
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



ENDOTHELIN 
RECEPTOR SUBTYPES 

IN CARTILAGE 
HOMEOSTASIS AND 

DISEASE 
 
 

 
 

 
 
 
 

AU MAN TING 
 
 
 

PhD 
 

The Hong Kong Polytechnic University 
 
 

2020 
 

  



 ii 
 

The Hong Kong Polytechnic University 
Department of Biomedical Engineering 

 

Endothelin Receptor 
Subtypes in Cartilage 

Homeostasis and Disease 
 

 
 
 

AU Man Ting 
 
 
 
 
 
 
 

A thesis submitted in partial fulfilment of 
the requirements 

for the degree of Doctor of Philosophy 
 
 
 
 

September 2019 
  



 iii 

CERTIFICATE OF ORIGINALITY 
I hereby declare that this thesis is my own work and that, to the best of my 
knowledge and belief, it reproduces no material previously published or written, nor 
material that has been accepted for the award of any other degree or diploma, except 
where due acknowledgement has been made in the text.  

Signed _______________ 
AU Man Ting 



 iv 
 

Abstract 
 
Knee osteoarthritis (OA) is a prevalent debilitating joint disease that is also the leading 

cause of pain and disability in elderly. As a multifactorial disease, it has been 

conceived as a result of the interplay between local and systemic risk factors such as 

injury, obesity and hypertension. Endothelial dysfunction and associated pathogenic 

factors such as endothelin-1 (ET-1) and its receptors have been implicated in the 

pathogenesis of OA. ET-1, the most potent vasoconstrictor, has been reported to 

induce endothelial senescence; yet the role of ET-1 in chondrocyte senescence remains 

unclear. We aimed to determine the role of ET-1 and its receptors in reactive oxygen 

species (ROS) accumulation and cellular senescence in osteoarthritis development as 

well as the feasibility of employing endothelin receptor blockers for OA treatment.  

 

In this study, we demonstrated a positive correlation between plasma ET-1 and 

severity of OA in a DMM-induced PTOA model. OA-like cartilage phenotype was 

also observed in transgenic mice overexpressing ET-1 in endothelial cells. Articular 

chondrocytes go along the senescence pathway after terminal differentiation. DMM-

induced ET-1 led to activation of inflammatory pathway, upregulation of oxidative 

stress and matrix-degrading enzyme as well as joint tissue senescence. All these 

markers were observed on the superficial layer of articular cartilage, where 

hypertrophic chondrocytes were abundant.  

 

We also identified the role of ETAR and ETBR in OA development. ETBR was 

activated in OA cartilage in a PTOA model. ET-1 transduces via both ET receptors to 

activate nuclear translocation of NF-kB p65, which further leads to production of 

matrix-degrading enzyme, MMP13. We also showed that ET-1 leads to chondrocyte 



 v 
 

senescence via ETBR, but not ETAR, through increasing ROS and p16INK4a. 

Upregulation of MMP13 and senescence marker at articular chondrocytes result in 

cartilage degradation.   

 

Previous study has shown selective ETAR blockade attenuated radiographic OA. 

However, our data showed that blocking ETBR, but not ETAR, could attenuate OA 

progression through lowering ROS and chondrocyte senescence. Although selective 

blockade of ETAR did not show beneficial effect on DMM-induced cartilage damage, 

it lowered NF- 𝜅B p65 nuclear translocation and MMP13 production. Therefore, we 

suggest that PTOA is more likely to be driven by loss of replicative function of 

chondrocytes than production of SASPs.  

 

Moreover, our data demonstrated the impracticality of blocking both endothelin 

receptors. Macitentan, a dual endothelin receptor blocker, drove chondrocytes to 

hypertrophy instead of attenuating surgery-induced cartilage damage. Macitentan 

caused a paradoxical increase of plasma ET-1, leading to reduction of DKK-1. This 

possibly resulted in activation of Wnt/b-catenin signalling pathway, causing 

production of MMP13 and cartilage degradation eventually.  

 

In short, endothelial dysfunction has been reported in subchondral bone and synovium 

of OA pathologies. This study, for the first time, implicates ET-1, an endothelium-

derived vasoconstrictor, to link endothelial dysfunction with cartilage homeostasis and 

disease. We decipher the intracellular and extracellular signalling of ET-1, as a 

deterministic factor for chondrocyte senescence (through ETBR) and hypertrophy (via 

DKK1) in the development of murine post-traumatic OA. Our findings consolidate 
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ET-1 as a potential therapeutic target for OA. Most importantly, we point in the 

direction of future research to ET-1 neutralization or depletion, rather simply 

blockading its receptors and intra-cellular signalling pathways, for rescue of OA. 
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Chapter 1 – Introduction – Literature Review 

1.1 Chondrocytes  

Chondrocytes are the only types of cells found in healthy cartilage. It is abundant 

in articular cartilage (AC) and growth plate in a knee joint. Chondrogenesis is an 

essential progress in growth and development. In the developmental process, it 

helps forming the skeleton in vertebrates. It starts with condensation of 

mesenchymal stem cells, followed by chondrogenic differentiation. The 

chondrocytes proliferate, mature and stop proliferation. Chondrocytes then reach 

terminal differentiation, where hypertrophy follows (1). However, whether 

hypertrophic chondrocytes undergo apoptosis, become senescent or 

transdifferentiate into osteogenic cells remain controversial.  

 

1.1.1 Chondrocyte in development 
 

Cartilage homeostasis is regulated by a dynamic equilibrium between anabolic 

and catabolic activities of chondrocytes. The level of extracellular matrix (ECM) 

and matrix-degrading enzymes are well balanced. Chondrocytes remain resting 

at a quiescent state under normal condition, which gives a very low turnover rate 

(1, 2). Therefore, there is a very limited capacity for cartilage to regenerate once 

it is damaged. Chondrocytes perform differently in articular cartilage and 

epiphyseal growth plates. Chondrocytes of articular cartilage helps in joint 

movement, while chondrocytes of growth plate regulate growth of long bones (3). 

Generally speaking, cartilage growth and development follows the following 

steps. 
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Condensation of mesenchymal stem cells and early differentiation  
 

The process begins with condensation of mesenchymal stem cells (MSCs). MSCs 

stop proliferating and express collagen I, III and V and some adhesion molecules 

that allow them to aggregate. The aggregation causes an increase in 

hyaluronidase activity, catalysing the degradation of hyaluronic acid, which is an 

important component of extracellular matrix (ECM). The increase in cell-cell 

interaction triggers accumulation of some tissue-specific transcription factors to 

initiate production of ECM. The chondrogenic differentiation signal spreads from 

the centre of the cell aggregates to the peripheral MSCs to form perichondrium 

(4-6). Factors such as Sox trio (Sox5, 6, 9), bone morphogenetic protein (BMP) 

work together to control early chondrogenic differentiation and maintain the 

chondrocyte phenotypes (7).  

 

Proliferation and maturation 
 

Interplay between BMP and fibroblast growth factors (FGFs) regulates the 

proliferation rate of chondrocytes (8). Chondrocytes need to be “undifferentiated” 

in order to function normally. The differentiation programme is regulated by 

Indian hedgehog-parathyroid hormone-related protein (Ihh-PTHrP) feedback 

loop (8). PTHrP keeps the chondrocytes proliferating and prevents them from 

becoming prehypertrophic, while Ihh is produced from prehypertrophic 

chondrocytes and it negatively regulates terminal differentiation (9). The already 

differentiated chondrocytes initiate chondrocyte maturation to prepare a site of 

ossification. Chondrocytes undergo maturation process to go from 

prehypertrophy to hypertrophy. They later enter terminal differentiation and 
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become hypertrophic. Chondrocytes in growth plate proliferate rapidly and 

undergo hypertrophy, while those in articular cartilage remain quiescent in normal 

condition.   

 

Terminal differentiation and hypertrophy  
 

Terminal differentiation and hypertrophy are the default route of chondrocyte 

differentiation. Chondrocytes found in endochondral bone and growth plate but 

not the permanent hyaline cartilage in articular joints undergo terminal 

differentiation. Hypertrophic chondrocytes increase in size and express a set of 

terminal differentiation genes, such as collagen type X, matrix metalloproteinase 

13 (MMP-13), Runx 2 and 3. Degradation of proteoglycans and collagen network 

are observed. In epiphyseal growth plate of embryos and metaphyseal growth 

plate of post-natal animals, terminal differentiation and hypertrophy of 

chondrocytes are parts of the process of endochondral ossification, which causes 

angiogenesis and ossification. This process is extremely important in long bone 

growth and is also regulated by Ihh/PTHrP interaction (5).  

 

1.1.2 Fate of chondrocytes  
 

Fate of hypertrophic chondrocytes in growth plate has been extensively studied. 

Most common speculations include death or lineage extension by trans-

differentiation (10). However, studies about chondrocyte metabolism and fate in 

articular cartilage remain modest. In the following, we are going to discuss some 

of the common fates of chondrocytes after terminal differentiation.  
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Chondrocyte death  
 

It is generally believed that chondrocyte death is the ultimate fate of terminally 

differentiated hypertrophic chondrocytes. Chondrocyte death can be necrotic or 

apoptotic. Necrosis is non-programmed cell death and involves no caspases. This 

usually leads to immediate cell death. Also, necrotic cells show larger 

mitochondria and eventually result in cell lysis. While apoptosis is a form of 

regulated cell death, which positively correlates with severity of osteoarthritis 

(OA) and degradation of ECM (11). It is induced by two main pathways – death 

receptor-mediated and mitochondria-dependent (12). Both pathways lead to 

activation of caspases, which destroy essential proteins, and result in planned 

chondrocyte death.  

 

Accumulation of ROS and nitric oxide (NO) were detected in articular 

chondrocytes upon cartilage injury. Together with alteration of mitochondrial 

activity, degradation of ECM components was observed (13). In late stage of OA 

progression, hypocellularity and lacunar emptying are often observed in articular 

chondrocytes. The increase in ROS leads to activation of NF-κB signalling 

pathway (14), which in turn leads to activation of complement cascade. The 

complement factors including terminal complement complex (TCC) triggers 

regulated chondrocytes death (15). Current understanding shows a positive 

feedback between chondrocyte death or cartilage degradation. However, it is still 

unclear about the causal relationship between the two.  
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Transdifferentiation  
 

It was reported that the percentage of apoptotic chondrocytes in OA cartilage 

ranges from 1% to 20% (16, 17), therefore, it is interesting to investigate other 

fates of hypertrophic chondrocytes. Besides chondrocyte death, changing 

lineages of chondrocytes has been reported as another fate of hypertrophic 

chondrocytes. Endochondral ossification, which is the transdifferentiation 

process from hypertrophic chondrocytes to osteoblasts in growth plate, is one of 

the most common types of transdifferentiation. Endochondral ossification is 

essential in long bone development, after hypertrophic differentiation, 

chondrocytes undergo apoptosis. The chondrocytes enclosed in the centre of the 

bone are then invaded by vasculature, which carries osteoclasts and mesenchymal 

stromal cells. MSCs then differentiate into COL1-positive osteoblasts, which is 

further mineralized to form bones (18). Similar to endochondral ossification, 

intramembranous ossification is responsible for formation of flat bones. However, 

it does not require a chondrogenic template. Previous studies focused more on 

the fate of chondrocytes on growth plate instead of articular chondrocytes, 

especially in the area of transdifferentiation. 

