharides derived from the wood of German beech. PPS is chemically semi-synthetic
through a non-selective and exhaustive sulfate replacement of the hydroxyl groups on the
second and third positions of a B-(1—4)-linked liner glucuronoxylan hemicellulose, giving
PPS an average molecular weight of 4,000-6,000 Da molecular weight and a 2.0 sulfate
level on each monosaccharide (Alekseeva et al., 2020; Lin et al., 2019). Due to the structural
similarities, PPS is considered as a low molecular weight mimic of glycosaminoglycans, or
more specifically, a heparin mimic (Ghosh, 1999; Lin et al., 2019). In the body,
glycosaminoglycans exist as free form of glycans or participant in forming surface receptors
and ligands, and regulate a wide range of biological and cytological reactions, e.g., cell-cell
adhesions and communications, cell proliferations, binding to growth factors or cytokines, or
enzymatic reactions (Linhardt et al., 2004; Mizumoto et al., 2015; Xu et al., 2014). Besides
the physiological and pathological effects, glycosaminoglycans (e.g., heparin and
chondroitin sulfate) has been used for many pharmaceutical purposes. Glycosaminoglycans
mainly exert the biological activities through the interaction with proteins, which
predominately depends on the ionic interactions between the negatively charged residues
(mainly sulfate groups) of glycosaminoglycans and the basic amino acid residues (i.e.,

arginine, histidine, and lysine) of proteins, together with a structural complementarity



between the molecules (Meneghetti et al., 2015; Ori et al., 2011; Thompson et al., 1994).
The average molecular weight of glycosaminoglycans is considered an important parameter
for their biomedical applications (Palhares et al., 2021; Wang et al., 2012), and previous
studies have shown that high and low molecular weight of the same type of
glycosaminoglycans could exert diverse therapeutic properties (Haas, 2003; Yang et al.,
2012). In addition to the molecular weight difference, the negative charge density of
glycosaminoglycans is also relates to the number of anionic groups, which change the
interaction between glycosaminoglycans and proteins, resulting in diverse pharmacological
effects (Asperti et al., 2015; EI Masri et al., 2017; Meneghetti et al., 2015). The various
biomedical effects caused by structural diversity has led to a growing interest in the
glycosaminoglycans. Especially for the heparin substances, pharmacological studies have
tried to verify the relation between the effects and its molecular mass and sulfation degree
and to improve the manufacturing processes and expand its application (Chen et al., 2021;

Palhares et al., 2021). However, the structure-effect relationship of PPS is rarely mentioned.

The present study aimed to investigate the properties of PPS, a novel DMOAD, on the
proliferative activity of dedifferentiated canine articular chondrocytes and its effects in
promoting the redifferentiation and ECM production of dedifferentiated chondrocytes, as
well as the underlying mechanism of these effects. This study looked into the relation
between these phenotypic regulatory effects of PPS and its structure. For these purposes, this
study was divided into two subsections: Firstly, the effects of PPS in regulating chondrocyte
cell cycle and the related phenotypic change were assessed in a monolayer culture.
Differences in the effects between PPS with four sulfate levels from non-sulfate (0%) to full
sulfate (19%) were also evaluated in the first section. Secondly, the anabolic effects of
different molecular weights PPS in canine chondrocytes were further evaluated using a high-
density micro-mass culture model, and the molecular weight-related effects were discussed.
Previous findings suggested that PPS could enhance the combination between a disintegrin
and metalloproteinase with thrombospondin motifs 5 (ADAMTS5) and tissue inhibitor of
metalloproteinases 3 (TIMP3) to inhibit the activity of ADAMTS5, and PPS with molecular



mass from 3,300 Da showed more than 100-fold higher affinity for ADAMTS5 and TIMP3
than 2,400 Da PPS (Troeberg et al., 2012). Considering this information with the common
molecular weight of PPS (4,000-6,000 Da), PPS with molecular weights of 1,500, 3,000,

5,000, and 7,000 Da were chosen in section 2.

The information from this study could contribute to deepen the understanding of
chondrocyte physiology and provide potential therapeutic strategies of OA in animals in the
future. The finding on structure-effect relation of PPS could be beneficial for understanding

the mechanism of PPS as a DMOAD and may help to improve its therapeutic effects.



Chapter I.
Sulfate Level Relied Effects of Pentosan Polysulfate Sodium on
Inhibition of Cell Proliferation and Promotion of Chondrogenesis in

Canine Articular Chondrocytes by Targeting PI3K/Akt Pathway



1.1 Summary

Physiologically as a type of post-mitotic cells, articular chondrocytes experience a
dedifferentiated phenotype change in the development of OA, with transient increases in
metabolic and proliferative activities, which leads to a reduced production of ECM
components to form a normal cartilage structure. The phenotypic instability of chondrocytes
accelerates cartilage degeneration and results in a low regenerative capacity of cartilages.
Intervention of these phenomenon could be helpful for understanding chondrocytes
physiology provides new hints for OA treatment. PPS is a semi-synthetic highly sulfated
polysaccharide based on backbones of glucuronoxylan hemicelluloses, which has been
applied for OA medical management in animals. This study investigated the efficacy of non-
sulfated glucuronoxylan (defined as 0% sulfate level PPS) and three sulfate levels PPS (5, 16,
and 19% as full sulfate; by the weight of sulfur atom) on the proliferative activity and cell
cycle progression in monolayer-cultured canine articular chondrocytes, and the effects of
promoting a chondrogenic differentiation in the chondrocytes. After a cultivation for 72 hr,
PPS with full sulfate level significantly suppressed the proliferation of canine chondrocytes
through inhibiting the transition of cell cycle from the G1 phase to later phases at higher
concentration, while lower sulfate levels PPS did not exert significant effects. The results of
quantitative real-time polymerase chain reaction (QPCR) confirmed that compared with the
non-PPS-treated group, fully sulfated PPS significantly reduced the gene expression levels
of cyclin dependent kinase 4 (CDK4) and cyclin D1 (CCND1), the key regulators for the
G1/S phase transition in chondrocytes, in a concentration-dependent manner. Although the
expression level of CDK6 gene was not significantly different in all treatment groups when
compared with the control. Meanwhile, the chondrocytes exposure to fully sulfated PPS
upregulated the expression levels COL2A1 and SOX9 genes and downregulated the type |
collagen alpha 2 chain (COL1A2) gene expression level compared with the non-treated
group, indicated the PPS promotes a chondrogenic redifferentiation of monolayer-cultured
chondrocytes. Furthermore, the results of Western blotting showed that the protein

production of phosphatidylinositol 3-kinase catalytic subunit alpha (p110a), and the



phosphorylation of protein kinase B (Akt) were significant inhibited by full sulfate PPS after
a 72 hr incubation. Interestingly, such effects of PPS in the chondrocytes were mostly found
with full sulfate PPS, whereas lower sulfate levels PPS only showed weaker effects or had
no effect. This study demonstrated phenotype and proliferation-regulatory effects of PPS in
dedifferentiated articular chondrocytes, and the inhibition of PI3K/Akt pathway might relate
to these properties of PPS. These findings could provide information for the development of
OA management. In addition, the study provides evidence that the full sulfate level maybe

necessary for PPS to achieve its therapeutic effects in articular chondrocytes.
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1.2 Introduction

Osteoarthritis is a multi-factorial joint disease characterized by progressively
degenerative changes of multiple structures in the synovial joint, including synovial
membranes, tendon and ligaments, subchondral bones, and articular cartilages (Kapoor, 2015;
Neogi, 2013; Sanderson et al., 2009). While studies in humans indicated high prevalence of
OA in old population, a study has reported up to 6.6% dogs were clinically diagnosed with
OA in the Britain (O’Neill et al., 2014). With no doubt that OA is the most common type of
joint diseases in the world, which leads to impaired joint functions and reduced quality of
live, especially in senior populations (Kapoor, 2015; Neogi, 2013). Although many efforts
have been made during the past decades, the underlying biomolecular mechanisms of OA
pathogenic progression and the structural changes in the joints are still not fully explained

(Glyn-Jones et al., 2015).

The surface of joints is cover by a thin layer of hyaline cartilage that protects other
tissues and provides flexibility of movements. Normal articular cartilages are devoid of
blood vessels, nerves and lymphatic supply and consist of only one type of resident cell
named chondrocyte, which is embedded in a collagen Il-rich and proteoglycan-rich ECM
produced by itself and plays a critical role in the maintenance of the ECM components
(Akkiraju et al., 2015; Fox et al., 2009). Chondrocytes in hyaline cartilage physiologically
maintain a post-mitotic state with very low a proliferative ability (Charlier et al., 2016;
Hwang et al., 2007). However, they could experience a series of phenotypic shifts under
pathological conditions. Despite previous studies mainly documented and discussed the
hypertrophic phenotype in OA progression, recently, different degenerated chondrocyte
phenotypes have identified and are considered to be associated with the pathological changes
of cartilages (Charlier et al.,, 2019; Sandell et al., 2001). During the pathological
development of OA, especially when the ECM surrounding the cells were lost, the post-
mitotic chondrocytes rapidly upregulate their metabolic activity and proliferative activity and
cluster to adjust the changes of the microenvironment, which has been suggested to associate
with a dedifferentiate-like phenotypic change, leading to reduced production of normal ECM
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components in the chondrocytes (Charlier et al., 2016; Hall, 2019; Maldonado et al., 2013).
On the other hand, the dedifferentiated changes of chondrocytes characterized by the loss of
normal phenotype, upregulated proliferation, increased metabolic activity, as well as an
impaired ECM synthesis have also been observed when the chondrocytes were isolated from
cartilages and in-vitro cultured in a monolayer condition (Lin et al., 2008; Garc B-Carvajal et
al., 2013). Thus, investigating the proliferation and phenotypic shifts of dedifferentiated
chondrocytes and feasible pharmacological interventions for such changes using in-vitro
monolayer-cultures could help to understand the disease progression of OA cartilage and

provide a potential target for OA treatment.

The exist therapeutic interventions for OA are mainly palliative and are incapable of
preventing the disease progression (Glyn-Jones et al., 2015; Mora et al., 2018; Sanderson et
al., 2009). For the reason, recent pharmacological studies have focused on the development
of reagents called DMOAD:s that are able to modulate the progression of OA including the

loss of cartilage.

Pentosan polysulfate sodium (PPS) is a semi-synthetic heparin-mimic polysaccharide
derived from the European beech (Alekseeva et al., 2020; Ghosh, 1999), which has been
used for treatment of human interstitial cystitis in the past decades (Asperti et al., 2020;
Ophoven et al., 2019). While clinical trials in humans or horses demonstrated that injection
of PPS improved the clinical symptoms of osteoarthritic joints (Ghosh et al., 2005; Kumagai
et al., 2010; Tsogbadrakh et al., 2020), in-vitro studies found that PPS treatment could
reduce the degradation of cartilage components, suppress mitogen-activated protein kinase
signaling pathway and the expression of inducible-nitric oxide synthase stimulated by
interleukin-1 beta in chondrocytes, and promoted chondrogenic properties in MSCs and
chondrocytes (Akaraphutiporn et al., 2020; Bwalya et al., 2017a; Sunaga et al., 2012).
However, the underlying molecular mechanisms of PPS in regulating the proliferation and

phenotypic change of chondrocytes are still not fully understood.

PPS is synthesized through an exhaustively non-selective chemical sulfonation on a
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liner backbone of beechwood glucuronoxylan compounds, resulting in the sulfate level per
monosaccharide of PPS reaches to approximately 2.0 (Alekseeva et al., 2020; Ghosh, 1999;
Lin et al., 2019). Although the 4,000 to 6,000 Da average molecular weight is lower than
naturally synthesized polysaccharide molecules, several studies have compared its properties
with polysaccharides like heparin or sulfate heparinoid (Asperti et al., 2020; Sanden et al.,
2017). The biological effects of polysaccharides mainly associate with an electrostatic
interaction between the positive-charged basic amino acid residues on proteins and the
negative-charged sulfur groups on polysaccharides (Meneghetti et al., 2015; Rosenberg et al.,
1979), which the sulfate modification on the 2-O and 6-O positions of heparan sulfate and
heparin could largely change their treatment effects (Asperti et al., 2015; EI Masri et al.,
2017; Meneghetti et al., 2015). Nevertheless, the relation between the sulfate level of PPS

and its treatment effects, particularly in chondrocytes, is still not explored.