 

Dedifferentiation and redifferentiation  
 

Dedifferentiation can be observed in embryonic and post-natal development, as 

well as fracture healing. An in vitro study showed that cells rich in Col10a1 also 

expressed markers of mesenchymal progenitor cells and were later differentiated 

into osteoblasts, chondrocytes or adipocytes (19). Upon injury, chondrocytes are 

activated. Expression of stem-like markers such as OCT4, NANOG and SOX2 
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were observed at the fracture, suggesting the possibility of dedifferentiation (20). 

This indicates hypertrophic chondrocytes undergo dedifferentiation before 

redifferentiating into osteogenic cells (18).  

 

Senescence  
 
Other than death or switch of lineage, hypertrophic chondrocytes can also go 

along the senescence pathway. Chondrocyte senescence can happen alongside 

chondrocyte hypertrophy since they have similar markers and processes (21). 

Under normal condition, chondrocytes remain in quiescence. At this stage, the 

cells do not divide and a balance between anabolic and catabolic activities is 

maintained (22). 

 

Cellular senescence, which is associated with ageing, is a process by which cells 

enter a state of permanent cell cycle arrest. At this stage, the cell division stops, 

the cells stop growing. Ageing is an inevitable process in all kinds of living things 

and it can usually be characterized by having some degenerative pathologies. 

Organs that are undergoing senescence experience gradually loss of functions. 

Senescent cells (SnCs) are found at organs where age-related pathologies take 

place. 

 

The concept of senescence was firstly introduced by Hayflick in 1961, showing 

there is a limited replicative lifespan in normal human fibroblast (23). Senescent 

cells stay alive without undergoing programmed death after a long period of 

culture time. At this stage, the cells do not undergo apoptosis, showing relatively 

larger and flatter morphology as well as higher expression of p16INK4a, 
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interleukin-6, etc. Generally, senescence can be classified into 2 types. The first 

type is replicative senescence, also known as intrinsic senescence, with the 

primary cause being shortening of telomere (24, 25). It refers to a state where the 

cells have undergone extensive culture passage or reached an end stage in 

proliferation. This type of senescence rarely happens in mouse fibroblast due to 

much longer telomeres in mouse (40-60kb) than human (5-15kb) (26, 27), while 

it usually reaches senescence after 50-100 doublings in human fibroblast  (28).  

 

Another type of senescence is extrinsic senescence, which is mediated by extrinsic 

factors such as mechanical injury, DNA-damaging stressors, persistent mitogenic 

stimulation, oxidative stress, etc (29, 30) and is not related to telomere shortening. 

p19/ARF-p53 pathway is the dominant pathway that regulates extrinsic 

senescence in mouse embryo fibroblasts (MEFs), while telomere-p53/p21 

pathway is responsible for human fibroblasts (28). Besides, senescent cells, 

regardless of the types of senescence, secrete pro-inflammatory cytokines and 

matrix-degrading molecules, which are well known as senescence-associated 

secretory phenotype (SASP). p16INK4a, also known as CDKN2A, is a typical 

senescence marker. It is also an inhibitor of CDK4/6, arrests cells at G1 phase by 

inhibiting phosphorylation of retinoblastoma (Rb) protein(31). In 

p16INK4a-knockout animals, there is no inhibition of CDK4/6, leading to activation 

of Rb phosphorylation. The cell cycle, therefore, cannot be arrested. Thus, 

p16INK4a also plays a role in tumour suppression (32).  

 

However, in aging- or trauma-induced OA, catabolic activity outweighs anabolic 

activity (33). Articular cartilage, where collagen type II and aggrecan are 
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abundant, is found to lose its integrity in ageing and post-traumatic OA. This 

results in degradation of articular cartilage and loss of ECM components. 

Upregulation of MMPs is one of the shared markers between chondrocyte 

hypertrophy and senescence (34, 35).  

 

Accumulation of senescent cells contributes to different age-related pathologies 

(36). In human OA cartilage, SnCs were detected near the cluster of chondrocytes 

(37). ACLT-mediated injury caused SnCs development and upregulation of 

p16INK4a, a biomarker for cellular senescence (38). Overexpression of p16INK4a 

was sufficient to induce two major cartilaginous matrix remodelling enzyme – 

MMP-1 and -13(39), resulting in cartilage degeneration. Other than p16INK4a, 

senescence-associated beta-galactosidase (SAβGal) activity is also a typical 

marker for showing presence of SnCs. No staining of SAβGal was found in 

normal cartilage, while positive green signals were detected on articular 

chondrocytes close to lesion site (40).  

 

Recent studies showed the direct involvement of senescent cells in pathogenesis 

of OA. SAβGal-positive SnCs transplantation in synovial joint resulted in OA-

like phenotype in rodents (41), while clearance of SnCs in genetically modified 

animals alleviated OA (38). A recent study showed the expression of p16INK4a, 

albeit being a biomarker of chondrocyte ageing, is not a direct cause of OA. In 

the study, the results showed inactivation of p16INK4a in chondrocytes caused no 

effect on the rate of OA in DMM-induced OA mice (42). 
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In vitro studies showed isolated chondrocytes growing as a monolayer became 

more senescent in later passages compared to earlier passages and display 

senescence-related genes. Long-time culture and passage lead to gradual loss of 

chondrocytes-specific markers such as Col2al and upregulation of hypertrophic 

markers such as Col10a1 (43). At the same time, the cells start showing 

dedifferentiation markers (44). It has been proposed that the dedifferentiation 

markers could lead to increase of catabolic acitivity, causing upregulation of 

inflammatory cytokines and reduction in ECM production. These changes will 

then lead to mineralization and  endochondral ossification, eventually causing OA 

(21). Therefore, hypertrophic chondrocytes which undergo the senescence 

pathway is likely to result in OA-like phenotypes.   

 

1.1.3 Chondrocytes in degeneration 
 

Chondrocytes are rich in growth plate and articular cartilage. In degenerative 

process such as osteoarthritis (OA), distribution and morphology of the 

chondrocytes are different. Disorganized chondrocytes can be seen in OA growth 

plate instead of well-lined columns of chondrocytes under normal condition (45), 

while chondrocytes at articular surface showed increase in volume with degree 

of degeneration (46). In the following, we are going to discuss the pathogenesis 

of osteoarthritis.  

 
Osteoarthritis (OA) 
 

Osteoarthritis (OA) is a prevalent disorder that mainly afflicts load-bearing joints 

such as hips and knees. People affected by OA show different degrees of 

movement limitation and is regarded as the most common cause of disability in 
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adults (47). Being an age-related disease (48), OA is a non-lethal yet debilitating 

disease that brings both individual and socioeconomic burden (49). For 

individuals, OA patients suffer from severe chronic pain, which reduces the 

quality of life. It is estimated 7% of older adults encounter activity limitation due 

to OA (50). Also, the mortality rate is higher with people with OA compared with 

the general population by 1.55 times (51). When it comes to socioeconomic 

burden, hospitalization and total joint replacement surgery are the major expenses. 

In the USA alone, over 1 million of joint replacement procedures were performed 

and the estimated cost was around USD 15 billion in the last decade (52), not to 

mention the cost for pharmaceutical use and development of disease-modifying 

OA drugs (DMOADs). With the worldwide ageing problem, the costs of OA are 

expected to increase in the following years at an accelerating rate.  

 

OA is a multifactorial disease, its aetiologies can vary from local to systemic 

factors. Local factors like acute injury or operations and systemic factors like 

metabolic syndromes including obesity and hypertension can lead to the 

development of OA (53). The disease can be generally divided into primary, 

which is also known as idiopathic, and secondary. Primary OA is age-related, 

while secondary OA is caused by other diseases or conditions. Despite the 

difference in causes, the symptoms are similar. Up till today, there is no approved 

disease-modifying drugs (DMOADs) to cure or prevent OA. Pain relief becomes 

the only available approach to alleviate the symptoms. 

 

Osteoarthritis affects joints all over the body, including knees, shoulders, spine, 

hip, etc. Among all forms of OA, knee OA accounts for more than 80% of the 
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total OA burden(54). It also causes more expenses and mobility problems than 

any other forms of arthritis. Therefore, we are going to discuss knee OA in details.  

 

1.2 Osteoarthritis 

 
Knee OA is a leading cause of disability among 10 special medical conditions 

after adjustment for age, sex and comorbidity (50). With both knees and hips 

being the most load-bearing joints in our body, knee OA is even more prevalent 

with increasing age when compared to hip OA (55). Being regarded as a 

degenerative disorder in earlier years, knee OA was gradually being considered 

as an imbalance between degradation and repair of cartilage. However, knee OA 

is no longer a problem of articular cartilage only since 1995 - A definition of OA 

was clearly stated “The disease processes not only affect the articular cartilage, 

but involve the entire joint, including the subchondral bone, ligaments, capsule, 

synovial membrane, and periarticular muscles” by the Arthritis Foundation, and 

the Orthopaedic Research and Education Foundation in a workshop that year. 

Many other studies proved this by publishing data showing damages of anterior 

cruciate ligament (56), synovium (57, 58) and meniscus (59) in OA joints. In the 

following, we are going to discuss some common hallmarks of knee OA.  

 

1.2.1 Pathophysiology of knee osteoarthritis 
 
Clinical and radiographic features of knee OA 
 

Knee OA is a whole joint disease that affects both soft tissues and hard tissues. 

Clinically, soft tissue-related pain and joint stiffness are the most common 
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symptoms for OA patients to seek help from doctors (60) and various functional 

and pain scores such as the Oxford Knee Score and Knee Society Scoring systems 

are widely adopted for clinical diagnosis.  

 

Traditional concept of osteoarthritis (OA) is a non-inflammatory joint disorder in 

contrast to the other inflammatory arthritis such as rheumatoid arthritis. OA was 

simply regarded as a wear and tear problem of articular cartilage under abnormal 

mechanical loading (61). Current concept of OA is evolving with the 

advancement of multi-imaging modalities, which unveil the entire joint 

destruction involving not only the degradation of articular cartilage but also 

deformation of subchondral bone and low-grade inflammation of synovial tissues. 

 

Over the years, imaging has been the most reliable method for knee OA diagnosis. 

Radiography has long been used as a gold standard for measuring severity of the 

disease. The Kellgren-Lawrence scoring system (K-L score) is the most widely 

adopted system for evaluation of radiographic OA, which grades the joint based 

on bone tissue changes like joint space narrowing, osteosclerosis, osteophytosis 

valgus deformity and subchondral cyst formations (62).  

 

Articular cartilage  

 
Hyaline cartilage is composed of 80% water. Degeneration of AC is a structural 

hallmark of OA progression. In OA knees, changes can be observed when the 

water is redistributed to absorb the compressive force at cartilage (63). Articular 

cartilage in human knee is thinner than 4mm, making it very difficult to image. 

So far, magnetic resonance imaging (MRI) is the best method to evaluate the 
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condition of AC. With its high resolution and excellent soft-tissue contrast, the 

changes in water content can be detected. MRI is sometimes combined with X-

ray or computer tomography (CT) to yield better information about cartilage 

surface contour (64). Tissue size and structural integrity of cartilage can be 

assessed (65). However, all these modalities cannot provide information about 

soft tissues.  

 

Subchondral bone 

 
Structural changes are obvious in subchondral bone during OA progression, 

which makes it a typical hallmark for grading severity of the disease. Subchondral 

bone abnormalities like osteophytosis, subchondral sclerosis and subchondral 

cysts formation are some typical radiographic hallmarks to be observed in 

radiographs during OA (66).  Joint space width (JSW), being the most 

reproducible and sensitive measure, is the primary evaluation of OA-related 

changes in subchondral bone (67). Currently, K-L grading system is the most 

commonly accepted standard for diagnosis of radiographic OA. The system 

divides OA into five stages according to severity. In brief, stage 0 is defined when 

there are no radiographic features; stage 1 shows some potential joint space 

narrowing (JSN) and osteophytic lipping; stage 2 is when the osteophytes are 

obvious and possible JSN is seen on anteroposterior weight-bearing radiograph; 

stage 3 shows clear osteophytes together with JSN and sclerosis; stage 4 indicates 

the most severe stage of OA showing large osteophytes, severe sclerosis and 

obvious bony deformity on radiographs (66).  
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While radiography is the typical diagnostic method for knee OA, MRI 

demonstrates its advantages by allowing the physicians to visualize lesions in 

bone such as bone marrow oedema-like lesions (BMLs) and subchondral cyst-

like lesions before it can be seen on radiographs.  

 

Menisci and ligaments 

 
Meniscus is a fibrocartilage structure that lies between femur and tibia in the 

medial and lateral compartments. Partly loss of menisci is a contributor to OA(68). 

Similar to articular cartilage, menisci are hard to image. Radiography can 

generally be used as an indirect measurement of meniscal damage by assessing 

JSW. MRI, however, is the best imaging modality to visualize the structural 

damage. Recent advancements by incorporating ultrashort TE in MRI helps to 

amplify the weak signals and the increase in sensitivity allows clear visualization 

of different layers and position of the meniscal zone (65). Ligament damage, such 

as anterior cruciate ligaments (ACL) tear in OA patients can be visualized using 

ultrasound or MRI.  

 
Synovium  

 
Synovitis is known to play a role in OA progression. Synovitis of OA joints shows 

synovial effusion, angiogenesis and reactive oxygen species (ROS) production. 

Effusion and synovitis correlate with pain and increased cartilage loss in knee OA 

patients (69), while synovial hypoxia and ROS generation may induce oxidative 

damages to synovial tissue, mitochondrial mutagenesis and dysfunction in 

inflammatory arthritis. Multiple imaging modalities have been used to detect 
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inflammation at the synovial membrane. MRI and ultrasound are currently the 

standards in assessing the synovial effusion and angiogenesis.  

 

For detection of synovial hypoxia and reactive oxygen species production, 

photoacoustic (PA) imaging allows researchers to visualize the vasculature 

structure and measure the oxygenation level, while Power Doppler (PD) detects 

tissue oxygen saturation and reflects the function of the vessels.  Our group 

recently demonstrated a novel detection method for synovial hypoxia using 

photoacoustic (PA) imaging in a DMM-induced OA model. The PA result 

showed a lower level of synovial tissue oxygen saturation (sO2) in DMM-induced 

OA knees when compared to intact knees, showing a positive correlation between 

synovia tissue hypoxia and severity of OA (70). 

 

Despite the availability of multiple imaging modalities for detection of OA 

specifically to different tissues, previous studies have shown a wide variation in 

the correlation between radiographic OA and self-reported level of pain (71, 72). 

It is not uncommon to see a discrepancy between symptomatic OA and 

radiographic OA, especially in the earlier stage of OA.  

 

Clinical and radiographic hallmarks are good standards for measurement of OA 

severity. And these hallmarks generally used for diagnostic purpose. However, 

treatment to disease requires more in-depth understanding of its cellular 

pathology. Pathological changes can be observed in articular cartilage, 

subchondral bone, synovium, ligaments and menisci. Due to the classical 

understanding that OA is mostly a wear-and-tear degeneration of the articular 
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cartilage, pathological scoring system like Mankin scoring and OARSI scoring 

are generally used amongst OA researchers. It is important to know more about 

molecular level to understand the mechanisms that drive the disease. Therefore, 

pathological features of different parts of an OA knee down to cellular level will 

be discussed in the following paragraphs.  

 

Pathological features of knee OA 
 
Degeneration of Articular Cartilage  

 
Articular cartilage (AC) is the cartilage that lies on the articular surface of long 

bones, offering a lubricated and smooth surface for movement of joints. It is 

avascular and aneural in nature and is able to withstand a strong biomechanical 

force (73).  AC is mainly composed of hyaline cartilage, which matrix is abundant 

with collagen, aggrecan and chondroitin sulphate. Collagen, being a major 

component in articular cartilage, accounts for two-thirds of its dry weight (74). 

Type II collagen, the main component of cartilage, provides tensile strength to the 

tissue while aggrecan attracts water molecules to protect the tissue from shock 

and provide  protection in loading (75). Articular cartilage is divided into different 

zones - superficial zone safeguards cartilage from sheer stress and compressive 

forces from articulation; middle zone and deep zone contribute to the protection 

against compressive force; calcified zone, where hypertrophic chondrocytes can 

be found, links cartilage to subchondral bone (73). Chondrocytes are specialized 

cells found in normal cartilage and help to maintain the extracellular matrix in our 

bodies. They are resilient to compression force from body weight, thus providing 

support in posture while we are standing and walking. 
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During our bone development, mesenchymal stem cells condense and undergo 

chondrogenesis, expressing cartilage-specific collagen II, IX and XI(1). Articular 

chondrocytes are formed and no further cell division after the growth has ceased 

(76, 77). It has limited potential to replication and does not undergo terminal 

differentiation in normal conditions (78). Once they stop dividing, they remain as 

functional chondrocytes with a long half-life as long as their owners live unless 

the stability of collagen meshwork is altered (77). 

 

Degeneration of articular cartilage is always thought to be the primary change in 

OA. It is mainly due to the failure in maintaining homeostasis between production 

and degradation of extracellular matrix components (79). Changes in extracellular 

matrix component (ECM) would lead to biomechanical changes in articular 

cartilage. In early stage of OA, the body tries to restore the loss of ECM 

components by increasing synthesis of matrix molecules. There is an increase in 

cartilage thickness due to overproduction of aggrecan (80, 81). As the disease 

progresses, loss of chondrocytes outweighs proliferation of it, showing 

osteoarthritic changes (82). The loss of homeostasis of extracellular matrix (ECM) 

compositions, including loss of hydrating aggrecan and stiffening of collagen 

fibrils (83) due to switching from collagen type II to type I (84), exposes tissue to 

higher mechanical stress, resulting in loss of function of cartilage. The tensile 

strength and stiffness of articular cartilage are also reduced, imposing higher 

stress by load-bearing (85). A strong negative correlation was also found between 

the severity of OA and cartilage shear modulus in a clinical report published in 
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2018 (86). Alteration of ECM components in OA joint leads to changes in 

mechanical properties, which hinders movement of OA patients.        

 

On the other hand, macrophages will be recruited to engulf releasing molecules, 

so-called wear particles, from inflamed or micro-fractured cartilage. However, the 

macrophages, in turn, release proinflammatory cytokines, such as tumour necrosis 

factor-a (TNF-a) and interleukin-1b (IL-1b) (87), which bind to receptors on 

chondrocytes and lead to increased production of metalloproteinases and 

collagenases, resulting in articular cartilage degradation. Also, chondrocytes in 

OA cartilage undergo terminal differentiation and show a hypertrophy-like 

change (88). Type X collagen and MMP13 are two of the most common markers 

for hypertrophy (89). At a later stage of disease, calcification of articular cartilage 

takes place (78), which may be caused by endochondral ossification (90). With 

the limited capacity of repair in articular cartilage, it can only get worse once there 

is damage. 

 

Microarchitectural changes in subchondral bone  

 
The term “osteo”-arthritis has addressed the importance of subchondral bone in 

the pathogenesis of OA (61). Subchondral bone (SCB) lies directly under articular 

cartilage, connecting directly to calcified cartilage. The homeostasis of articular 

cartilage relies on the underneath bone to provide mechanical support and 

nutrition supply (91). However, regions being included in “subchondral bone” can 

be ambiguous. It generally refers to the bony structure below calcified cartilage 

marked by the cement line and is divided into two parts – subchondral bone plate 

and subarticular spongiosa. Vessels and nerves are abundant in SCB, providing 
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nutrients and transmitting signals via a direct connection between spongiosa and 

avascular cartilage. Vascularity, thickness and density distribution of subchondral 

bone plate are some of the parameters to judge the conditions of subchondral bone 

(92).  

 

Subchondral bone plays an important role in supporting the overlying cartilage, 

absorbing most of the mechanical force (93). The biphasic material (both organic 

and inorganic) of the subchondral bone enables good dispersal of mechanical 

loads (94). SCB is very sensitive to mechanical loading and responds by 

manipulating bone modelling and remodelling. The thickness of the subchondral 

bone plate varies in different joints and different regions of a joint to suit the 

respective needs. In general, it is thicker (95) and denser (96) in the centre than 

the peripheral (95) to bear most of the stress from concentric region (97).  

 

Different microarchitectural changes in subchondral bone can be observed with 

progression of OA. From increase in bone remodelling and bone loss at earlier 

stage of the disease (98) to increase in bone volume, thickening of subchondral 

bone plate and narrowing of bone marrow spacing at a later stage (99). Some 

studies reported cysts formation (100) and bone marrow oedema-like lesion (101) 

of subchondral bone in OA knees. Whether changes in articular cartilage or 

subchondral bone happen earlier or happen at the same time in OA development 

remains unclear.  

 

Osteophytes formation 
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Osteophyte is a bony projection that grows on bones around the joints. 