This study aimed to look into the regulatory effects and its underlying mechanisms of
PPS on the proliferative activities and the phenotypic changes of dedifferentiated canine
chondrocytes using monolayer cultures; and to investigate how these effects various from

PPS with different sulfate levels.
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1.3 Material and Methods
1.3.1 Reagents

The materials and their sources in this study were as follow: type I collagenase, sodium
hydrogen carbonate (NaHCOg), penicillin G potassium, streptomycin sulphate, trypsin, and
dimethyl sulfoxide (DMSO) were from Wako Pure Chemicals Industries (Osaka, Japan);
Dulbecco’s modified Eagle’s medium (DMEM) was from GIBCO (Grand Island, NY,
U.S.A)); Fetal bovine serum (FBS; Batch #: 87 BCBZ5443), radioimmunoprecipitation
assay (RIPA) buffer, protease inhibitor cocktail, and bovine serum albumin (BSA) were from
Sigma-Aldrich (St. Louis, MO, U.S.A.); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 3-(4,5-dimehylthiazolyl-2)2,5-diphenyltetrazolium bromide (MTT),
ethylenediaminetetraacetic acid (EDTA), and Cell Cycle Assay Solution Deep Red were
from Dojindo (Kumamoto, Japan); BAMBANKER® was from GC LYMPHOTEC (Tokyo,
Japan); FITC Annexin V Apoptosis Detection Kit | was from BD Biosciences (Heidelberg,
Germany); NucleoSpin RNA Purification Kit and Protein Quantification Assay Kit were
from Macherey-Nagel (DUren, Germany); M-MLV Reverse Transcriptase Kit and
NUuPAGE™ 4 to 12% Bis-Tris gel were from Invitrogen (Carlsbad, CA, U.S.A.); KAPA
SYBR FAST gPCR Kit was from KAPA Biosystems (Woburn, MA, U.S.A.); Western Blot
Ultra-Sensitive HRP Substrate was from Takara Bio Inc. (Otsu, Japan); the culture dishes

and tubes were from Corning (Lowell, MA, U.S.A.).

Three types of PPS with sulfate level (weight by weight of sulfur atoms in the molecule)
of 5 (OJ119A-07), 16 (OJ119A-08), and 19% (OJ119A-04; full sulfate level) and a
glucuronoxylan without sulfate modification (OJ119A-06; indicates 0% sulfate level PPS)
purchased from Oji Pharma Co. (Tokyo, Japan) were used in this study for the treatment. All

these PPS were dissolved in PBS and adjusted to desired concentrations before using.

All antibodies for Western blotting in this study were purchased from Cell Signaling
Technology (Danvers, MA, U.S.A.): antibodies against p110a (Cat. #4249), Akt (Cat.
#9272), phosphor (p)-Akt (Cat. #9271), B-actin (Cat. #4970), and anti-rabbit 1IgG horseradish

14



peroxidase (HRP)-linked antibody (Cat. #7074).
1.3.2 Collection of canine chondrocytes

Canine articular chondrocytes collected from humeral heads of five dogs were used in
the present experiment. Four samples were from four experimental beagles (3-4 years old)
euthanized at the end of studies that did not affect the joints. One cartilage sample was from
a mixed-breed dog (13 years old) received amputation due to the growth of tumor on the
radius bone. collecting cartilage samples from clinic and experimental dogs was under the
guidelines of the ethical approval obtained from Hokkaido University Institutional Animal
Care and Use Committee (approval number: 12-0059). For the collection of chondrocytes,
cartilage samples were dissected into small fragments, then transfer into a culture plate
containing 0.3% type | collagenase in DMEM and incubated overnight at 37 <C. After which,
the supernatant was passed through a sterilized membrane filter to remove the cartilage
fragments. The primary chondrocytes were then collected to a FALCON and centrifugated at
300>qg for 5 min. After counting, the cells were plated into 100 mm polystyrene culture
dishes with DMEM contained 10% FBS, 10 mM of HEPES, 25 mM of NaHCOs, 100
Unit/mL of penicillin G potassium, and 73 Unit/mL streptomycin sulphate and culture at
37<C in 5% CO2. When the primary chondrocytes reached to an 80-90% confluency, the
cells were detached from the dishes with 0.05% of trypsin and 0.02% of EDTA prepared in
phosphate buffered saline (PBS), collected, resuspended in BAMBANKER®, and

cryopreserved in liquid nitrogen.
1.3.3 Chondrocytes culture and treatment

For this study, the chondrocytes were firstly expanded to the second passage, then
plated in polystyrene culture plates at a cell density of 5.0 <10 cells/cm? in DMEM with 10%
FBS and incubated for 24 hr at 37<C for adherence. The cultured medium was then changed
to fresh medium and the chondrocytes were exposure to PPS for 72 hr. Due to the different

purposes, PPS concentration was different between the experiments.
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1.3.4 Cell viability analysis

After seeded in 96-well plates and cultured for 24 hr, the culture medium was changed
and the chondrocytes were treated with 0, 5, 10, 20, 40, 80, and 120 pg/mL of PPS with four
sulfate levels for 72 hr, or incubated with 0 and 80 pg/mL of PPS for 24, 48, and 72 hr. The
MTT assay was performed to evaluate the cell viability of canine chondrocytes using
following protocol: after incubated with PPS, the chondrocytes were briefly washed by PBS,
then incubated with 0.5 mg/mL MTT prepared in DMEM for 4 hr at 37 <C. After discharged
the MTT solution, the formazan crystals formed by the cells were dissolved with DMSO and
the absorbance at 570 nm was measured by a Multiskan FC microplate reader (Thermo

Scientific, Vantaa, Finland), subsequently.
1.3.5 Cytotoxic analysis of PPS

The chondrocytes seeded in 6-well plates were incubated with 0 or 80 pg/mL different
sulfate level PPS for 72 hr, detached with trypsin-EDTA solution, then collected into 1.5 mL
polypropylene tubes. The chondrocytes were stained with FITC Annexin V Apoptosis
Detection Kit | and the cell death of chondrocytes was checked on a FACS Verse flow

cytometer (BD Biosciences) following manufacturer’s protocol.
1.3.6 Cell cycle assay

Canine chondrocytes in 6-well plates were exposed to 0, 20, and 80 pug/mL of PPS with
four sulfate levels for 72 hr, then collected into 1.5 mL polypropylene tubes. The
chondrocytes were then stained with Cell Cycle Assay Solution Deep Red using the
manufacturer’s protocol, after which, the fluorescence was detected by flow cytometry. The
quantitative analysis was performed using FlowJo (version 10.8.1; Treestar, Ashland, Oregon,

U.S.A.) with a Watson Pragmatic model.
1.3.7 RNA isolation and gPCR analysis

After seeded in 6-well plates for 24 hr, the medium was changed and the chondrocytes

were treated with various sulfate levels of PPS at 0, 5, 20, and 80 pg/mL for 72 hr. Total
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RNA in the chondrocytes was isolated using NucleoSpin RNA Purification Kit according to
the manufacturer’s protocol. The concentration of the RNA was measured at absorbance of
260 nm on a spectrophotometry. One microgram of total RNA was reversely transcribed into
cDNA with M-MLV Reverse Transcriptase Kit following the manufacturer’s protocol. The
gene expression level was checked by gPCR with a two-step method using KAPA SYBR
FAST gPCR Kit. To confirm the efficiency of the primers between reactions, standard curve
method was applied for all genes, and all reactions were validated by the exist of a single
peak in a melt curve analysis. The relative expression levels of target genes were analyzed
using a delta-delta Ct method and glyceraldehyde-3-phosphatedehydrogenase (GAPDH)
gene was used as a reference gene. The primers for CCND1, CDK4, and CDK6 genes were
used to check the effect of PPS on the cell cycle progression. The phenotypic change of
chondrocytes was evaluated with COL1A2, COL2A1, and SOX9 gene expression levels. The

sequence, domain, amplicon length and accession number of the primers are in Table 1.
1.3.8 Isolation of protein and Western blotting analysis

Monolayer-cultured canine chondrocytes were treated with PPS at 0, 5, 20, and 80
ug/mL for 72 hr. After which, the chondrocytes were wash three times with cold PBS and
were lysed with cold RIPA buffer containing 1% protease inhibitor cocktail. The cell lysates
were then collected in to 1.5 mL tubes and centrifugated at 13,000>g and 4<C for 20 min to
remove the insoluble materials. Total protein concentrations were measured by a microplate
reader at 570 nm with Protein Quantification Assay Kit. Totally, 4 pg protein of each sample
was loaded on NUPAGE™ 4 to 12% Bis-Tris gels and separated by electrophoresis, then
transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked
with 3% BSA prepared in PBS supplemented with 0.1% Tween 20 (PBST) for 1 hr,
following an overnight incubation with primary antibodies against p110a, Akt, p-Akt, and -
actin at 4<C. After washing trice with PBST, the membranes were incubated with HRP-
linked secondary antibodies for 1 hr. The bands were developed by reaction with Western
Blot Ultra-Sensitive HRP Substrate, then detected by an Image Quant LAS 4000 (GE
Healthcare, Buckinghamshire, U.K.). The density of the target bands was calculated by
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ImageJ (NIH, Bethesda, MD, U.S.A.). The productions of target proteins were normalized

using B-actin protein levels, and the p-Akt protein level was normalized by the Akt.
1.3.9 Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 9.2.0; GraphPad
Software Inc., La Jolla, CA, U.S.A.). Quantitative results are shown as means with standard
deviations (SDs). Statistical comparisons were firstly performed with analysis of variance
(ANOVA). When a significance was found, Dunnett’s test was used to compare between the

PPS-treated groups and the control. p < 0.05 was considered statistically significant.
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Table 1. The information of the primers for qPCR.

Gene symbol Primer sequence Domain Amplicon (bp) Accession

GAPDH Forward: 5'-CTGAACGGGAAGCTCACTGG-3' 726-745 129 NM_001003142.2
Reverse: 5'-CGATGCCTGCTTCACTACCT-3' 854-835

CCND1 Forward: 5'-AGTGTGATGCGGACTGTCTC-3' 875-894 184 NM_001005757.1
Reverse: 5-GCGCACCCTCAAATGTTCAC-3' 1058-1039

CDK4 Forward: 5-TAGCTTGCGGCCTGTCTATG-3' 68-87 145 XM_038679138.1
Reverse: 5'-CAGAGAAGACCCTCACTCGG-3' 212-193

CDK6 Forward: 5'-AGCCAAACGTCCCTAGAAGC-3' 8915-8934 121 XM_038436151.1
Reverse: 5'-GAGAGATGCCTGGTAGACGC-3’ 9035-9016

COL1A2 Forward: 5'-GTGGATACGCGGACTTTGTT-3’ 150-169 164 NM_001003187.1
Reverse: 5'-GGGATACCATCGTCACCATC-3’ 313-294

COL2A1 Forward: 5'-CACTGCCAACGTCCAGATGA-3' 41274146 215 NM_001006951.1
Reverse: 5'-GTTTCGTGCAGCCATCCTTC-3' 43414322

SOX9 Forward: 5'-GCCGAGGAGGCCACCGAACA-3’ 565-583 179 NM_001002978.1
Reverse: 5'-CCCGGCTGCACGTCGGTTTT-3' 743-724

GAPDH = glyceraldehyde-3-phosphate dehydrogenase, CCND1 = cyclin D1, CDK4 = cyclin

dependent kinase 4, CDK6 = cyclin dependent kinase 6, COL1A2 = type | collagen alpha 2

chain, COL2A1 = type Il collagen alpha 1 chain, SOX9 = SRY-Box transcription factor 9.
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1.4 Results
1.4.1 Fully sulfated PPS reduces chondrocyte viability in MTT assay

The MTT assay results showed a concentration-dependent effect of full sulfate level
PPS on the cell viability of canine chondrocytes (Figure 1A). Chondrocyte cell viability was
reduced after incubated with full sulfate PPS for 72 hr, with significant differences observed
at 40 (p = 0.001), 80 (p < 0.001), and 120 (p < 0.001) ug/mL, respectively compared with
the control. Beside in the full sulfate group, a reduced trend of cell viability was found in 16%
PPS group at high concentrations. However, a significant difference was found only at 120
ug/mL (p = 0.006). The growth curves indicated chondrocyte viability increased slower than
other groups when incubated with 80 ug/mL of full sulfate level PPS (Figure 1B).
Significant reduction was observed in full sulfate groups at 48 (p = 0.024) and 72 (p < 0.001)
hr when compared with the control. Significant effect on chondrocyte viability was not

found in 0 and 5% PPS-treated groups at any concentrations or time points.
1.4.2 Change in sulfate level has no influence on cytotoxicity of PPS

The results of flow cytometry with annexin V and Pl double-staining distributed the
chondrocytes into live group and non-live groups (including necrotic cells, early apoptotic
cells and late apoptotic cells). After incubated with a high concentration of PPS for 72 hr, the
distribution of chondrocytes in the four areas was same between the groups (Figure 2A). The
percentage of live cells in PPS-treated groups (0%: 96.17 +1.92; 5%: 96.75 +1.62; 16%:
96.87 +=1.60; full: 96.25 +1.28) was not significantly different from those in the control

group (96.18 +1.85), respectively (Figure 2B).
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Figure 1. Full sulfate level PPS reduced chondrocyte viability.

The cell viability of monolayer-cultured canine chondrocytes was determined by MTT
colorimetric assay at 570 nm. Chondrocytes were seeded in 96-well plates for 24 hr, (A) then
treated with 0, 5, 10, 20, 40, 80, and 120 pg/mL of PPS (sulfate level: 0, 5, 16, and 19% as
full sulfate) for 72 hr, (B) or treated with 0 and 80 pg/mL of PPS for 24, 48, and 72 hr. (A)
Full sulfate level PPS significantly reduced the cell viability of chondrocytes at 72 hr, while
other sulfate levels showed weakened or no effects. (B) Chondrocyte viability increased
more slowly in full sulfate groups compared with the control. Data represent the means +

SDs (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure 2. PPS with different sulfate levels showed same cytotoxic effects on

chondrocytes.

Chondrocytes apoptosis was evaluated by flow cytometry with annexin V and PI staining.
After 24 hr incubation, the chondrocytes were exposed to four sulfate levels of PPS (0, 5, 16,
and 19% as full sulfate) for 72 hr. (A) Cells combined with annexin V-FITC and PI (Upper
left: necrotic cells; upper right: late apoptotic cells; lower left: live cells; and lower right:
early apoptotic cells). (B) The percentage of live cells. No significant difference was found

between the treatment groups and the control. Data represent the means £SDs.
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1.4.3 Full sulfate level of PPS inhibits canine chondrocytes entering the subsequent

phases of cell cycle from the G1 phase

After 72 hr exposure to PPS, the chondrocytes distributed in the G1, S, and G2 phase of
the cell cycle were detected by flow cytometry according to the amount of in the cells
(Figure 3). Compared with the non-treated group, the percentage of chondrocytes distributed
in the G1 phase was significantly increased after incubated with full sulfate PPS at 80 pug/mL
(p = 0.002). Meanwhile, the proportion of chondrocytes in the S (p > 0.05) and G2 (p =
0.037) phases in the full sulfate group was reduced (Table 2). No statistical significance was
found between the control group and other PPS-treated groups. These results indicated that
the chondrocytes proliferation was inhibited with 80 pg/mL of full sulfate level PPS

treatment.
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Figure 3. Cell cycle distribution of chondrocytes with nuclear DNA staining.

Chondrocytes were cultured for 24 hr, then received the treatment with 0, 20, and 80 pg/mL
of various sulfate levels of PPS (0, 5, 16, and 19% as full sulfate) for 72 hr. Cell cycle
analysis was performed on by flow cytometry with cell cycle assay solution staining. The
histograms showed the distribution of chondrocytes in the control and 80 ug/mL PPS-treated

groups.
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Table 2. Quantitative results of chondrocyte distribution in the G1, S and G2 phase.

Phase Control 0% 5% 16% 19% (Full)
0 20 pg/mL
G1 (%) 40.00 +2.87 38.90 +2.13 37.68 +2.68 39.68 +3.33 43.20 +2.27
S (%) 38.41 +2.13 38.76 +3.60 39.96 +3.16 37.73 +£3.52 32.88 +2.71
G2 (%) 21.59 +2.28 22.34 +1.87 22.35 +2.56 22.41 +1.91 23.92 +2.72
80 ng/mL
G1 (%) 35.61 +4.33 35.80 +3.49 39.12 +4.20 48.14 +2.27%
S (%) 41.42 +4.61 41.65 +2.69 39.74 +3.90 34.38 +1.11
G2 (%) 22.97 +2.44 22.55 +2.56 21.13 +2.04 17.48 +1.25

Full sulfate level PPS significantly increased the percentage of chondrocytes in G1 phase

while reduced the percentage of cells in S and G2 phase. Data present the means £SDs.

(@) p=0.002 and (b) p = 0.037.
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1.4.4 Fully sulfated PPS decreases the gene expression of cell cycle regulators for G1/S

transition and upregulates the expression of chondrogenic phenotype related genes

After 72 hr treated with PPS, the expression levels of CCND1, CDK4, and CDKG6, the
regulators for G1/S transition of chondrocyte cell cycle, was evaluated by gPCR. The mRNA
levels of CCND1 and CDK4 were concentration-dependently reduced with full sulfate level
PPS treatment, which significant differences of CCND1 (p = 0.003) and CDK4 (p = 0.002)
levels were found at 80 pug/mL, compared with the control (Figure 4A and B). The gene
expression of CDK6 in PPS-treated groups was not significantly different from the non-
treated group at all concentrations (Figure 4C). The expression levels of phenotypic gene
markers, COL1A2, COL2A1, and SOX9, was also checked in the chondrocytes. The mRNA
level of COL1A2 was significantly downregulated in full sulfate level PPS group at 5 ug/mL
(p = 0.029) when compared with the non-treated group (Figure 4D). However, significant
difference cannot be found at higher concentrations. In contrast, the gPCR results indicated
significant increases of COL2A1 expression levels in the chondrocytes after incubated with
full sulfate PPS at 20 (p < 0.001) and 80 (p < 0.001) pug/mL, respectively compared with the
control group (Figure 4E). The SOX9 gene expression was also upregulated with full sulfate

level PPS-treatment, and a significant different was found at 80 ug/mL (Figure 4F).
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Figure 4. Fully sulfated PPS reduced CCND1 and CDK4 mRNA levels, while

upregulated COL2A1 and SOX9 gene expression.

After incubated with different sulfate levels of PPS (0, 5, 16, and 19% as full sulfate) for 72

hr, mRNA levels of canine chondrocytes were evaluated by gPCR. Relative gene expression

levels of (A) CCNDL1 and (B) CDK4 were significantly downregulated with full sulfate PPS

at 80 ug/mL, while the expression levels of (E) COL2AL and (F) SOX9 were upregulated in a

concentration-dependent manner. Data represent the means £=SDs (*p < 0.05, **p < 0.01,

and ***p < 0.001).
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1.4.5 PI3K/AKkt signaling pathway is suppressed by PPS with full sulfate level

The protein production of p110a and the phosphorylation of Akt were evaluate in
canine chondrocytes after treated with different sulfate levels of PPS (Figure 5A).
Significant reductions of pl10a protein production were observed in the chondrocytes
incubated with 20 (p = 0.044) and 80 (p = 0.001) pg/mL of full sulfate PPS for 72 hr,
compared to the control respectively (Figure 5B). Consistent with p110a protein production,
Akt phosphorylation in the chondrocytes was significantly inhibited with full sulfate PPS at
5 (p = 0.026), 20 (p = 0.029), and 80 (p = 0.003) pug/mL (Figure 5C). However, no more
significant difference in p110a production or Akt phosphorylation can be observed between
lower sulfate level groups and the control, except a significant reduced pl110a protein

production in 5% PPS group at 80 pg/mL (p = 0.040; Figure 5B).
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Figure 5. The protein production of pl110a and phosphorylation of Akt were
suppressed by PPS with full sulfate level.

Chondrocytes were cultured with four sulfate levels of PPS (0, 5, 16, and 19% as full sulfate)
at 5, 20, and 80 ug/mL for 72 hr. (A) The protein production of p110a, Akt and p-Akt in
canine chondrocytes were determined by Western blotting. (B) p110a protein production
was significantly reduced with full sulfate PPS treatment at 20 and 80 ug/mL compared with
the control group. (C) The phosphorylation of Akt was concentration-dependently inhibited

after incubated with full sulfate PPS. Data are the means £SDs (*p < 0.05 and **p < 0.01).
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1.5 Discussion

In the present study, the effects of PPS on inhibiting the proliferation and promoting the
redifferentiation of chondrocytes and the underlying mechanisms of these effects were
investigated in a monolayer culture model. As post-mitotic cells, articular chondrocytes
exhibit low a proliferative activity under physiological condition (Charlier et al., 2016;
Hwang et al., 2007). However, when the microenvironment is disturbed, chondrocytes could
undergo a dedifferentiated phenotype change characterized by upregulated proliferative
activity and reduced ECM production, which has been observed during the disease
progression of OA or in chondrocyte in-vitro monolayer cultures (Charlier et al., 2016; Hall,
2019; Lin et al., 2008). Intervention of the dedifferentiation-related changes of chondrocytes
could deepen the understanding of OA pathogenesis and provide hints for the development

of OA medical management.

A significant reduction of chondrocyte viability was detected by MTT assay in full
sulfate PPS group when the concentration was higher than 40 ng/mL, while flow cytometry
analysis showed that the percentage of dead cell in all PPS-treated groups was no raised even
at 80 pg/mL. MTT assay was performed to check the potential cytotoxicity of PPS and
provide a reference of concentration for the subsequent experiments. Since MTT assay
measures the chromogenic formazan crystals produced by live cells, previous studies have
shown that the results could be influenced by both proliferation and cell death, suggesting
that the results of MTT assay should be combined with other methods to interpret cytotoxic
effects. (Kumar et al., 2018; Sylvester, 2011). For the reason, the cell death of chondrocytes
was determined by flow cytometry with annexin V-FITC and PI staining. This study
demonstrated that PPS with sulfate levels from 0 to 19% (full sulfate) could be safely used to
treat chondrocytes, which was consistent with previous findings (Akaraphutiporn et al., 2020;
Ghosh, 1999; Ghosh et al., 2010). On the other hand, the growth curves showed that the
increase rate of chondrocyte viability in 19% PPS-treated group was significantly slower
than that in the control group, which suggested the reduced cell viability with full sulfate
level PPS treatment should be associated with the inhibition of cell proliferation.
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Full sulfate PPS treatment increased the proportion of chondrocytes in the G1 phase of
cell cycle and reduced the number of chondrocytes entering S and G2 phase, while the
significant effects were observed only at 80 ug/mL. During the proliferation of eukaryotic
cells, cell cycle is divided into G1, S, G2, and M phase, which could be identified according
to the different nucleus DNA contents (Beier et al., 1999; Nurse, 2000). To evaluate the
inhibitory effects of PPS with various sulfate level on the proliferative activity of
chondrocytes, the cell cycle progression of was analyzed with DNA stain. Unlike a previous
study demonstrated that high-concentration PPS treatment increased the percentage of
chondrocytes in the G1 phase only at 24 and 48 hr but not at 72 hr (Akaraphutiporn et al.,
2020), the present study showed that the increased proportion of chondrocytes in the G1
phase could be observed at 72 hr. The proliferative potential of chondrocytes at a seeding
density of 5.0 x 10* cells/cm? should remain high at the ending point in this study, since
previous studies have represented that with similar seeding densities, the number of
chondrocytes continuously increased in the first week of culture (Akaraphutiporn et al., 2020;
Watt, 1988). One possible explanation would be that the chondrocyte specimens in the
previous study were collected from the joints with clinical signs, which could result in an
early cluster formation in the culture and activated the contact inhibition of chondrocytes
(Gé&ard et al., 2014; Hall, 2019; Maldonado et al., 2013). Overall, the findings in the present
study were consistent with previous studies that full sulfate PPS inhibits the progression of
cell cycle from the G1 phase to later phases, there by inhibiting the proliferative activity of

chondrocytes.