Radiographic osteophytes formation is often used as one of the hallmarks other 

than subchondral cyst formation and sclerosis to indicate the development of OA 

(102). There have been controversies about the good and bad sides of osteophytes 

to OA. On one hand, osteophytes can be a source of pain and cause of disability 

in OA (103). On the other hand, it is also thought to be an adaptive reaction to 

mechanical loading to repair damaged tissues in the joint (104). Since 

transforming growth factor b (TGF-b) and insulin-like growth factor-I (IGF-I) are 

found to be highly expressed during development of osteophytes, drugs targeting 

TGF-b was proved to be effective to block osteophyte formation in a mouse 

model (105). It is possible that the formation of osteophytes brings both benefits 

and harmful effects to the joints. Whether or not the advantages outweigh the 

disadvantages depends mainly on the severity of OA and location of osteophytes. 

 

Endochondral ossification 

 
During OA, articular chondrocytes undergo hypertrophic differentiation, and 

these hypertrophic chondrocytes produce stiff, mineralized cartilage tissue instead 

of tough yet resilient hyaline cartilage; together with the wear and tear of the 

superficial hyaline cartilage results in net reduction in thickness of hyaline 

cartilage. Vascularization of mineralised cartilage marks the start of changes in 

subchondral bone architecture (106). With the onset of OA, increased 

angiogenesis with oedema-like changes occurred in subchondral bone marrow 

prior to overlying cartilage (107). Some may ascribe the damage of cartilage in 

OA to mechanical loading to the joint. However, in recent years, endochondral 
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ossification is considered to be a cause of OA. The reasons causing OA is not 

mutually exclusive, all of them can contribute to development of OA. 

 

Inflammation in synovium  

 
Synovium, also synovial membrane, refers to the soft tissue that lines the inner 

surface of the joint. The synovial fluid inside helps to lubricate the cartilage 

surface. The abundance of blood vessels and nerve supply in normal synovium 

allows it to provide nutrients to avascular and aneural chondrocytes especially in 

immature joints (108). In normal condition, a very low level of inflammatory 

cytokines is produced, which helps to maintain homeostasis. However, when the 

level of proinflammatory cytokines builds up to a pathological level, it leads to 

synovitis and degradation of cartilage (109).  

 

Synovitis, including thickening of synovial lining and production of inflammatory 

cytokines, is one of the typical hallmarks in osteoarthritis. It usually happens 

before obvious degradation of articular cartilage (110). Patients suffered from 

synovitis experience pain during movement of joint. Since synovitis can be 

detected using Gadolinium-enhanced MRI or ultrasound, it is often used as a 

marker for severity of the disease. Synovitis plays an important role in OA 

progression. Inflammatory mediators produced from the synovial linings causes 

synthesis of metalloproteinase, which leads to cartilage degradation (111).  

 

Nerve growth factor (NGF) is a neurotrophic protein that is enhanced during 

inflammatory response and chronic pain (112). Thermal, chemical or mechanical 

stimuli causes NGF to bind to tropomyosin receptor kinase (Trk) A. NGF-TrkA 



 40 

complex causes posttranslational modification in TRPV1. This subsequently 

causes Ca2+ influx and transmission of pain signals (113). In human OA, 

upregulation of NGF was found in synovial fluid (114). Increased synovial NGF 

was found to correlate with increasing severity of synovitis. Studies have shown 

that both IL-1β and TGF-β1 stimulate expression of NGF expression in synovium 

(115).  

 

Our previous study showed an increase in NGF synthesis in synovium of DMM-

induced OA knee when compared to an intact knee in the sham operation group. 

Stronger expression of TrkA receptor was also observed in DMM knees, giving 

more pain sensation to the animal (Fig. 1). 

 

 

Fig. 1 NGF and TrkA expression in synovium in DMM and sham knees. 
Representative images of NGF and TrkA expression in synovium in DMM and 
sham knees with inlet magnification showing positive staining of NGF (green) and 
TrkA (green), cells were counter-stained with DAPI (blue). Scale bar, 25 µm 
 

Weakening of muscle, tendon and ligaments 

 
Muscles are shock absorber, they stretch during the landing phase of running or 

jumping. Through stretching, muscles help absorbing energy quickly (116). Joints 

can then be protected from damage. Muscle impairments can cause stiffness and 

affect physical function. There have been some discussions about the causal 
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relationship between OA and muscle weakness. Quadriceps functions as a 

cushion for knee joints to reduce impulsive loading (117). A negative relationship 

was observed between quadriceps strength and OA severity (118). However, 

when BMI is adjusted, the relationship between muscle strength and the risk of 

incident OA was no longer significant (119). The same study also suggested a 

sex-disparity on the effect of muscle weakness on OA prognosis, with women 

showing more serious OA with similar strength deficits.  

 

Tendons and ligaments also play a role in locomotion. Tendons help to transfer 

forces from muscle to the bones, making movement possible. Ligaments join 

bones together and help to stabilize the joints. More scar tissue was observed in 

OA tendons, showing a close relationship between OA and periarticular 

tendinopathy (120). Previous injury such as anterior cruciate ligament (ACL) tear 

is an important risk factor for knee OA; approximately 20-35% of knee OA 

patients are estimated to have had an incidental ACL injury (121, 122). 

 

The driving force of OA remains unclear. Whether it is articular cartilage, 

subchondral bone or synovial pathology that kicks off the onset of OA requires 

more discussion. However, there are some well-known molecular pathways that 

are involved in cartilage degeneration.  
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1.2.2 Signalling pathways involved in cartilage degeneration in knee 

osteoarthritis 

 

 

Canonical Wnt signalling pathway  
 

Wnt binds to Frizzled, a G-protein-coupled receptor, to activate several 

downstream pathways, including b-catenin-dependent canonical Wnt pathway. 

Under normal condition, b-catenin remains in cytoplasm. When Wnt binds to 

Frizzled and LRP5/6, the intracellular portion of the receptors interacts with the 

intracellular partners Dishevelled (Dsh), Adenomatous Polyposis Coli (APC) and 

Axin1/2. Causing release of b-catenin from destruction complex. b-catenin then 

translocates from cytoplasm to nucleus (123). Dickkopf-related protein 1 (DKK-

1) serves as an inhibitor of b-catenin-dependent Wnt signalling pathway.  

 

The canonical Wnt-frizzled-b-catenin pathway was found to play a role in 

pathogenesis of OA. Synovial fibroblasts from OA patients showed a higher level 

of Wnt activity compared to normal subjects (124). Activation of Wnt signalling 

is observed in articular cartilage and synovium after injury (125, 126). 

Conditional activation of b-catenin in Col2a1 and aggrecan-specific cells leads to 

OA-like phenotypes like severe cartilage degradation, subchondral bone erosion 

and osteophyte formation in both knee and hip joint in mice (126, 127). Inhibition 

of Wnt signalling pathway by DKK-1 was found to give beneficial effect to OA 

knees in an experimental murine model (124). However, previous studies showed 

excessive WNT activity leads to chondrocyte hypertrophy and production of 
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MMPs (128), while excessive suppression also results in OA phenotypes. So, it 

is important to maintain a balance of WNT for cartilage homeostasis.  

 

PTHrP/Ihh signalling pathway 
 

In embryonic growth cartilage, parathyroid hormone-related peptide (PTHrP) is 

important in chondrocyte maturation. It prevents or slows down chondrocytes 

from becoming hypertrophic (129). Inactivation and overexpression of PTHrP 

cause prematuration (130) and delay (131) in the maturation process of 

chondrocytes respectively, resulting in hindrance to skeletal development. On the 

other hand, Indian hedgehog (Ihh) is essential for chondrocyte proliferation and 

differentiation in endochondral skeleton development. Ihh and PTHrP together 

regulate chondrocyte differentiation by forming a negative feedback loop. Ihh 

secreted from prehypertrophic chondrocytes causes an increase of PTHrP 

expression, which prevents the cells from chondrocyte differentiation (132). The 

less differentiated state in turn reduces production of Ihh. PTHrP/Ihh signalling 

determines the rate of differentiation of chondrocytes in cartilage (133).  

 

Changes of PTHrP in OA development remains controversial. Cao, et al. and 

Duan, et al. showed downregulation and upregulation of PTHrP in OA cartilage 

respectively (134, 135), while Gomez-Barrena, et al. proposed a sequential 

change of PTHrP in articular cartilage during OA progression (136). Due to the 

ambiguity of PTHrP expression along OA progression, treatment of OA targeting 

PTHrP would be questionable. On the other hand, expression of Ihh positively 

correlates with severity of OA. Activation of some downstream targets of Ihh also 

leads to cartilage degradation and proteoglycan loss (137). However, cartilage-
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specific Ihh-knockout mice are lethal (138), while inducible loss-of-function of 

Ihh in cartilage showed less cartilage damage and reduction of matrix degrading 

enzymes (139). Recent study recently showed blocking of Ihh pathway attenuates 

OA progression (140).   

 

NF-kB signalling pathway 
 

Nuclear factor-kappaB (NF-κB) is a family of transcription factors that plays an 

important role in many biological processes, including DNA transcription, cell 

proliferation, cell survival, response to infection and many important cell events. 

There are five members in NF-κB family. They are RelA (p65), RelB, c-Rel, NF-

κB1 (p50) and NF-κB2 (p52) (141, 142). Under normal condition, NF-κB stays 

in the cytoplasm as an inactive form, associated with the inhibitory κB protein 

(IκB). When NF-κB becomes activated, heterodimers like RelA (p65) and NF-

κB1 (p50) were separated from the inhibitor, resulting translocation into the 

nucleus (143).  

 

Although OA is regarded as a non-inflammatory disease, inflammation can still 

be seen in OA joints. NF-κB was found to be activated in OA (144). It induces 

production of catabolic genes such as MMP13 and a disintegrin and 

metalloproteinase with thrombospondin motifs 5 (ADAMTS5) (145) as well as 

some pro-inflammatory mediators including cyclooxygenase 2 (COX2) (146) and 

inducible nitric oxide synthase (iNOS) (147). Treatment of NF-κB inhibitors or 

NF-κB p65 knockdown reduced inflammation-related genes and alleviated 

cartilage damage in vitro and in vivo respectively (148, 149).  
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HIF-1a and HIF-2a signalling pathway 
 

Articular cartilage is an avascular structure, it obtains nutrients and oxygen by 

diffusion from synovial fluid and subchondral bone. Therefore, chondrocytes 

have adapted to the hypoxic environment. Hypoxia-inducible factors, HIF-1a and 

HIF-2a, are responsible for mediating response of cells to hypoxia (150). HIF-1a 

is important to maintain chondrogenic phenotypes of chondrocytes by stimulating 

production of chondrogenic markers (SOX9, COL2A1) and inhibiting fibroblast-

like marker (COL1A1) (151, 152). It also acts like a survival factor and inhibits 

apoptosis (153). HIF-1a-deficient in chondrocytes led to increase of catabolic 

stress-induced apoptosis in human cartilage sample (154), chondrocyte death was 

also observed in cartilage-specific HIF-1a-deletion in a mouse model. 