The results of gPCR showed that chondrocytes treated with 80 pg/mL full sulfate PPS
significantly downregulated the expression levels of CDK4 and CCND1 genes. A reduced
trend of CDK6 mRNA level was also found in full sulfate PPS group, while no significant
difference between the PPS-treated groups and the control was found. In mammalian cells,
the cell cycle was regulated by several checkpoints. In the G1 phase, CDK4 and 6 combine
with cyclin D to form a catalytic complex, which control the G1/S phase transition by

phosphorylating the retinoblastoma protein (Beier et al., 1999; Berridge, 2014; Qu et al.,
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2003). To explore how PPS involves into cell cycle regulation in chondrocytes, the
expression levels of CDK4, CDK6, and CCND1 genes were then evaluated. In agreement
with the increased percentage of chondrocytes in G1 phase and the reduced percentage in S
and G2 phase, reduce CDK4 CCND1 genes expression was confirmed. On the other hand,
previous studies have reported that the proliferation of fibroblasts and retinal pigment
epithelium cells was promoted by activating the PI3K/Akt signaling pathway (Dai et al.,
2019; Parrales et al., 2011). Similarly, the proliferative activity of chondrocytes was found to
regulated by the PI3K/Akt pathway (Huang et al., 2011; Liang et al., 2018; Tao et al., 2020).
In the present study, the results of Western blotting revealed that p110a protein production
and Akt phosphorylation in canine chondrocytes were inhibited with full sulfate PPS
treatment at higher concentrations. Based on these results, it seems reasonable to consider
that PPS suppresses the proliferation of chondrocytes by targeting the PI3K/Akt signaling

pathway and the expression of CDK4 and CCNDL.

The expression levels of COL2A1 and SOX9 gene were increased in monolayer-
cultured chondrocytes after exposure to full sulfate PPS for 72 hr, which were negatively
corresponded with the mRNA levels of CDK4/6 and CCND1. In contrast, COL1A2 mRNA
level was downregulated after treated with full sulfate PPS, while a significant reduction was
found at 5 pg/mL. COL2A is a specific marker for hyaline cartilage, and SOX9 is an essential
transcription factor for ECM formation in chondrocytes. (Gelse et al., 2012; Mao et al., 2018;
Ripmeester et al., 2018). Upregulated expression of these genes indicated that PPS
stimulated the redifferentiation of the chondrocytes. The finding of the relation between cell
cycle regulators and phenotype markers was consistent with previous studies, which
indicated that the expression of collagen Il and SOX9 was negatively correlated with the
level of CDKG6 and cyclin D1 in in-vitro cultured chondrocytes (Akaraphutiporn et al., 2020;
Hwang et al., 2007; Parreno et al., 2017). The PI3K/Akt pathway plays an important role in
regulating chondrocyte phenotype and ECM production. Inhibition of the PI3K/Akt pathway
has been shown to attenuate the hypertrophic and fibroblastic differentiation of human

chondrocytes and increase the production of type Il collagen, aggrecan, and SOX9 in the

32



chondrocytes at gene and protein levels (Liu et al., 2020). Nevertheless, other studies have
reported that collagen Il production in human and rabbit chondrocytes was increased via Akt
pathway (Eo et al., 2014; Hwang et al., 2020). Although its function in the anabolic activity
of chondrocytes remains puzzling, the reduced pl10a production and inhibited Akt
phosphorylation in the present study indicated that PPS may suppress the proliferation and
promote redifferentiation of monolayer-cultured chondrocytes both though inhibition of

PI3K/Akt signaling pathway.

This study carries a major purpose to investigate the relationship between the sulfate
level of PPS and its beneficial effects in chondrocytes. During the semi-synthetic process,
the 2-O and 3-O hydroxyl groups on the glucuronoxylan backbone of PPS are non-
selectively and exhaustively sulfated (Alekseeva et al., 2020; Lin et al., 2019). This highly
sulfated structure based on a hemicellulose makes PPS to be considered as a mimic of
glycosaminoglycan compounds (Ghosh, 1999; Lin et al., 2019). Treatment with
glycosaminoglycans, including heparan sulfate, heparin, and dermatan sulfate, has been
shown to stimulate chondrogenesis in MSCs in-vitro, and the molecular size, charge, and
chemical structure of the glycosaminoglycans could largely affect these activities (Park et al.,
2008; San Antonio et al., 1987). Furthermore, a more recent study reported that GY785 DRS,
an over sulfated isoform of the polysaccharide GY785 DR, showed 100-fold higher affinity
than GY785 DR in binding to transforming growth factor beta 1, and exerted stronger effects
in stimulating the chondrogenic differentiation and cartilage-like ECM production of human
MSCs (Merceron et al., 2012). In the present study, the effects of glucuronoxylan (0%) and
PPS with sulfate levels of 5, 16, and 19% (full sulfate) in chondrocytes were investigated.
Notably, only full sulfate PPS showed significant effects in inhibiting the proliferation,
promoting the redifferentiation, and suppressing the activation PI3K/Akt pathway in
monolayer-cultured chondrocytes. PPS with 16% sulfate level exerted insignificant effects,
and the effects of 0 and 5% sulfate PPS in chondrocytes were not detectable in this study.
These data suggested that to achieve the treatment effects of PPS in chondrocytes, full

sulfate level with sulfur groups on the 2-O and 3-O positions of PPS might be essential.
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In conclusion, the present study confirmed that PPS inhibited the proliferation of
monolayer-cultured canine chondrocytes via CDK4/6 and CCND1 expression levels, in turn
to suppress the G1/S transition of the cell cycle. Meanwhile, PPS promoted the
redifferentiation of chondrocytes, confirmed by the upregulated COL2A1 and SOX9 gene
expression. Furthermore, the regulation of differentiation in chondrocytes by PPS might be
achieved by targeting PI3K/Akt signaling pathway. Since increased proliferative activity
with reduced production of ECM compounds in chondrocytes is observed in the early stage
of OA development, this study suggested that PPS could be beneficial for OA treatment by
suppressing the activated proliferative state and restoring the lost normal phenotype of
dedifferentiated chondrocytes, in turn to retore the micro-environment in the articular
cartilages. Another novel finding is the significant effects on either the proliferation or the
phenotype changes of chondrocytes were only observed in the full sulfate PPS group, which
suggested that the sulfate level of PPS could be a key factor for its biological effects, and an
exhaustive sulfonation seems to be necessary for PPS to exert therapeutic effects in articular

chondrocytes.
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Chapter I1.
Pentosan Polysulfate Sodium Promotes Redifferentiation to the Original
Phenotype in Micromass-Cultured Canine Articular Chondrocytes and

Exerts Molecular Weight-Dependent Effects
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2.1 Summary

Differentiation of articular chondrocytes occurs during the pathogenesis of OA, which
reduces the ability of chondrocytes to produce normal ECM components, and eventually
leads to the loss of normal biomechanical function of articular cartilage. PPS is a semi-
synthetic DMOAD derived from European beech wood, which has been applied as a
therapeutic treatment of OA in animals. The present study investigated the phenotype
regulatory efficacy of PPS with four molecular weights (1,500, 3,000, 5,000, and 7,000 Da)
in dedifferentiated canine chondrocytes and the effects of these PPS in promoting
chondrocyte ECM synthesis. Monolayer-cultured canine chondrocytes were firstly exposure
to high concentration of PPS for 72 hr to evaluate the potential cytotoxic effects of PPS The
flow cytometry and MTT assay results showed that PPS with all the molecular weight was
safe to chondrocytes. In the next, the effects of PPS on the phenotypic change and ECM
production of chondrocytes were determined in a 12-day chondrocyte micro-mass culture
model. After incubated with different molecular weight PPS at concentrations of 0, 5, 10,
and 40 pg/mL, the results of gPCR showed that PPS promotes a redifferentiation of the
chondrocytes in a concentration-dependent and molecular weight-dependent manner, which
was evidenced by significantly upregulated COL2A1, ACAN, and SOX9 mRNA expression
levels and collagen 1l and SOX9 protein productions in higher molecular weights PPS-
treated groups compared with the control. However, mRNA level of COL1A2 in the
chondrocytes was simultaneously increased in 7,000 Da PPS-treated group. In addition, PPS
molecular weight-dependently inhibited the phosphorylation of Akt in micro-mass-cultured
chondrocytes and a significant reduction was found in 7,000 Da PPS group at 40 pg/mL. The
results of Alcian blue staining of the micro-mass cultures evidenced an enhanced
proteoglycans deposition in the ECM of the chondrocytes after a 72 hr treatment with PPS,
in which stronger staining was observed in 5,000 and 7,000 Da PPS-treated groups. This
study clearly indicates that PPS promoted the redifferentiation of dedifferentiated canine
chondrocytes not just in a monolayer culture, but in a more in-vivo-like environment in

micro-mass culture, and increasing the molecular weight of PPS could enhance these
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phenotype-regulatory effects. The finding of this study may provide a potential target for OA

treatment and could help optimize the therapeutic effects of PPS.
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2.2 Introduction

Osteoarthritis affects multiple joint structures and is considered as the most common
type of canine joint disease leads to loss of joint function, which approximately 20% of dogs
presenting with clinical symptoms (Goldring, 2012; Kuyinu et al., 2016; Shah et al., 2018).
Articular hyaline cartilage covers the joint surface and is rich in type Il collagen as well as
proteoglycan components, which combines a large amount of water that support the tensile
force and compressive strength put on the joint surface to protect the subchondral bone
(Medvedeva et al., 2018). Despite lacking blood supply, lymphatic system, and nerves,
articular cartilage is composed of only one type of cell called chondrocyte surrounded by
ECM formed by itself (Archer et al., 2003; Goldring, 2012). As the only cell component
within the cartilage, chondrocytes are responsible for renewing the ECM composition and
maintaining the cartilage homeostasis (Ripmeester et al., 2018; Fox et al., 2009). However,
under an OA condition, chondrocytes have been found to undergo a dedifferentiated process,
characterized by accelerated cell proliferation, increased secretion of matrix-degrading
enzymes and less productive in essential ECM components for cartilage (Goldring et al.,
2009), which rises a great challenge for maintaining a functional structure of cartilage and
repairing the cartilage defect caused by the disease progression. Although more work needs
to be done for investigating the mechanism of these dedifferentiation-related changes of OA
chondrocytes, studies on the intervention of these events could provide promising

pharmacological treatment for OA.

The pathological progress of OA is irreversible with current therapies. Medications
developed for therapeutic interventions of OA can be recognized as releasing the clinical
symptoms or as controlling the progression of the disease (Henrotin et al., 2005; Medvedeva
et al., 2018). PPS is a heparin-like semi-synthetic compound derived from European beech-
wood hemicellulose (Kumagai et al., 2010). The structure of PPS contains the backbone of
repeating (1-4)-linked-B-D-xylano-pyranoses units with sulfate esterification (Alekseeva et
al., 2020). The molecular weight of its sodium salt is varied in different products, which
most of them ranged from 4,000 to 6,000 Da, with an average of 5,700 Da (Kumagai et al.,
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2010). Although PPS has been used as antithrombotic-and-antilipidemic drugs for long time
in Europe (Ghosh, 1999), its effects on improving the synovial fluid quality, inhibiting
cartilage degeneration, and promoting the chondrogenic differentiation and the ECM
production of MSCs have been demonstrated (Akaraphutiporn et al., 2020; Bwalya et al.,
2017a; Bwalya et al., 2017b; Mcllwraith et al., 2012; Wu et al., 2017). However, the

mechanism of PPS on cartilages and chondrocytes is not fully understand.