 

On the contrary, HIF-2a induces expression of catabolic factors, such as MMPs, 

ADAMTS4 (153), at the same time, leads to chondrocyte hypertrophy, resulting 

in cartilage degradation. It also leads to upregulation of Fas, which causes 

apoptosis and cell death (155). Expression of HIF-2a positively correlates with 

cartilage degeneration (156), while silencing of HIF-2a using siRNA leads to 

elevation of ROS and HIF-1a (157). In short, HIF-1a promotes cartilage 

homeostasis, while HIF-2a promotes degradative pathways that lead to OA 

pathogenesis.  
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1.2.3 Aetiologies of knee osteoarthritis 
 

OA is a multifactorial disease of whole joint, aetiologies involve interaction between 

local and systemic risk factors. It is the multifactorial nature that makes it difficult to 

produce targeted therapy for cure of OA. In the following, we will discuss some of the 

local and system risk factors, together with the emerging risk factor – endothelial 

dysfunction.  

 

Local risk factors 
 

Knee OA has long been known as a mechanical problem due to “wear-and-tear”. 

Factors that directly act on the joint site or the joint compartment are known as 

local risk factors. Local factors can be classified into extrinsic and intrinsic, where 

extrinsic factors include injury or load bearing at the joints while intrinsic factors 

include some misalignment in ligaments and laxity. In the following, we will 

discuss some of the common external factors. 

 

Mechanical loading 

Mechanical loading can be both good and bad to cartilage homeostasis depends 

on the level of tensile strain applied to the joint. Physiological mechanical loading 

exhibited beneficial effect to cartilage by reducing the inflammatory signalling 

(158). Results from the same study showed suppression of nitric oxide (NO) and 

prostaglandin E2 (PGE2) production by mechanical loading. However, abnormal 

loads bring adverse effect to cartilage. It is generally known that obesity causes 

excess mechanical loading, which leads to a higher risk of knee OA. In a “wear 

and tear” condition, local inflammatory processes are activated, causing a 

catabolic effect to articular cartilage (159). Another study suggested excessive 
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cyclic tensile strain application on mouse primary chondrocytes resulted in 

cartilage degradation, where cyclic stress loading induced gremlin-1, a 

mechanical loading-inducible factor in chondrocytes. Upregulation of gremlin-1 

activates NF-kB signalling pathway, which leads to production of catabolic genes 

that damage the articular cartilage (160). Therefore, whether mechanical loading 

is beneficial to cartilage homeostasis largely depends on the level of loads applied.  

 

Injury and trauma 

Whilst OA is commonly known as a degenerative disease that mostly affects the 

elderly population, it is far from uncommon in younger adults. Joint injury is the 

most common cause of early onset of OA. Previous joint trauma such as sports 

injuries and car accidents increase the risk of post-traumatic OA (161). Sports 

injury that causes cartilage, tendons, meniscus or ligaments damage such as 

meniscus tear and ACL injuries often result in joint instability. This 

destabilisation alters the biomechanics of the joint – leading to excessive loading 

of the medial compartment of the knee joint (and of the lateral compartment in 

Varus joints). Usually, this type of trauma-induced OA results in permanent and 

rapidly deteriorating joint function. 

 

Numerous researchers have been looking into the pathomechanisms of PTOA 

through studying different phases of the disease and attempt to decipher the cause 

of rapid disease progression. Normally, acute production of inflammatory 

mediators, such as IL-1b, IL-6, IL-8 and TNF-a are observed in synovial fluid 

after injury but the level gradually drops after the acute phase. Although surgery 

to re-stabilize the joint can reduce pain, the risk of suffering from OA in the future 
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remains high (162). In cases where the pro-inflammatory responses are not well 

controlled, patients would suffer from chronic inflammation, which leads to tissue 

damage in the joint(163).  

 

Although OA has been regarded mainly as a “wear-and-tear” problem, emerging 

evidence showed that local risk factors alone cannot fully delineate the 

pathogenesis of knee OA. Therefore, we are going to discuss some systemic risk 

factors that play a role in OA development.  

 

Systemic risk factors 
 

Ageing and obesity were once conceived as the major systemic risk factors to 

predispose the onset of knee OA; however, mounting evidence suggests that both 

of them are insufficient to explain the sharp growth of the diseased population 

(164). Other components included in metabolic syndromes may play a role in OA 

pathogenesis.  

 

Ageing 

Knee OA is an age-related disorder, the prevalence of radiographic and 

symptomatic OA increased with people aged 65 or above, to nearly half in 

participants aged 75 or above. Ageing is always regarded as a primary risk factor 

of OA. Despite the positive correlation between age and prevalence of OA, the 

underlying mechanism between the two remains unclear. On a systematic level, 

ageing affects virtually all major systems of the body, a number of scientists and 

healthcare professionals looked into cardiovascular and metabolic diseases and 

observed significant correlations between OA and these disorders, suggesting that 
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ageing can indirectly increase the risk of OA – better established theories were 

found based on the assumption that these diseases may contribute to OA through 

disrupting repairing process and altering biomechanical environment of the joint, 

although there could be other possibilities.   

 

On a more microscopic and cellular level, ageing cells display a higher level of 

oxidative stress and more secretion of pro-inflammatory cytokines, such as IL-6 

and MMP-13 (165), when compared to normal cells. This, in turn, leads to 

reactive oxygen species (ROS) accumulation and mitochondrial DNA damage 

and dysfunction. The resultant senescence-associated secretory phenotype (SASP) 

further promotes age-related pathologies by increasing matrix metalloproteinases 

(MMPs) production (166).  

 

Metabolic Syndrome 

Metabolic Syndrome (MetS) is a cluster of at least three out of five of the 

following conditions: central obesity, low high-density lipoprotein levels, 

hyperglycaemia, high cholesterol levels and hypertension (167). A new subtype 

of OA was named as “metabolic OA” which links osteoarthritis and MetS (168).  

 

Obesity has long been associated with many chronic diseases including OA. 

Obese subjects have 13.6 times higher chance of suffering from knee OA when 

compared to normal weight individuals (169). Mechanical loading of body weight 

and the adipokines produced cause damage to the joint (170). Adipokines induce 

production of MMPs and other pro-inflammatory cytokines, such as interleukin 

IL-1β, IL-6, IL-8, and tumour necrosis factor-alpha (TNF-α), which lead to 
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activation of NF-κB pathway and accumulation of oxidative stress, which further 

leads to cartilage degradation (171, 172). In 2017, however, a study suggested the 

doubling of knee OA prevalence since mid-20th century was independent of BMI 

and age, indicating obesity may not be sufficient to explain the increase in OA 

incidence (164).  

 

Hypertension (HT) is an emerging risk factor for knee OA (173, 174). Significant 

association was observed between hypertension and OA - both symptomatic (2.01; 

95% CI, 1.28–3.15) and radiographic (1.49; 95% CI, 1.26–1.77)(175, 176). 

Majority of patients with the end-stage of knee OA also suffer from hypertension 

(177). HT is the most frequently encountered comorbidity in knee OA patients 

(178). Hypertension was also found to induce subchondral ischemia (179) and 

deterioration of subchondral bone, eventually develop a set of OA phenotype (177, 

180).  In a latest Framingham osteoarthritis study, Niu and colleagues observed 

that among all metabolic syndrome components, hypertension was the only factor 

that was significantly associated with knee OA after the adjustment for weight or 

body mass index (BMI) (173). In other words, hypertension is highly likely a key 

factor in the pathogenesis of MetS-associated OA. Vascular aetiology in the 

pathogenesis of OA has been proposed for decades (179, 181). However, little is 

known about the causal relationship between HT and OA. 

 

Endothelial cells secrets vasoregulatory factors to modulate the relaxation and 

constriction of blood vessels, the imbalance between these factors present in the 

system leads to dysregulation of blood pressure.  
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Regulation of Blood Pressure 

 
Control of blood flow can be regulated by either controlling vasoconstriction and 

vasodilation or changing the number of blood vessels. Blood pressure is 

monitored by different systems in our body. Renin-angiotensin-aldosterone 

system (RAAS) is responsible for the short-term change of blood pressure, while 

the kidney functions as the long-term control. Some local endothelium-derived 

factors also help with the control of vessel activity (182).  

 

 

Renin–Angiotensin-Aldosterone System (RAAS) 

RAAS is the centre of regulation of blood pressure, especially for immediate 

changes (182). In brief, renin produced primarily from kidney is stored in 

juxtaglomerular (JG) cells. It is released when there is a reduction in pressure of 

afferent arteriole, catalyzing the hydrolysis of angiotensin I (Ang I) from 

angiotensinogen. Angiotensin-converting enzyme (ACE) in endothelial cells 

hydrolysed Ang I to form Ang II, which leads to vasoconstriction (183).  

 

ACE inhibitors like Captopril and angiotensin receptor blockers (ARB) like 

Losartan are commonly used anti-hypertensive drugs, with similar efficacy. Both 

of them act on the RAAS but targeting a different part of the pathway. ACE 

inhibitors work by inhibiting the conversion of angiotensin I to angiotensin II, 

while ARBs displace angiotensin II from angiotensin I receptor (184).  
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Endothelin  

Endothelin secreted from endothelial cells is one of the local endothelium-derived 

factors that was discovered as a potent vasoconstrictor by Yanagisawa et al. in 

1988 (185). Endothelin-1 (ET-1), Endothelin-2 (ET-2) and Endothelin-3 (ET-3) 

(186) are members of the endothelin family, with ET-1 being the predominant 

form.  The receptors, endothelin receptor type A and B, show opposite effect on 

blood pressure change when activated. ETAR was generally known to be the more 

potent and predominant among the two. ETAR, expressed predominantly on 

smooth muscle cells, functions to increase systemic vasoconstriction and causes 

increase in arterial pressure when activated, while ETBR activation on endothelial 

cells leads to vasodilation and it acts as a clearance receptor (187). The receptors 

can be detected in different cell types, but mostly found in cardiovascular tissues 

(188). ET-1 injected intravenously in mouse and rabbit caused transient 

vasodilation before a sustained elevation of blood pressure (189, 190), while 

blocking ET-1 maturation lowered blood pressure in spontaneously hypertensive 

rats (191).  

 

Endothelin receptor antagonists (ERAs) were developed to work against the effect 

brought by ET-1 on vasoconstriction to lower blood pressure. ERAs can be 

selective or unselective, targeting on either or both endothelin receptors. These 

antagonists work by preventing the binding of ET-1 to the receptors, therefore, 

blocking ET-1’s vasoconstrictive effect. Selective blockade of ETAR brings 

beneficial effect by keeping the vasodilative effect of ETBR while blocking the 

detrimental effect of ETAR (192). However, administration of dual ETA/BR 

antagonist on top of a maximally effective dose of selective ETAR antagonist 
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caused further reduction of blood pressure in a hypertensive rat model, indicating 

blockade of ETBR also brings beneficial effect in lowering blood pressure (193). 