PPS shares a similar structure with naturally sulfated glycosaminoglycans like heparin
or heparin sulfate (Alekseeva et al., 2020). For the reason, several studies therefore have
described the resemblance in anti-coagulant or anti-inflammatory effects between heparin
and PPS (Esquivel et al., 1982; Parsons et al., 1993; Sanden et al., 2017; Troeberg et al.,
2008). The biomolecular activities of glycosaminoglycans mainly relay on the interaction
with proteins, in which molecular weight of glycosaminoglycans is considered an important
parameter for their therapeutic effects (Palhares et al., 2021; Wang et al., 2012).
Nevertheless, up to the author’s knowledge, only limited number of studies have explored
the molecular weight-related effects of PPS (Troeberg et al., 2012). In term of chondrogenic
properties, it was still unproven that the molecular weight variations in PPS would be

associated with differences in their respective treatment effects on chondrocytes.

Notably, chondrocyte dedifferentiation also happens in primary cultures of adult
chondrocytes after their released from the ECM (Akaraphutiporn et al., 2020), and in two-
dimensional (2D) monolayer cultures, the chondrocytes maintain a fibroblast-like phenotype
and change their phenotype-related profiles (Allen et al., 2012; Lin et al., 2008). Therefore,
the monolayer culture has several disadvantages for investigating the chondrocyte phenotype
changes (Caron et al., 2012; Darling et al., 2005). Besides the monolayer culture, various
three-dimensional (3D) culture methods with or without a scaffold have been established to
preserve the phenotype and mimic a more cartilage-like environment (Greco et al., 2011;
Grigull et al., 2020; Mhanna et al., 2014; Yeung et al., 2019). High-density micro-mass
cultures are reproducible and scaffold-free system formed by seeding a high density of cell
suspension in a limited space to for a multiple layer structure, which could regulate
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chondrocyte phenotype and stimulate the production of the ECM, thereby mimic an in-vivo-
like environment for the chondrocytes (Anderer et al., 2002; Bassleer et al., 1986;
Giovannini et al., 2010; Kuettner et al., 1982). The chondrocyte micro-mass culture system
has been proved to be a convenient and reliable experimental tool for studying
pharmacological reagents particularly on matrix biosynthesis and degradation (Greco et al.,
2011; Thonar et al., 1986). Although the anabolic effects of PPS in chondrocyte have been
studied in monolayer cultures, only little evidence has been obtained using these more in-

vivo-like models.

The objective of this study, therefore, was to investigate properties of PPS on
phenotype regulation and ECM production in micro-mass-cultured canine chondrocytes, and

to explore the relationship between the effect of PPS and its molecular weight.
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2.3 Materials and Methods
2.3.1 Reagents

The reagents used in this study and their sources were as follow: type I collagenase,
NaHCOg, penicillin G potassium, streptomycin sulphate, trypsin, DMSO, hydrogen chloride
(HCI), and 4% formaldehyde solution were purchased from Wako Pure Chemicals Industries;
DMEM was purchased from GIBCO; FBS, RIPA buffer, protease inhibitor cocktail, BSA,
Alcian blue, and guanidine hydrochloride were purchased from Sigma-Aldrich; EDTA,
HEPES, and MTT, were purchased from Dojindo; BAMBANKER® was purchased from GC
LYMPHOTEC; FITC Annexin V Apoptosis Detection Kit | was purchased from BD
Biosciences; NucleoSpin RNA Purification Kit and Protein Quantification Assay Kit were
purchased from Macherey-Nagel; M-MLV Reverse Transcriptase Kit and NUPAGE™ 4 to
12% Bis-Tris gel were purchased from Invitrogen; KAPA SYBR FAST gPCR Kit was
purchased from KAPA Biosystems; Western Blot Ultra-Sensitive HRP Substrate was

purchased from Takara Bio Inc.. The culture plates and tubes were purchased from Corning.

Four molecular weights of PPS (Oji Pharma Co.), including 1,500 Da (OJ119A-02),
3,000 Da (0J119A-03), 5,000 Da (OJ119A-04) and 7,000 Da (OJ119A-05), were used in all
experiments. The PPS powdery was dissolved in PBS, then was adjusted to desired

concentrations with PBS before adding to the culture medium.

The following antibodies were used in this study: anti-collagen Il antibody (Cat. #:
ab185430) and anti-SOX9 antibody (Cat. #: ab26414) were purchased from Abcam
(Cambridge, U.K.); antibodies against f-actin (Cat. #: 4970), p-Akt (Cat. #: 9271), Akt (Cat.
#: 9272), HRP-linked anti-rabbit IgG (Cat. #: 7074) and HRP-linked anti-mouse IgG (Cat. #:

7076) were purchased from Cell Signaling Technology.
2.3.2 Isolation and culture of canine chondrocytes
Five independent canine articular chondrocytes specimens cryopreserved in liquid

nitrogen were used for the experiments in this study after recovered. The articular cartilages
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were originally harvested from the femoral heads of two client owned dogs: one 12-year-old
Labrador retriever received hind limb amputation with the growth of tumor on the distal tibia;
one 6-year-old toy poodle received femoral head and neck ostectomy with Legg-Calve
Perthes Disease. The collection of the cartilage samples was with owners' formal consent.
Three cartilage samples were collected from the humerus heads of three experimental beagle
dogs’ cadavers (two were 3 years old and one was 4 years old) after euthanasia at the end of
an unrelated study which did not affect joint structures. Ethical approval for collecting
samples from clinic and experimental dogs was obtained from Hokkaido University
Institutional Animal Care and Use Committee guidelines (approval number: 12-0059).
Harvested cartilages specimens were cut into small fragments. The chondrocytes were
released from cartilages by enzymatic digestion at 37<C overnight, using 0.3% type |
collagenase in DMEM. Cell suspension was filtered through a membrane and collected into
a sterile FALCON® conical tube, then pelleted by a centrifugation at 300> for 5 min. The
chondrocytes were then seeded in 100 mm diameter culture dishes containing 10 mL DMEM
with 10% FBS, 10 mM HEPES, 25 mM NaHCOs, 100 Unit/mL penicillin G potassium, and
73 Unit/mL streptomycin sulphate at a cell density of 1.0 % 10* cells/cm? and cultured at
37<C in 5% CO>. The cryopreservation or passage of the chondrocytes were performed when
the cell number reached to 80%-90% confluence in the culture plates. For cryopreservation,
the chondrocytes detached from the plates using 0.05% trypsin with 0.02% EDTA prepared
PBS and subsequently stored with BAMBANKER® in liquid nitrogen. The cryopreservation

and recovery of canine chondrocytes were in accordance with manufacturer’s instruction.
2.3.3 Cell viability assay

Chondrocytes at the second passage were firstly monolayer cultured in 96-well culture
dishes at a density of 2.5 < 10* cells/cm? in DMEM with 10% FBS and incubated for 24 hr.
Then, the culture medium was changed, and the cells were cultured in the presence (5, 10, 20,
40, 80, and 120 pug/mL) or absence of PPS with different molecular weights for 72 hr. The
cell viability of chondrocytes was quantitated by a MTT colorimetric test. Briefly, after a 72
hr incubation with PPS, the culture medium was replaced by 0.5 mg/mL of MTT solution
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and incubated for 4 hr. After which, the MTT solution was discharged, and the formazan
crystal precipitations in each well were dissolved using 100 uL. DMSO. The absorbance at
570 nm was measured by a microplate reader (Multiskan FC) and the reading of all PPS-

treated groups was normalized with the control.
2.3.4 Observation of chondrocyte morphology and analysis of cytotoxicity of PPS

Chondrocytes at the second passage were cultured in monolayer as described above and
treated with 80 ug/mL of different molecular weights PPS. After a 72 hr incubation, the
morphological structures of the chondrocytes were observed and recorded under a light
microscope, then the cells were harvested for fluorescent double staining of annexin V and
Pl using a FITC Annexin V Apoptosis Detection Kit I according to the instruction from the
manufacturer. The cytotoxic effects of PPS were measured on a flow cytometer (FACS

Verse).
2.3.5 Establishment of chondrocyte micro-mass culture

Chondrocyte micro-mass cultures were established according to a protocol previously
described by Greco et al. (Greco et al., 2011), with some modification. In short, second-
passaged chondrocytes were resuspended in culture medium to adjust the cell number to 2.5
x 107 cells/mL. After which, a 30 uL of cell suspension was gently pipetted to the center of a
12-well culture plate to form a micro-mass. The cells were then incubated for 3 hr at 37<C, 5%
CO2 without increasing volume of the medium to allow the attachment, then 2 mL DMEM
with 10% FBS was gently added to the wells before further incubation. The culture medium

was changed every 3 days until day 12.
2.3.6 RNA isolation and gPCR

To assess the effects of PPS on the micro-mass-cultured chondrocytes, after a 12-day
incubation, the culture medium was change to the fresh medium supplemented with 0, 5, 10,
and 40 pg/mL of various molecular weight PPS. The micro-masses were then incubated for

72 hr. Total RNA was extracted from the cells with a NucleoSpin RNA Purification Kit
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following the manufacturer’s instruction, and the concentration of RNA was measured a by
spectrophotometer at 260 nm. The reverse transcription PCR of 1 ug total RNA was
performed using M-MLV Reverse Transcriptase Kit according to manufacturer’s protocol.
Fold changes of the expression levels of target genes were evaluated by a two-step qPCR
method using a KAPA SYBR FAST gPCR Kit, with standard curves to normalize the
efficiency of primers between reactions. COL2A1, ACAN, SOX9, and COL1A2 mRNA levels
were used to identify the phenotypic changes of the chondrocytes, and the GAPDH gene was
used as a reference gene to normalization the expression levels of all target genes. The

information of the primers is shown in Table 3.
2.3.7 Protein extraction and Western blot

The treatment for chondrocyte micro-mass cultures was described in the section of
RNA isolation. Micro-mass cultures were washed, then lysed with chill RIPA buffer
supplemented with protease inhibitor cocktail in a 1:100 dilution. The cell lysates were
centrifuged at 13,000>qg for 20 min at 4<C and supernatants were recovered to new collection
tubes. Total protein concentration was checked with a Protein Quantification Assay Kit. Four
microgram total protein of each sample was separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis with a 4 to 12% NuPAGE™ Bis-Tris gel, then transferred
onto a PVDF membrane. The Membranes were then blocked with 3% BSA-PBST solution
for 1 hr. After which, the membranes were incubated with primary antibodies (dilution factor:
1:800 for p-Akt; 1:1,500 for collagen 11, SOX9, and Akt; 1:4000 for B-actin) overnight at
4<C, then incubated with secondary antibodies (dilution factor: 1:2,000 for phospho-Akt;
1:4,000 for collagen 11, SOX9, and Akt; 1:8,000 for B-actin) for 1 hr. The membranes were
incubated with Western Blot Ultra-Sensitive HRP Substrate for 5 min to develop the bands.
The chemiluminescence was visualized using Image Quant LAS 4000 system. Intensity of
the bands was quantified by ImageJ software. The protein productions were normalized by

B-actin, while p-Akt values were normalized by Akt protein.
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2.3.8 Identification of ECM formation by Alcian blue staining

After cultured in micro-mass for 12 days, the chondrocytes were treated with 0, 10 and
40 pg/mL of four molecular weights PPS for 72 hr. Alcian blue staining was performed to
check the deposition of proteoglycans in the micro-masses (Buee et al., 1991). Briefly, after
discharged the culture medium, chondrocytes were gently washed with PBS for three times
and fixed with 4% formaldehyde solution for 30 min. The micro-masses were then rinsed
with PBS and stained with 1% Alcian blue prepared in 0.1 mol/L HCI for 30 min. After
which, the staining solution was removed, and each micro-mass was washed three time with
0.1 N HCI and one time with distilled water. The micro-masses were observed on visual and
microscopic inspection to check the blue staining. The proteoglycans deposited in the micro-
masses was then quantified according to a protocol previously described (Griffin et al.,
2017). Briefly, the color was dissolved in 6 M guanidine hydrochloride overnight at room

temperature, then collected in to a 96-well plate. The absorbance was measured at 595 nm.
2.3.9 Statistical analysis