 

Hypertensive animal models  

 
Similar to OA, hypertension is a multifactorial disease, affected by both genetic 

and environmental factors. There are different animal models to study 

hypertension, some are generated by targeted genetic manipulation or selective 

breeding. However, these genetic models mimic primary hypertension which is 

less common in human (194). With growing evidence suggesting the role of 

imbalance of RAAS in the development of hypertension, hypertensive animal 

models that simulate human secondary hypertension are more commonly used.  

 

Deoxycorticosterone acetate (DOCA)-salt hypertensive rat model 

Rats are administered with DOCA typically ranging from 20 to 150 mg/kg, 

together with a high-salt diet consisting of 0.6–1% sodium chloride in drinking 

water. Uninephrectomy is not compulsory but often performed to speed up the 

onset of hypertension (194). In DOCA-salt rats, the level of circulating plasma 

renin was found to be low (195), which can also be observed in hypertensive 

patients (196). This hypertensive model causes hypertension by reducing the renin 

to aldosterone ratio, leading to the production of angiotensin II (197). 

 

In DOCA-salt-induced hypertensive model, where RAAS is activated, lower 

subchondral bone volume and thinner subchondral trabecular bone were observed 

at tibial plateau, whilst there was no observable cartilage defect. Upon treatment 
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of Captopril, an ACE inhibitor, the loss in subchondral bone volume and thickness 

was restored (198).  

 

Transgenic mice overexpressing endothelial endothelin-1 (TET-1) 

There are two types of ET-1 overexpressing transgenic mice. The one with 

tyrosine kinase-2 (tie-2) promoter directed human ET-1 expression showed a 7-

fold increase in plasma ET-1, yet no increase in blood pressure when compared 

to normotensive controls (199). Another one is tie-1-driven ET-1 expression 

specifically in vascular endothelial cells (TET-1). The difference between the two 

is that the latter one being hypertensive with altered vascular reactivity since 8 

weeks after birth. Significantly higher systolic and mean blood pressure was 

observed in TET-1 mice than normotensive controls. This model simulates 

chronic increase in ET-1 in the body (200). 

 

Reduction in trabecular bone density in TET-1 (10.9±0.4%) mice was observed 

when compared to the age- and gender-matched littermates (12.8±0.5%). Besides 

changes in subchondral bone, thickening of calcified cartilage and hypertrophic 

changes to articular chondrocytes were observed in TET-1 mice (201). Some 

typical OA phenotypes like loss of proteoglycan and disruption of articular surface 

were observed at the age of 9-month when compared to their littermates (202, 203). 

 

Both hypertensive models exhibited changes in subchondral bone but only TET-1 

showed cartilage defects. DOCA-salt-induced hypertensive model with activated 

RAAS but no ET-1 overexpression did not show damage in cartilage, indicating 

ET-1 may play a role in cartilage homeostasis. Therefore, in the following, 
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endothelin-1 and its relationship with disease especially osteoarthritis will be 

discussed.  

 

Endothelial dysfunction  
 
Endothelial dysfunction can be both local and systemic. Hypertension is a typical 

example of systemic endothelial dysfunction, while vascular dysfunction can be 

observed in different organs and tissues. Vascular aetiology has been implicated in 

human OA. During OA progression, osteoclasts and chondroclasts cut channels 

through the tidemark at the osteochondral junction and invade the avascular cartilage. 

Vessels start growing into the non-calcified articular cartilage through endochondral 

ossification. Angiogenesis can be observed in cartilage and synovium. Endothelial 

markers were observed in both synovium and meniscus of OA knees (204). 

Endothelial dysfunction has been observed in different PTOA animal models. After 

ACLT surgery, cartilage damage can be observed, with more endothelial marker in 

subchondral bone. The contrast signal was substantially stronger in ACLT group in 

CT-based microangiography, showing more angiogenesis in ACLT-induced OA knee 

in tibial subchondral bone. Endothelial dysfunction was also indicated by slower 

perfusion rate after ACLT surgery (107).  

 

Besides changes in subchondral bone, our group, using power doppler (PD) and 

photoacoustic (PA) imaging, has successfully demonstrated the formation of blood 

vessels in DMM-induced OA synovium (70). PA signals, which depend on the amount 

of the haemoglobin of red blood cells (RBCs) in the blood stream, showed an increase 

of blood vessel formation after DMM surgery, indicating angiogenesis in synovium. 

PD signals, which rely on the flow rate of blood and RBCs inside blood vessels, 
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reduced after surgery, showing vasoconstriction and reduction of flow rate of blood. 

Therefore, DMM surgery increased amount of haemoglobin but reduced perfusion and 

permeability function. We also reported synovial hypoxia along with vasoconstriction 

and deterioration of articular cartilage in DMM mouse model. Histopathological 

analysis also shows formation of new blood vessels in synovial after surgery.  

 

ET-1 is the most potent vasoconstrictor and overexpression of ET-1 in transgenic 

mouse leads to OA-like cartilage phenotypes. Therefore, we narrow down our target 

to ET-1 and it’s receptors.  

 

1.3 Endothelins 

 
Endothelins (ETs) are potent vasoconstrictors which have close correlations with 

both OA and hypertension. All three isoforms, ET-1, ET-2 and ET-3, from the ETs 

family are all 21-amino acids peptides, with different major sites of action along 

the developmental process (205). They are on different chromosomes, localize to 

different types of tissues and organs. All three isoforms of ETs have been studied 

on regulation of DNA and proteoglycan synthesis of rat articular chondrocytes; ET-

1, and to a lesser degree ET-2, stimulate DNA synthesis, whereas ET-3 has no 

significant effect (206). 

 

1.3.1 Endothelin-1 (ET-1) 
 

Endothelin-1 is predominantly produced by vascular endothelium (185). It was 

found to be widely expressed in many body tissues, including vessels, heart, lungs, 

liver, etc (207) and was originally discovered to be a potent vasoconstrictor in 
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human body. ET-1 activates the downstream signalling pathway by binding to 2 

subtypes of G-protein coupled endothelin receptors, ETAR and ETBR. Once 

endothelin-1 binds to the receptors, it triggers the downstream reactions by 

formation of Inositol trisphosphate, IP3, activating intracellular Ca2+ release (208). 

Another important signalling pathway involving ET-1 is MAP Kinase cascade, 

which is important to trigger response from external stimuli like hormones and 

mechanical stress (209). Besides the well-known function of vaso-regulation, ET-

1 plays an essential part in many biological functions, such as modulation and 

regulation of hormone release, activities of the central nervous system (210) as well 

as cardiovascular homeostasis(211). It also involves in different physiological 

processes including proliferation, migration and differentiation of lung 

mesenchymal stem cells derived from bronchoalveolar lavage (212), mitogenesis, 

apoptosis, inflammation (213, 214) and many more. 

 
1.3.2 ET-1 and diseases in general  
 

Many studies have shown endothelin-1 can be used as an indicator of certain types 

of disease. A high level of ET-1 in serum or specific local area of organs often 

indicates the onset of certain diseases. ET-1 level was found to be higher in women 

with impaired glucose tolerance and type II diabetes (215). The same was observed 

in poor collaterals in patients with severe coronary chronic occlusion (216). Some 

correlations have also been proven previously. A positive correlation was observed 

between the level of ET-1 and severity of congenital heart diseases (217). Scientists 

have been finding ways to reduce the level of ET-1, either by neutralization of ET-

1 or by receptor antagonism. 
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Studies showed tissue-specific and disease-specific expression of endothelin 

receptors. ETAR was highly expressed in prostate, renal, breast and ovarian cancer, 

while ETBR seemed to be the dominant receptor in melanoma and glioblastoma 

(218). Therefore, endothelin receptor antagonism has always been under 

investigation, hoping to find a treatment for diseases. Blocking ET-1 could help to 

prevent fibrosis in the skin(219). ETAR antagonism seemed to bring beneficial 

effect to type I diabetic late complications (219), as well as attenuating 

inflammatory and fibrotic effects. Retinal ganglion cells were rescued from optic 

nerve injury by blocking ETBR (220). The first orally active endothelin receptor 

antagonist, Bosentan, was approved from the FDA in 2001 (221) to treat pulmonary 

arterial hypertension. More endothelin receptor antagonists are under testing to help 

to treat diseases without serious complications.  

 

1.3.3 ET-1 in the musculoskeletal system 
 

There is mounting evidence suggesting ET-1 plays a pivotal role in skeletal growth 

(222, 223). ET-1 could stimulate the proliferation and differentiation of fetal 

calvaria cells in vitro while mice deficient in ET-1 showed significant craniofacial 

deformities in vivo (222, 224). It strongly suggested that ET-1 was involved in 

intramembranous ossification process of flat bone. Besides, ET-1 could also drive 

mesenchymal stem cells (MSCs) towards the chondrogenic and osteogenic lineages 

in vitro (225), and conditional knockout of ET receptors in osteoblasts impaired 

postnatal trabecular bone formation in vivo (223). ET-1 acts as a potent regulator 

of endochondral ossification in the postnatal development of long bone. In 

agreement with the in vivo data, most of in vitro studies demonstrated that the ET-

1 promoted differentiation and proliferation of osteoblast precursors (226-228). 
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1.3.4 ET-1 and Osteoarthritis 
 

Compared to the bone, the role of ET-1 in cartilage metabolism is less 

comprehensively studied. Khatib and his team showed the ability of ET-1 to 

stimulate proteoglycan and collagen synthesis at an early stage but cause an 

inhibitory effect at later stage, leading to cartilage catabolism (229). Other than 

constructive effect, ET-1 signalling has been also implicated in the pathogenesis of 

OA.  

 

ET-1 expression and synthesis are observed in both normal and OA cartilage, with 

a higher level observed in OA cartilage. It was reported that knee OA patients had 

significantly higher serum ET-1 level compared to healthy subjects (202, 230). 

Moreover, ET-1 concentrations in synovial fluid increased with the radiological 

severity of knee OA in terms of Kellgren-Lawrence (K-L) grades (230). ET-1 is 

known to be associated with cartilage degradation via induction of matrix 

metalloprotease (MMP) 1 and 13(231, 232), which cleave collagen type II (233), 

leading to degradation of articular cartilage. Researchers also showed that 

expression of ET-1 and its receptors increase in osteoarthritic chondrocytes (232), 

suggesting the level of local ET-1 at articular chondrocytes is positively correlated 

with severity of knee OA (234). 

 

It was shown that ET-1 and ETAR levels are both increased in all affected joint 

tissues of OA including synovial fluid, synovium, and articular cartilage (231, 232, 

235-237). ET-1 in synovial fluid and synovium stimulates the production of 

inflammatory mediators such as IL-1β, IL-6 and IL-8, and triggers catabolic 
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metabolism of articular cartilage as well as synovial thickening (236, 237). In 

addition, ET-1 and its binding sites in articular chondrocytes increase with ageing 

and OA (238, 239). Its underlying mechanism may involve the production of 

reactive oxidative species (ROS) that activates AP-1 transcriptional factors and in 

turn increases endothelin-converting enzyme-1 (ECE-1) expression and ET-1 

synthesis, ultimately forming a vicious cycle (240). 

 

 
A picture summary of OA and ET-1  
 

 
 
Fig. 2 Schematic diagram showing differences between a normal knee and an OA 
knee. Intact knee joint is shown on the left while OA knee joint is shown on the right. 
Damage to different tissues in an OA knee is annotated with key factors regulating 
blood pressure on the right.  
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1.4 Research gap  

 
Endothelial dysfunction has been reported in subchondral bone and synovium of 

OA knees, yet the direct effect of endothelial dysfunction and associated factors on 

cartilage homeostasis remain unknown. Also, the function of endothelin receptor 

subtypes, ETAR and ETBR, in cartilage homeostasis and disease remain poorly 

studied. 

 

1.5 Objectives of the study 

 
The aim of this study is to determine the role of endothelin-1 and its receptors 

in cartilage homeostasis and disease, i.e. in the context of OA. 

 

1. To investigate role of ET-1 and its receptors in PTOA development, associated 

with ROS and SnCs 

2. To investigate the role of ET-1 and its receptors in transgenic mouse 

overexpressing ET-1, associated with ROS and SnCs 

3. To investigate the effect of endothelin receptor blockade on rescue of DMM-

induced cartilage damage 

4. To investigate the underlying mechanisms of ET-1 induced cartilage 

degradation 

 

 

  



 62 

Chapter 2 – Endothelin-1 induces chondrocyte senescence 

and cartilage damage via endothelin receptor type B in a 

post-traumatic osteoarthritis mouse model  
 

2.1 Introduction  

2.1.1 Endothelin-1 and Senescence  
 

Endothelin-1 rarely expresses in healthy articular cartilage but was found to be 

upregulated in aged patients and ageing animal models (241, 242). ET-1 level in 

arterioles, dependent on the vessel regulation by endothelin receptors, increased 

with age. Vasoconstriction occurred in aged patients was mainly mediated by 

increasing ETAR expression and diminished vasodilation effect by reducing 

ETBR expression, the vasoconstrictive response got stronger with increasing age 

(243).  

 

Higher level of ET-1 was detected in older passage (passage 30) than in younger 

passage (passage 3) of cultured mouse cardiac fibroblasts. The same could also 

be observed in fibroblasts isolated from aged mice (130-week old) and human 

(~70 years old) heart.  There was increase in collagen and fibronectin synthesis in 

senescent cardiac fibroblast in both aged mouse and human fibroblasts. Inhibition 

of ET-1 by siRNA reduced the expression of fibrosis signals while adding 

exogenous ET-1 to earlier passage of cardiac fibroblasts would lead to increased 

production of collagen and fibronectin in younger passage (passage 3) fibroblasts 

(244), indicating ET-1 is closely related to ageing.  
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One previous study demonstrated ETAR antagonist BQ123, in combination with 

bradykinin receptor B1 antagonist, can protect knee joint morphology in an ACLT 

rodent model (235). However, their finding is dubious because BQ123 is usually 

given daily due to its short half-life but it was given weekly in that study. More 

importantly, role of the other ETs family members such as ET-2/ETBR/ECE in 

homeostasis and disease of articular cartilage remain largely unknown.  

 

2.1.2 Interplay between Reactive Oxygen Species, Endothelin-1 and 

Osteoarthritis 
 

Ageing has long been associated with a high level of reactive oxygen species 

(ROS). It was known that high ROS could actually drive to senescence both in 

vitro (245) and in vivo (246, 247). Highly reactive molecules like hydrogen 

peroxide and some free oxygen radicals can generate oxidative stress in cells. 

ROS can be induced through oxygen metabolism in cells. By working through a 

redox reaction, ROS can regulate physiological functions. It causes changes in 

either intracellular or extracellular conditions, affecting changes in production of 

cytokines, growth factors. And those, in turn, regulates proliferation, migration 

and differentiation of cells (248) Reactive oxygen species (ROS) are responsible 

to induce and sustain the senescent phenotype. Therefore, effort has been made to 

use ROS as well as senescent cells as the therapeutic targets to restore health as 

well as rejuvenating the cell population.  
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ROS and OA 
 

Reactive oxygen species are generally low in normal chondrocytes, while the 

level elevated in OA cartilage (249). ROS-mediated DNA damage leads to 

cartilage degradation. ROS in cartilage is mainly produced by NADPH oxidase, 

which regulates cartilage homeostasis by modulating cytokine production, 

cartilage apoptosis and various gene expression (250). Articular chondrocytes 

adapt well in a hypoxic environment, however, there may be oxygen tension in 

the synovial fluid in pathological condition (251). Upon stimulation from 

mechanical stress or inflammatory cytokines, overproduction of ROS in 

chondrocytes triggers cartilage damage by stimulating production of matrix 

metalloproteinases (252). At the same time, ROS also causes damage to 

mitochondria, disrupting mitochondrial DNA integrity and eventually 

chondrocytes death (253). 

 

How ROS induces inflammation strongly relies on activation of NF-kB. However, 

studies showed both stimulatory and inhibitory effect of ROS on NF-kB. Some 

suggested the opposite effect is caused by different cell types or upstream 

pathways (254). In cartilage, increase of reactive oxygen species in the joints 

activates the inflammatory signalling pathway by upregulating some redox-

sensitive transcription factors, such as NF-kB.  Increase of NF-kB, in turn, 

stimulates iNOS and interleukins activity, resulting in OA phenotypes.  

 

Knowing the close relationship between ROS and OA, people started using 

antioxidants to treat OA. Takada and his team worked on BTB and CNC 

homology 1 (Bach1), which is a negative regulator of an antioxidant Heme 
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oxygenase-1 (HO-1). Less severe OA was observed in Bach1 knockout mice 

when compared to wild type littermates, showing the protective effect by 

inhibiting oxidation (255).  

 

ET-1 and ROS  
 

ET-1 was previously found to produce superoxide anions (O2-), which is a 

type of reactive oxygen species (ROS) that leads to production of oxidative 

stress (256-258). Transgenic mice with tie-2 promoter directed expression of 

human ET-1 showed increase reactive oxygen species production (199). 

Development of mitochondria-mediated senescence was found to be 

modulated by ROS. Occurrence of age-related pathologies highly correlates 

with the amount of ROS in the body or at particular organs. Studies showed 

ET-1 increases the production of O2- through ETAR (259, 260). By blocking 

ETAR using BQ123, a selective antagonist, the synthesis of O2- was 

reduced(260). Nonetheless, the effect of ETBR antagonism remains 

inconsistent. Results showed increase (261), decrease (262) or no change 

(263) of ROS production after selective type B receptor blockade.  More 

reliable biomarkers of ROS are needed to target ROS, most ideally to reduce 

the level of ROS to reduce the stress implied on the body parts. ET-1 and 

other members of the endothelin family may also become one of the 

therapeutic targets to solve some age-related problems. 
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2.2 Rationale  

 
Osteoarthritis (OA) is one of the most common causes of disability in adults (47). 

Among all forms of OA, knee OA accounts for more than 80% of the total OA 

burden (54). Knee OA is a whole joint disease with articular cartilage 

degeneration as a hallmark. Although a few local (injury) and systemic risk 

factors (age and obesity) have been identified, the exact aetiology of knee OA 

remains unclear. As a consequence, there is no cure for knee OA until now. In 

human OA cartilage lesions, senescent cells (SnCs) are detected near the cluster 

of chondrocytes (37). Adult articular chondrocytes have limited proliferation 

capacity. In response to altered mechanical loading (264, 265) or oxidative stress 

(266), articular chondrocytes undergo premature senescence with shortening of 

telomeres, which provokes the onset of OA (38). Overexpressed senescence 

marker p16INK4a was sufficient to induce two major cartilaginous matrix 

remodelling enzyme: matrix metalloproteinase (MMP)-1 and -13 (39). Very 

recent studies provided direct evidence to show the involvement of SnCs in 

cartilage damages (38, 41). It has been reported that ablation of p16INK4a-positive 

chondrocytes using genetically modified mice could mitigate OA (38). Targeted 

elimination of SnCs holds a good promise for OA therapy. Yet the underlying 

mechanism of chondrocyte senescence remains to be elucidated.  

 

Vascular aetiology of OA has been proposed for decades (179). Increased newly-

formed blood vessels were found in OA synovium and osteochondral junction in 

both human and rodents (204). Our previous work using micro-MRI and micro-

ultrasonography imaging demonstrated that articular cartilage damage was 

observed with an increased number of blood vessels due to angiogenesis and 
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endothelial dysfunction at OA synovium and subchondral bone (70, 107). 

However, the direct effect of endothelial dysfunction on cartilage homeostasis and 

degradation are poorly understood. 

 

Endothelin-1 (ET-1), the most potent vasoconstrictor predominantly expressed in 

endothelium, has been identified to play a pivotal role in vascular tone 

maintenance and age-related endothelial dysfunction (185, 267). ET-1 transduces 

its biological functions through transduction via two G protein-coupled receptors, 

endothelin type A receptor (ETAR) and type B receptor (ETBR). Contrasting 

actions of the two receptors have been reported in cardiovascular system - ETAR 

for vasoconstriction; ETBR for vasodilation and clearance of excess ET-1 (187). 

A recent clinical observation showed a positive correlation between plasma ET-1 

and severity of knee OA (234), which implicates ET-1 in OA research and therapy. 

However, the exact role of ET-1 in cartilage homeostasis and disease remains 

controversial. ET-1, on one hand, stimulates the production of proteoglycan and 

collagen (229), on the other hand, increases matrix metalloproteinase 13 (MMP13) 

production by chondrocytes in vitro (231).  Generation of reactive oxygen species 

(ROS) and senescent cells accumulation predispose the onset and progression of 

OA (266, 268). ET-1 was found to promote formation of both ROS and induce 

cellular senescence while blocking ETBR lowered ET-1-induced ROS and SnCs 

in endothelium (240, 257). Moreover, ET-1 is a proinflammatory cytokine that 

induces NFkB activation in various cell types including chondrosarcoma, 

evidence suggested ETAR and ETBR blockers attenuate NFkB activation, leading 

to subsequent reduction of senescence-associated secretory phenotypes (SASPs) 

(231, 269-272). In this study, we aimed to investigate the underlying mechanism 
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of upregulation of ET-1 in OA development and the effect of endothelin receptor 

blockers on OA treatment through improving endothelial dysfunction.  
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2.3 Material and methods 

 
Animals studies 

Animals were raised in constant temperature at 25°C, with 12/12 light-dark cycle. 