Statistical analysis of quantitative results was conducted by GraphPad Prism software
version 9.2.0. Statistical comparisons were performed using ANOVA. When a significant
difference was observed, a Dunnett’s test was then performed to compare between the
treatment groups and the control. Pearson correlation coefficient was used to calculate the
correlation between PPS molecular weight and the cell viability, gene expression levels, or
proteins productions, respectively. Quantitative results are shown as means =+ SDs, and

significant difference was considered as p < 0.05.
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Table 3. Primers used to evaluate gene expression levels in micro-mass-cultured

chondrocytes.
Gene symbol Primer sequence Domain Amplicon (bp) Accession
GAPDH Forward: 5'-CTGAACGGGAAGCTCACTGG-3’ 664-683 129 NM_001003142.2
Reverse: 5'-CGATGCCTGCTTCACTACCT-3’ 792-773
COL1A2 Forward: 5'-GTGGATACGCGGACTTTGTT-3’ 150-169 164 NM_001003187.1
Reverse: 5'-GGGATACCATCGTCACCATC-3' 313-294
COL2A1 Forward: 5'-CACTGCCAACGTCCAGATGA-3"  4127-4146 215 NM_001006951.1
Reverse: 5-GTTTCGTGCAGCCATCCTTC-3' 43414322
ACAN Forward: 5'-ACTTCCGCTGGTCAGATGGA-3'  6566-6585 111 NM_001113455.3
Reverse: 5'-TCTCGTGCCAGATCATCACC-3’ 66766657
SOX9 Forward: 5'-GCCGAGGAGGCCACCGAACA-3' 565-583 179 NM_001002978.1
Reverse: 5'-CCCGGCTGCACGTCGGTTTT-3' 743-724

GAPDH = glyceraldehyde-3-phosphate dehydrogenase, COL1A2 = collagen type | alpha 2

chain, COL2A1 = collagen type Il alpha 1 chain, ACAN = aggrecan, SOX9 = SRY-Box

transcription factor 9.
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2.4 Results
2.4.1 PPS reduced the viability of chondrocytes

The results of MTT assay (Figure 6) indicated that the chondrocyte viability was
reduced in a concentration-dependent manner after exposed to different molecular weight
PPS for 72 hr. Significant reduction was firstly shown in the cultures incubated with 7,000
Da PPS at 10 pg/mL (p = 0.002), and all of the four molecular weights of PPS exhibited
significant inhibitory effect at 120 pg/mL (p = 0.002 with 1,500 Da, and p < 0.001 with
others). Significant negative correlations were found between molecular weights of PPS and

chondrocyte viabilities from a concentration of 20 pg/mL (Table 4).
2.4.2 Effects of PPS on the morphological appearance of chondrocytes in monolayer

After incubated with various molecular weights of PPS at 80 pug/mL for 72 hr, reduced
cell confluence was observed in monolayer cultures exposure to PPS with 5,000 and 7,000
Da compared with the non-treated group (Figure 7A). However, no clearly morphological
changes were identified between the groups (Figure 7B), and the chondrocytes in all groups

maintained a fibroblast-like shape.
2.4.3 All molecular weight of PPS has no cytotoxic effect on chondrocytes

The cytotoxic assay of PPS by flow cytometry showed a similar distribution of the
chondrocytes was found between the groups treated with different molecular weights of PPS
at 80 pg/mL and the control (Figure 8). The percentage of live and dead cells showed no

significant difference between all treatment groups and the non-treated group (Table 5).
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Results of MTT assay
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Figure 6. Viability of chondrocytes was decreased with PPS treatment.

Chondrocytes were seeded as a monolayer in 96-well plates for 24 hr prior to the treatment
with various molecular weight of PPS (1,500, 3,000, 5,000, and 7,000 Da) at different
concentration (0, 5, 10, 20, 40, 80, and 120 pg/mL) for 72 hr. The cell viability was analyzed
by MTT assay after PPS treatment. Data represents the mean =+ SDs of five independent

experiments (*p < 0.05, **p < 0.01, and ***p < 0.001, compared with 0 pg/mL of PPS).
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Table 4. Correlation between PPS molecular weight and cell viability of monolayer-

cultured chondrocytes.

At 5 pg/mL At 10 pg/mL At 20 pg/mL
r -0.718 -0.857 -0.923
95% confidence interval -0.980 to 0.448 -0.990 to 0.102 -0.995 t0 -0.221
p (two-tailed) 0.172 0.063 0.025?

At 40 pg/mL At 80 ng/mL At 120 pg/mL
r -0.970 -0.979 -0.981
95% confidence interval -0.998 to -0.608 -0.999 to -0.706 -0.999 to -0.729
p (two-tailed) 0.006? 0.0042 0.003?

a. p < 0.05 indicates a significantly difference.
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A Control 1,500 Da 3,000 Da 5,000 Da 7,000 Da

B Control 1,500 Da 3,000 Da 5,000 Da 7,000 Da

Figure 7. Morphological appearance of the monolayer-cultured chondrocytes under a
light microscope.

Canine chondrocytes were cultured for 24 hr and then treated with various molecular weight
(1,500, 3,000, 5,000, and 7,000 Da) of PPS at 80 pg/mL for 72 hr. Lower confluent of the
cells can be seen with higher molecular weights PPS. (A) Scale bar: 500 um. (B) Scale bar:
100 pm.
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Figure 8. Treatment with PPS did not induce cytotoxic effect in chondrocytes.

Chondrocytes were cultured in monolayer for 24 hr prior to the exposure with various
molecular weight of PPS (1,500, 3,000, 5,000, and 7,000 Da; concentration: 80 pg/mL).
Chondrocyte apoptosis was evaluated by flow cytometry detection with annexin V and Pl
staining. Upper left quadrant: necrotic cells; upper right quadrant: late apoptotic cells; lower

left quadrant: live cells; and lower right quadrant: early apoptotic cells.
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Table 5. Percentage of cells binding to annexin V and PI in each quadrant.

AnnexinV -/PI - Annexin V +/P1 - Annexin V -/PI + Annexin V +/P1 +
Live cells Early apoptotic cells Necrotic cells Late apoptotic cells
Control 95.27 £2.12 1.10 +1.14 0.02 £0.03 3.61+1.87
1,500 Da 95.96 +2.17 1.07£1.14 0.04 +0.03 2.94 +1.52
3,000 Da 96.05 +2.84 1.12 +1.43 0.04 £0.03 2.78 £1.76
5,000 Da 96.21 +2.23 0.89 +0.98 0.03 +0.04 2.87 £1.70
7,000 Da 94.99 £1.99 1.17 +0.85 0.06 £0.05 3.77 £1.37

No statistical significance was found between the control and each treatment group in all

quadrants. Data represent means =SDs of five independent experiments.
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2.4.4 PPS promotes the expression of chondrogenic phenotype related genes

The results of gPCR revealed significant upregulation of the expression levels of two
cartilage-specific genes, COL2A1 and ACAN, in micro-mass cultured canine chondrocytes
after incubated with 7,000 Da PPS at 10 (p = 0.012 for COL2A1 and p = 0.011 for ACAN)
and 40 pg/mL (p < 0.001 for COL2A1 and p < 0.001 for ACAN) for 72 hr when compared
with the control (Figure 9A and B). A significant upregulation of the COL2A1 and ACAN
gene expression levels was also confirmed in 5,000 Da PPS group at higher concentrations.
Moreover, the mRNA level of SOX9 was significantly upregulated after exposure to PPS of
5,000 (p = 0.031), and 7,000 Da (p < 0.001) at 40 pug/mL (Figure 9C), compared with the
control, respectively. Nevertheless, COL2A1 and SOX9 gene expression in the 1,500 Da
PPS-treated group remained unchanged at all concentrations (Figure 9A and C), while a
concentration-dependent trend was identified with the treatment of other three molecular
weight of PPS. Notably, strong positive correlations between the molecular weight of PPS
and mRNA levels of COL2A1 (r = 0.956, p = 0.011 at 10 pg/mL; and r = 0.937, p = 0.019 at
40 pg/mL), ACAN (r =0.975, p = 0.005 at 10 pg/mL; and r = 0.982, p = 0.003 at 40 pug/mL),
and SOX9 (r = 0.906, p = 0.034 at 10 ug/mL; and r = 0.968, p = 0.007 at 40 pg/mL) were
confirmed noticed at higher concentration (Table 6). One interesting finding of the gPCR
results was the upregulation (p = 0.001) of COL1A2 level in chondrocytes exposed to 40
ug/mL of 7,000 Da PPS at 72 hr (Figure 9D), which the expression of this gene was slightly

decreased in the groups of lower molecular weight.
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Figure 9. Higher molecular weights of PPS upregulated the expression levels of hyaline
cartilage-specific gene markers.

After micro-mass-cultured for 12 days, the chondrocytes were incubated with 1,500, 3,000,
5,000, and 7,000 Da of PPS at 0, 5, 10, and 40 pug/mL for 72 hr. The mRNA levels of were
evaluated by gPCR. The expression levels of (A) COL2AL, (B) ACAN, and (C) SOX9 genes
were increased with the PPS treatment in a same manner, while (D) COL1A2 expression
level only significantly upregulated with 7,000 Da PPS at the highest concentration. Data are
the means +=SDs of five independent experiments (*p < 0.05, **p < 0.01, and ***p < 0.001,

compared with 0 pg/mL of PPS).
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Table 6. Correlation between the molecular weight of PPS and the expression levels of

target genes.

At 5 pg/mL At 10 pg/mL At 40 pg/mL
COL2A1
r 0.814 0.956 0.937
95% confidence interval -0.242 to 0.987 0.470 to 0.997 0.314 to 0.996
p (two-tailed) 0.094 0.0112 0.0192
ACAN
r 0.895 0.975 0.982
95% confidence interval 0.059 t0 0.993 0.668 to 0.998 0.749 t0 0.999
p (two-tailed) 0.040? 0.005? 0.003?
SOX9
r 0.823 0.906 0.968
95% confidence interval -0.216 to 0.988 0.117 t0 0.994 0.588 to 0.998
p (two-tailed) 0.087 0.0342 0.007?
COL1A2
r -0.142 0.599 0.659
95% confidence interval -0.910 to 0.846 -0.601 to 0.969 -0.533t0 0.975
p (two-tailed) 0.820 0.286 0.226

COL2A1 = collagen type Il alpha 1 chain, ACAN = aggrecan, SOX9 = SRY-Box
transcription factor 9, and COL1A2 = collagen type | alpha 2 chain.

a. p < 0.05 indicates a significantly difference.
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2.4.5 PPS increases the synthesis of collagen Il and SOX9 protein and downregulates

phosphorylation of Akt in micro-mass cultured chondrocytes

Western blotting analysis was used to evaluate the production of collagen Il and SOX9
protein and the activation of Akt pathway (Figure 10A) in micro-mass-cultured chondrocytes.
After 72 hr incubated with PPS, the protein production of collagen Il in treatment groups
was concentration and molecular weight-dependently enhanced (Figure 10B). The largest
fold change was shown in 5,000 Da group at 40 pug/mL (p < 0.001). Other significant
increase was observed with 3,000 Da PPS at 40 pg/mL (p = 0.002), with 5,000 Da PPS at 10
ug/mL (p = 0.032), and with 7,000 Da PPS at 10 (p = 0.002) and 40 (p = 0.002) ug/mL,
compared with the non-treated group, respectively. Collagen Il protein production was
positively correlated with PPS molecular weight at 10 pg/mL (r = 0.991, p = 0.001),
although no correlation was found at 40 ug/mL (Table 7). Furthermore, SOX9 protein
production was significantly increased with 5,000 Da (p = 0.030) and 7,000 Da (p = 0.002)
PPS treatment at 40 ug/mL, compared with the control (Figure 10C). Positive correlations
between PPS molecular weight and SOX9 protein level were detected at 10 (r = 0.960, p =
0.001) and 40 (r = 0.983, p = 0.003) pug/mL (Table 7). In contrast with collagen Il and SOX9
protein, the phosphorylation of Akt was inhibited by PPS with higher molecular weights
(Figure 10D). The p-Akt/Akt ratio was significantly reduced with 7,000 Da PPS at 40 pg/mL
(p = 0.022), and a negative correlation was identified between PPS molecular weight and

Akt phosphorylation at 40 ug/mL (r =- 0.997, p < 0.001; Table 7).
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Figure 10. PPS stimulated collagen 11 and SOX9 protein productions and inhibited Akt
phosphorylation in micro-mass-cultured chondrocytes.

(A) Total protein in the chondrocytes was analyzed by Western blotting. Twelve-day micro-
mass cultures were exposed to four molecular weights of PPS (1,500, 3,000, 5,000, and
7,000 Da) at 0, 5, 10, and 40 pg/mL. Protein production of (B) collagen Il was significantly
increased with higher molecular weights PPS. (D) Akt phosphorylation was significantly
reduced with PPS of 7,000 Da at 40 ug/mL. Data are the means £SDs of five independent

experiments (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Table 7. Correlation between PPS molecular weight and protein productions.

At 5 pg/mL At 10 pg/mL At 40 png/mL
Collagen 11
r 0.865 0.991 0.835
95% confidence interval -0.072 t0 0.991 0.857 t0 0.999 -0.181 to 0.989
p (two-tailed) 0.058 0.001? 0.079
SOX9
r 0.960 0.824 0.983
95% confidence interval 0.506 0 0.997 -0.21500.988 0.764 to 0.999
p (two-tailed) 0.001? 0.087 0.003?
p-Akt/Akt
r -0.652 -0.837 -0.997
95% confidence interval -0.974 t0 0.542 -0.98910 0.174 -1.000 to -0.947
p (two-tailed) 0.233 0.077 < 0.001°

a. p < 0.05 indicates a significantly difference.
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2.4.6 Higher molecular weight of PPS increases proteoglycans deposition in micro-mass

culture of chondrocytes

Accumulation of proteoglycans in the ECM of chondrocyte micro-masses were detected
by Alcian blue staining. After 72 hr incubated with different molecular weights PPS at 0, 10,
and 40 pg/mL, increased blue staining were confirmed in all treatment groups (Figure 11A
and B). Stronger staining was detected in 5,000 and 7,000 Da group compared with the
lower molecular weight PPS groups and the control. The semi-quantitative results showed
that the optical density was significantly increased at 595 nm with 7,000 Da PPS treatment at
10 pg/mL (p = 0.030), and with 5,000 Da (p = 0.048) and 7,000 Da (p = 0.004) treatments at
40 pg/mL (Figure 11C). These results indicated that higher molecular weights of PPS

strongly stimulated the ECM production of canine chondrocytes.
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Figure 11. PPS with higher molecular weight promoted proteoglycans accumulation in
chondrocyte micro-mass cultures.

Chondrocytes were cultured in micro-masses for 12 days, following the treatment with
various molecular weights of PPS (1,500, 3,000, 5,000, and 7,000 Da) at 0, 10, and 40
ug/mL for 72 hr. The images of the micro-masses were (A) observed on culture plates and
(B) observed under a light microscope. Stronger Alcian blue staining was observed in 5,000
Da and 7,000 Da groups. (B) Scale bar: 100 um. (C) The absorbance at 595 nm was
significantly increased following 5,000 and 7,000 Da PPS treatments at 40 pg/mL. Data are
the means =SDs of five independent experiments (*p < 0.05 and **p < 0.01, compared with

0 pg/mL PPS).
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2.5 Discussion

The results of MTT colorimetric assay indicated that PPS reduced the viability of
canine chondrocytes in a concentration-dependent pattern at 72 hr of treatment, which higher
molecular weight of PPS provided stronger effect at higher concentration. Decreased cell
number with higher molecular weight of PPS was evidenced by micrographs at 80 pg/mL.
However, no morphological sign of cell death was found under microscopes. The Flow
cytometry with by annexin V and PI staining also demonstrated no increased proportion of
dead cells in the monolayer cultures after incubated with 80 ug/mL of PPS for 72 hr in all
group. According to these results, despite reducing cell viability in MTT assay, PPS up to a
molecular weight of 7,000 Da has no cytotoxic effects in canine chondrocytes even at high
concentration. This finding is coincident with other related studies showing the safety of
high concentration of PPS on chondrocytes (Bwalya et al., 2018; Bwalya et al., 20173;
Ghosh, 1999; Sunaga et al., 2012). One possibility for the decreased absorbance in MTT and
cell number observed in the present study is that treatment of PPS inhibits the proliferation
of chondrocytes, since previous studies verified high concentration of PPS increases the
percentage of cells in G1 phase and decreases the percentage of cells in S phase in term to
reduce the proliferative activities on chondrocytes (Akaraphutiporn et al., 2020). In addition,
the lower proliferative activities of chondrocytes are proved to inversely relates the synthetic

activities of the ECM (Akaraphutiporn et al., 2020; Otero et al., 2012).

Chondrogenic effects of PPS on chondrocytes were investigated using a micro-mass
culture system. To understand how PPS regulates chondrogenic profile, this study evaluated
the expression of phenotype related markers in canine chondrocytes. In agree with previous
studies (Akaraphutiporn et al., 2020; Bwalya et al., 2018; Ghosh et al., 2010), the gPCR
results validate the expression levels of cartilage-specific gene markers, COL2A1 and ACAN,
were upregulated with the treatment of PPS, evidencing the promotion of a chondrogenic
phenotype in dedifferentiated chondrocytes (Lin et al., 2008). However, it should be notice
that the statistical significance was only confirmed in the 5,000 and 7,000 Da PPS groups in
the current study. Consistent with COL2A1 gene expression, protein production of collagen
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Il in chondrocytes was enhanced with PPS treatment in a molecular weight-dependent
manner at higher concentration and the highest level was found with PPS of 5,000 Da at 40
ug/mL. Similarly, PPS encouraged the deposition of proteoglycans at higher concentration,
and higher molecular weight PPS (5,000 and 7,000 Da) provided a stronger effect than lower
molecular weights (1,500 and 3,000 Da) PPS. The transcription SOX9 is recognized as a
decisive transcript factor in cartilage biosynthesis, which is essential for activating the
expression of several chondrocyte-specific genes and regulates chondrocyte differentiation
(Akiyama et al., 2004; Gao et al., 2014; Takahashi et al., 1998). During the in-vitro culture
of chondrocytes, the SOX9 level has been found decreased with the increase of passage (Lin
et al., 2008; Parreno et al., 2017), while using 3D cultures could stimulate the production of
SOX9, with upregulation of other cartilage-specific markers in the chondrocytes (Bernstein
et al., 2009; Caron et al., 2012). This study showed that after 72 hr treatment with PPS, the
gene expression and protein production of SOX9 in micro-mass-cultured chondrocytes were
concentration-dependently and molecular  weight-dependent upregulated, which
corresponded with the expression levels of COL2A1 and ACAN genes. In summary, these
results suggested that PPS treatment effectively promoted a chondrogenic phenotype in

dedifferentiated chondrocytes and enhanced the biosynthesis of chondrocyte ECM.

One provocative finding in this study is the upregulated expression of COL1A2, the
fibroblastic marker in canine articular chondrocytes, with the treatment of 7,000 Da PPS.
Other molecular weights of PPS did not induce this increase of COL1A2 mRNA level.
Previous studies have evidenced that collagen type | and type Il production of human
chondrocytes culture upregulated simultaneously in alginate-bead and pellet cultures,
however, the authors attributed this phenomenon to the osteoarthritic nature of their cell
sources (Caron et al., 2012). Another study reported a similar finding, which mRNA
expression of COL1A2 was massively increased with treatment of a different type of
polysaccharide, polysulfated glycosaminoglycan (molecular weight ranged from 3,000 to
15,000 Da) in canine MSCs, while PPS with an average molecular weight between 4,000

and 6,000 Da showed no significant effect on the COL1A2 mRNA level (Bwalya et al.,
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2017b). Possibly the high molecular weight of PPS is the main factor in this

fibrocartilaginous phenotype in the culture.

Phosphorylation of Akt in chondrocyte micro-mass culture was clearly suppressed at
the highest concentration of PPS with higher molecular weights in this study. Nevertheless,
the role of the PI3K/Akt signaling pathway in the phenotype change of chondrocyte is still
under discussion. Previously, some studies have demonstrated that the PI3K/Akt pathway
positively contributes on the hypertrophic process of chondrocytes (Fujita et al., 2004; Ulici
et al., 2008). In contrast, other studies pointed out that activates PI3K/Akt pathway inhibits
the terminal differentiation of human chondrocytes (Kita et al., 2008). Nevertheless,
increased mMRNA and protein levels of collagen Il and SOX9 by pharmacological treatment
were found negatively corresponded with the phosphorylation of Akt in chondrocytes in a
previous study (Liu et al., 2020). Although the exact function of the PI3K/Akt signaling
pathway is blurred, the results of increased cartilage-specific markers and ECM productions
in the present study suggested that suppressing phosphorylation of Akt could relates to a

beneficial effect of PPS in promoting chondrocyte redifferentiation.

PPS is a low molecular weight semisynthetic anionic polysaccharides that shares a
similar structure with heparins or other naturally sulfated glycosaminoglycans (Alekseeva et
al., 2020; Parsons et al., 1993). The biological activities of glycosaminoglycans depend
predominantly on their interaction of proteins (Palhares et al., 2021), and the highly native
charged feature is thought to be one of the key factors in binding of glycosaminoglycans to
proteins (Meneghetti et al., 2015; Wang et al., 2012). Molecular weight is an important
parameter with therapeutic application of glycosaminoglycans, for changing of saccharide
units affects the density of charge and binding sites. In term of glycosaminoglycans with
small molecular mass, previous research has shown that heparin fractions (ranged from
1,700 to 12,000 Da) with higher molecular weight were more effective in inhibition of
aggrecanase | activity (Mousa, 2005). Studies on PPS suggested the affinity between
ADAMTSS5 and its endogenous inhibitor, TIMP3 was increased by PPS through formation
of a tri-molecular complex, which longer PPS chain provided stronger effects (Troeberg et
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al., 2012). While previous studies focused on the specific enzymes, the present study
demonstrated for the first time that larger molecular weights of PPS were more effective at
improving the chondrogenic abilities on chondrocytes. Four different molecular weights of
PPS were tested in the current study, which 7,000 Da PPS provided the strongest effects.
PPS with 1,500 Da was less effective on regulation of chondrocyte phenotype, which in line
with previous findings for PPS binding to proteins, with an average length of 11
monosaccharides (3,300 Da) was 100-fold more effective than PPS of 8 monosaccharides
(2,400 Da) (Troeberg et al., 2012). It must be mentioned that in this study, significantly
increased of SOX9, COL2A1, and ACAN gene expression and ECM productions in the
chondrocytes can also be seen in 5,000 Da PPS groups at higher concentrations, which
indicated that this molecular weight of PPS maybe sufficient to achieve these treatment

effects in canine chondrocytes.

Several limitations should be noticed in this study, including the small sample scale of
five cartilage samples. Although the results suggest that PPS could protect chondrogenic
phenotypes via suppressing Akt pathway, upper stream regulators were not identified in this
study. Furthermore, the effects of different molecular weights of PPS were compared only
through chondrocyte phenotypic changes, and the interactions between PPS and cells were
not explored. Considering the complex structure of cells, a reliable tracing technique is need

in the next for digging the underlying mechanism for structure-function relation of PPS.

In conclusion, this study demonstrated that PPS promotes chondrogenic phenotypes and
improves the quality of ECM in canine chondrocytes in an in-vivo-like micro-mass cultured
condition. The suppression of Akt signal pathway with PPS treatment appears to be related
with the phenotype-protective properties of PPS. These findings about the phenotype shift
could deepen our understanding of chondrocyte physiologies and may provide a new target
for OA treatment. A molecular weight-dependent effect of PPS on chondrocytes was also
confirmed in this study, which larger PPS molecules (5,000 and 7,000 Da) generate stronger
effects in stimulating the expression of cartilage-specific markers at same concentration.
Besides the increased COL1A2 expression by 7,000 Da PPS rises a concern of
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fibrocartilaginous ECM formation, PPS up to 7,000 Da does not produce detectable
cytotoxic effect in canine chondrocytes even at a high concentration. The relation between
the structure and the function of PPS in chondrocytes phenotypic change and ECM
productions in the present study suggested that increasing the molecular weight of PPS could

enhance its therapeutic effects in OA chondrocytes.
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General Discussion
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Articular cartilage consists of specialized cells called chondrocytes within a large
amount of ECM. Despite their small population in the cartilage, chondrocytes play a critical
role in maintaining the homeostasis of ECM composition under normal conditions (Fox et
al., 2009). Physiologically, chondrocytes are quiescent in articular cartilage and exhibit very
low proliferative and synthetic activities. However, in the early stages of OA, chondrocytes
experience a phenotype change and transiently increase their proliferative activity, which
alters the synthesis of ECM components in chondrocytes and upregulates the production of
several cartilage catabolic mediators (Charlier et al., 2019; Chen et al., 2021; Pearle et al.,
2005). Since chondrocytes are the only resident cell type, their phenotypic change is
primarily responsible for the progression of OA in the cartilage. Interventions of this process

could contribute to the development of treatments for OA.

Pentosan polysulfate sodium is a semi-synthetic polysaccharide derived from European
beechwood, and has been used to relieve the clinical symptoms of thrombi and interstitial
cystitis in humans. In the past decades, studies have demonstrated that PPS reduces articular
cartilage destruction of during process in horses and dogs through suppressing cytokine-
activated signaling pathway, downregulating the production of OA-related mediators, and
inhibiting the activity of proteases degrading cartilage components (Bwalya et al., 2017a;
Ghosh et al., 2005; Kumagai et al., 2010; Sunaga et al., 2012). Recent studies have shown
PPS could stimulate the chondrogenic differentiation of canine and human MSCs (Bwalya et
al., 2017b; Ghosh et al., 2010). PPS has also been found to stimulate the redifferentiation of
cultured chondrocytes, which would be features of phenotypic changes, and promote
chondrocyte ECM synthesis (Akaraphutiporn et al., 2020). However, the underlying
mechanism of these anabolic effects of PPS needs further exploration. On the other hand, the
structure similarity between PPS and glycosaminoglycans has been identified.
Glycosaminoglycans achieve their biological effects through the interaction between their
negatively charged sulfate groups and proteins. Thus, altering the molecular weight or
sulfate level of glycosaminoglycans can affect their ability to bind to proteins, which in turn

changes their therapeutic effects (Linhardt et al., 2004; Mizumoto et al., 2015; Xu et al.,
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2014). Although previous studies have demonstrated the structure-effect relationship of
several glycosaminoglycans, this property of PPS is poorly understood. The present study
was therefore, designed to investigate regulatory effects of PPS on cell proliferation and cell
cycle progression of chondrocytes, and to explore its properties to promote the
redifferentiation and ECM production of in-vitro cultured canine articular chondrocytes. The
structure-dependent effects of PPS on these aspects were investigated using two series of
PPS products: one differing in sulfated level, and the other differing in molecular weight.

The major findings of the present study can be summarized into two sections:

In section one, the effects of PPS with four different sulfate levels (0, 5, 16, and 19% as
full sulfate) on the proliferative activity and its related phenotype change of monolayer-
cultured canine chondrocytes was investigated. The results demonstrated that full sulfate
PPS reduced chondrocyte proliferative activity through suppressing the progression of cell
cycle from G1 phase to later phases, which was supported by the downregulated gene
expression of CDK4 and CCND1. In addition, PPS upregulated the mRNA levels of
COL2A1 and SOX9, indicating the promotion of chondrogenic phenotype in chondrocytes.
The results of Western blotting further suggested that PPS inhibited chondrocyte
proliferation and promoted chondrogenic phenotype by targeting the PI3K/Akt signaling
pathway. Notably, only PPS with full sulfate level exerted significant effects, while lower
sulfate level PPS showed weaker or no effects in all the experiments. The findings indicate
that PPS could be beneficial in regulating the phenotypic changes of chondrocytes, and the

full sulfate level of PPS may be necessary to achieve these effects.

In the second section, a micro-mass culture model was applied to investigate PPS with
four different molecular weight (1,500, 3,000, 5,000, and 7,000 Da) on promoting the
redifferentiation and ECM production of canine chondrocytes. The results of gene
expression and protein production indicated that PPS with higher molecular weight clearly
promoted the redifferentiation of micro-mass-cultured chondrocytes through inhibiting Akt
pathway. Furthermore, the proteoglycan deposition in chondrocyte ECM in micro-masses
was also improved after incubated with PPS. Interestingly, the effects of PPS in promoting
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the redifferentiation and ECM production were positive correlated with the molecular weight
of PPS, in which 5,000 and 7,000 Da PPS exerted stronger treatment effects. Although all
four types of PPS did not exert cytotoxic effect, the increased expression of a fibroblast
marker after exposure to 7,000 Da PPS does raise the concern about unfavorable effects of
higher molecular weight PPS. All in all, this study confirmed that PPS could promote the
redifferentiation and ECM synthesis of dedifferentiated articular chondrocytes, which

increase the molecular weight of PPS could enhance these properties.

As traditional treatments for OA can only alleviate clinical symptoms, the needs for
drugs that can control the pathogenesis of OA are growing (Ghouri et al., 2019; Mobasheri,
2013). PPS is one of the few DMOADs which have shown therapeutic effects on both the
progressive inflammatory condition as well as degenerative structural changes of OA (Oo et
al., 2022). The dedifferentiation-related changes of chondrocytes could be observed in OA
cartilages especially during the early stage, which contributes to the disease progression of
OA and raise a challenge for repairing the structural damage of cartilages. This study
demonstrates the potential of PPS to reverse this phenomenon, and explored the involved
mechanisms of this effects. The finding could serve as strong evidence to support its

effectiveness in clinical trials and provide a promising option for the treatment of OA.

The structure of polysaccharide substances greatly affects its biological. Nevertheless,
the structure-effect relationship of PPS was poorly discussed previously. To the author’s
knowledge, the present study provides the first evidence suggesting the importance of full
sulfate level for PPS in chondrocytes. Given that the sulfation process of PPS is exhaustive
and non-selective (Alekseeva et al., 2020), reducing PPS sulfate level may also complicate
the manufacturing process, seems the current sulfate level of PPS should be sufficient for
clinical usage. However, despite this in-vitro study showed that high molecular weight PPS
exert stronger effects in chondrocytes, several points need to be considered from the clinical
aspect; 1. While previous findings have indicated that increased molecular size of PPS
reduces its urine excretion (Erickson et al., 2006), it is necessary to check if the molecular
weight of PPS affects its in-vivo pharmacokinetics; 2. Side effects of high molecular weights

69



PPS. As a low-molecular-weight heparin mimic, PPS was once used for antithrombotic
treatments in humans (Ghosh, 1999). Increasing the molecular weight of PPS may enhance
its heparin-like properties; 3. PPS has been proved with promised anti-inflammatory
properties in OA (Bwalya et al., 2017a; Sunaga et al., 2012), the influence of molecular
weight change on these effects should be discussed. The author has found some evidence
through a preliminary experiment suggested that higher molecular weights PPS could exert
stronger anti-inflammatory effects in chondrocytes. Further tests need to be done before
drawing a conclusion. Although the connection between its structure and effects requires
further investigation, the finding of this study demonstrated that effects of PPS could be
largely modulates by the variation of sulfate level and molecular weight, which provided

valuable information for future pharmacological experiments and in-vivo tests.
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Conclusion
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This dissertation described structure-dependent effects of PPS in regulating canine
articular chondrocytes redifferentiation and promoting the ECM synthesis of the
chondrocytes through interfering the activity of Akt signaling pathway. As a DMOAD, PPS
exerted a promising effect in the present study in restoring the lost phenotype of
chondrocytes, which could become a potential target of interest for the development of
pharmaceutical treatments of OA and other degenerative joint changes. In addition, the
information about structure-effects relation of PPS could deepen our understanding about
how PPS interact with the body, which would be helpful to improve the treatment effects of
PPS and expand the usage of this drug. The finding of this dissertation will surely provide
the information for understanding the pathogenesis of OA, and the molecular mechanisms of
the therapeutic effects of PPS, which could contribute to the development of medical
management of OA in research and clinical practice, and finally help to solve OA problems

in animals in the future.
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Abstract of the Dissertation

Structure-related effects of pentosan polysulfate sodium: modulation on

phenotypic change and chondrogenic properties in canine chondrocyte in-vitro cultures

Hyaline cartilage is a specialized connective tissue on the joint surface that supports
normal joint movements and protects the subchondral bone. Chondrocytes are the only
cellular components in the cartilage, which are physiologically responsible for maintaining a
balance between the synthesis and degradation of the extracellular matrix (ECM).
Osteoarthritis (OA) is the most common degenerative joint disease that progressively
destroys the joint structures, including cartilages. During OA pathogenesis, chondrocytes
undergo a dedifferentiated phenotypic change that leads to transiently increased proliferation,
downregulated ECM biosynthesis, and activated production of biochemical mediators
associated with OA progression. These changes of chondrocytes disturbed cartilage
homeostasis, which pharmacological interventions of chondrocytes dedifferentiation could

be beneficial for OA treatment.

Pentosan polysulfate sodium (PPS) is a semi-synthetic polysaccharide, which has been
found to relieve OA symptoms in animals. Although the underlying mechanisms are not
fully understood, PPS has shown effects in promoting the redifferentiation and ECM
production of articular chondrocytes. On the other hand, the structure similarity between PPS
and glycosaminoglycans has been identified. Since glycosaminoglycans achieve their
biological properties mainly through the interaction with proteins, modifying their molecular
weights or sulfate levels could alter their effects. However, the structure-effect relation of

PPS is rarely discussed. To improve the therapeutic effects of PPS, more information is need.

Therefore, the present study was conducted with two major objectives: 1. To check the
effects on the phenotypic changes and ECM production of dedifferentiated canine
chondrocytes and the underlying molecular mechanisms of these effects. 2. To explore how

the variations in molecular weights and sulfate levels of PPS affect these treatment effects.
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This dissertation contains two sections: Section one investigated the effects of different
sulfate levels PPS on the proliferation and cell cycle in dedifferentiated chondrocytes and the
related phenotypic change in monolayer cultures. In the second section, the effects in
promoting the redifferentiation and ECM production of canine chondrocytes were further

investigated in micro-mass cultures using PPS with different molecular weights.

The results of this study provide evidence that PPS exerts inhibitory effects on cell
cycle progression while promotes the redifferentiation of dedifferentiated canine articular
chondrocytes in monolayer cultures, which involves the suppression of PI3K/AKkt signaling
pathway. The improvement in the phenotype and ECM production of chondrocytes with PPS
treatment was further confirmed under a micro-mass cultured condition. Relations between
the structure and the anabolic effects of PPS was also confirm in this study, which larger
PPS molecules (5,000 and 7,000 Da) exert stronger effects in promoting chondrocyte
redifferentiation and ECM synthesis. Furthermore, the full sulfate level of PPS seems to be

necessary to achieve these effects.

In conclusion, this dissertation provided further information on the therapeutic effects
of PPS in canine articular chondrocytes and their underlying mechanisms, which could be a
potential target for developing pharmaceutical treatments for OA. In addition, the
information about structure-effects relation of PPS could deepen the understanding of its
interaction with the body and help to improve the treatment effects of PPS, which would

have a positive impact to solve OA problems in animals.
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