The animals were supplied with food and water ad libitum. To generate a post-

traumatic OA model, destabilization of medial meniscus (DMM) surgery was 

performed on 6-month old balb/c male mice according to an established protocol 

(273). Briefly, hair was removed from both hind limbs of the animal. The area was 

disinfected with iodine solution. Mice were put in general anaesthesia by 

intraperitoneal injection of an anaesthetic cocktail [ketamine (100mg/ml): Xylazine 

(20mg/ml): saline = 1:0.5:8.5]. The knee joints were cut to open the joint capsule. 

The medial meniscus was cut on one knee while sham operation on the contralateral 

knee of the animal. The joint capsule, subcutaneous layer and the skin were closed 

with suture. The mice were allowed to eat and drink freely after the surgery. Drug 

treatment started one day after the surgery. Animals were divided into 7 groups: a 

baseline group without DMM surgery (n=4); one-month post-DMM group (n=8); 

four-month post-DMM group (n=7); one-month post-DMM with BQ123 (a 

selective ETAR blocker) treatment (n=8); one-month post-DMM with BQ788 (a 

selective ETBR blocker) treatment (n=8); four-month post-DMM with BQ123 

treatment (n=8); four-month post-DMM with BQ788 treatment (n=7). Knees were 

harvested and blood samples were collected. Plasma ET-1 level was measured by 

commercial kits.  

 

Transgenic mice overexpressing ET-1 in endothelial cells (TET-1) were given as a 

gift from Prof. Sookja Kim CHUNG form the University of Hong Kong. The 
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transgenic mouse model was generated by microinjection of ET-1 construct, which 

contains mouse ET-1 cDNA with SV40 polyA driven by Tie-1 promoter. 

Genotyping was carried out to confirm the homogeneity of the animals used in the 

study (Fig. 3). Five TET-1 and four wildtype littermates were used in this 

experiment.  

 

The experiments were performed under a licence Rev(17-151) in DH/SHS/8/2/4/ 

Pt.2 issued by the Department of Health, Hong Kong. 

 

 

Fig. 3 Generation of TET-1 (a) Schematic diagram of ET-1 construct, which contains 
mouse ET-1 cDNA with SV40 polyA driven by Tie-1 promoter (b) Genotypes of the 
pubs were confirmed by performing tail biopsy using PCR reactions and southern blot 
for confirmation.  
 

In vivo intraperitoneal injection  

BQ123 (Sigma, USA) (1 mg/kg) or BQ788 (Sigma, USA) (1 mg/kg), selective 

endothelin receptor type A and B blocker respectively, was injected 

intraperitoneally on a daily basis after surgery. Same amount of vehicle (MEM-

alpha with 10% DMSO, 1% Penicillin and Streptomycin, 15% Fetal Bovine Serum) 

was administered to control groups. Mice were sacrificed after 1 and 4-month of 

surgery, with knees harvested for histological analysis.  
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Measurement of plasma ET-1 level 

Endothelin-1 ELISA kit (Abcam, UK) was used to quantify endothelin-1 in plasma 

of mice according to the manufacturer’s protocol. Blood was withdrawn from the 

animal on the day of sacrifice. Plasma was obtained by centrifuging blood at 1,600 

x g for 15 minutes at 0˚C. The concentration of ET-1 was determined by the assay. 

The sensitivity of the assay was 0.41 pg/ml. There was no significant cross-

reactivity with ET-2 and ET-3. Results were expressed as mean ± SEM of plasma 

samples.  

 

Cell Culture  

ATDC5 cell line was received as a gift from Prof. Li-min Rong from the Third 

Affiliated Hospital of Sun Yat-Sen University and cultured in Dulbecco's Modified 

Eagle Medium/Nutrient Mixture F-12 (DMEM/F12 1:1; Gibco Life Technologies, 

USA) supplemented with 5% (v/v) Fetal Bovine Serum and 1% (v/v) 

Penicillin/Streptomycin. The medium was changed every 2-3 days. All cells were 

incubated at 37°C in a humidified 5% CO2 atmosphere.  

 

In vitro drug treatment 

ATDC5 cells were grown on coverslips. After 24 hours in serum-free medium, drug 

treatment started when the cells reached 60-70% confluence. Drugs were 

reconstituted and stored as stock solution. Working solution was prepared right 

before use. The final working concentrations of drugs used in this study were as 

follows: 100 nM Endothelin-1 (ET-1; Sigma), 1 µM BQ123 (Sigma, USA), 1 µM 

BQ788 (Sigma, USA). Blocker treatment was performed 30 minutes before ET-1 
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stimulation. Various concentrations of vitamin C were added to the cells 1 hour 

before addition of ET-1.  

 

Reactive oxygen species and mitochondrial superoxide detection  

ATDC5 were seeded on coverslips at a density of 104 cells/cm2. Cells were treated 

with ET receptor blockers 30 minutes before ET-1 challenge. For ROS 

measurement, cells were stained with 5 µM CellROX® Deep Red Reagent solution 

(Molecular Probes) for 30 minutes at 37°C and counter-stained with ProLong™ 

Gold Antifade Mountant with DAPI. ROS was visualized by excitation/emission 

at 640/665 nm. For measurement of mitochondrial superoxide, 5 µM MitoSOX™ 

Red mitochondrial superoxide indicator (Molecular Probes, Eugene, USA) 

working solution was applied to cells, incubated for 10 minutes at 37°C, then 

mounted with mountant with DAPI. Signal was visualized by excitation/emission 

at 510/580 nm. Images were captured using Leica TCS SPE Confocal Microscope 

(Leica, Mainz, Germany) at a magnification of 630X. ImageJ was used to 

quantitatively measure the signal intensity.  

 

Histological evaluation of OA severity 

Knees were fixed using 4% paraformaldehyde (w/v) and decalcified using 10% 

(w/v) ethylenediaminetetraacetic acid (EDTA) (pH7.4) for 21 days. The samples 

were then dehydrated in an alcohol gradient ranging from 70% to 100% and 

embedded in paraffin following the standard protocols. Samples were cut into 5 µm 

sections using microtome (Leica, Germany). Slides were then deparaffinized, 

rehydrated and washed in phosphate-buffered saline (PBS) on the day of staining. 

Sections were stained with haematoxylin and eosin (H&E) and Safranin O/Fast 
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green according to standard staining protocols for evaluation of histomorphology 

of the knee sections. Severity of OA was graded by a modified OARSI score 

(cartilage) (274, 275) (Fig. 4). ImageJ was used to measure the thickness of hyaline 

cartilage. All images were taken using Nikon Eclipse 80i Microscope (Nikon, 

Japan).  

 
 Fig. 4 Grading of OA severity using a modified OARSI score (cartilage). The 
modified OARSI scoring system targets on cartilage disruption only. Score 1-4 
indicate different depth of the disruption, corresponds to different level of OA severity. 
Tidemark and cement line were shown on the diagram. 
 

Immunohistochemistry/Immunocytochemistry  

Immunohistochemical staining was performed on tissue sections. Antigen retrieval 

was performed according to the manufacturer’s instructions. Endogenous 

peroxidase activity was quenched using 3% (v/v) hydrogen peroxide in PBS for 10 

minutes. Sections were blocked with 10% (v/v) normal horse serum for 1 hour. 

Overnight incubation of primary antibodies at 4°C was carried out before the 

staining process on the subsequent day. Primary antibodies used: Endothelin 1 

Tide Mark 

Cement Line 

Hyaline Cartilage 
Calcified Cartilage 

Subchondral Bone 

1 2 3 4 
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(1:2000; Abcam, ab117757), Endothelin A Receptor (1:2000; Abcam, ab117521), 

Endothelin B Receptor (1:2000; Abcam, ab117529), CDKN2A/p16INK4a (1:1000; 

Abcam, ab211542), NF-kB p65 (1:500; Abcam, ab16502), 4-Hydroxynonenal 

(4HNE) antibody (1:50; Abcam, ab46545) and MMP13 antibody (1:200; Abcam, 

ab39012). For DAB staining, Vectastain ABC kit and DAB substrate kit for 

peroxidase (Vector Labs, USA) were used to stain targeted antigens followed by 

counterstaining using Harris Haematoxylin. For immunofluorescent staining, 

visualization of positive signals was performed using Donkey anti-Rabbit IgG 

H&L (DyLight® 488), Goat anti-Mouse IgG (H+L) (Alexa Fluor® 488) and Goat 

anti-Mouse IgG (H+L) Superclonal™ (Alexa Fluor® 647) secondary antibodies. 

The negative immune controls underwent the same procedure without adding 

primary antibody.  

 

For in vitro study, after drug treatment, ATDC5 cells were washed with PBS. Cells 

were then fixed by 4% (w/v) paraformaldehyde followed by permeabilization using 

0.25% Triton X-100. Blocking was then performed by 10% (v/v) horse serum. 

Primary antibodies (as shown above) were incubated at 4°C overnight, followed by 

secondary antibodies in PBST for 1 hour at room temperature. Sessions and cells 

were mounted in ProLong® Gold antifade reagent with DAPI.  Images were taken 

using Leica TCS SPE Confocal Microscope at a magnification of 200X for tissue 

and 400X for cells. 

 

Evaluation of mitochondrial morphology 

Mitochondria were labelled with MitoTracker® Red CMXRos. Cells were 

incubated with 100 nM MitoTracker® Red CMXRos for 30 minutes at 37°C. 
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Fixation and mounting with ProLong® Gold antifade reagent with DAPI were 

performed. Excitation and emission wavelengths are 579 nm and 599 nm 

respectively. Images were taken using Leica TCS SPE. Length of mitochondria was 

measured using ImageJ.  

 

Cytotoxicity assay  
 

Cytotoxicity effect of H2O2 was determined by MTT assay (Roche) accordingly to 

manufacturer’s protocol. Briefly, ATDC5 cells were seeded at a concentration of 5 

x 104 cells/well in a 96-well plate with 100 µl culture medium. Cells were then 

treated with different concentrations of H2O2 for various time periods at 37°C with 

5% CO2. 10 µl MTT labelling reagent was added to each well. The microplate was 

allowed to incubate at 37°C for 4 hours before 100 µl of Solubilization solution 

was added to each well. Absorbance at 570nm was read after complete 

solubilization of formazan crystals. Absorbance was then calculated back to 

percentage viability.  

 

Gene Expression Analysis 
 
Total RNA Extraction  

Total RNA from cells was harvested using RNeasy Mini kit (Qiagen) according to 

the manufacturer’s instructions. Briefly, cells were lysed directly on a culture plate. 

1 volume of 70% ethanol was mixed with the lysate, followed by centrifugation at 

11,000 for 30 seconds in a spin column. After several washing steps in washing 

buffer, RNase/DNase-free water was added to the membrane to elute RNA. RNA 

concentration was measured by NanoDrop One (Nanodrop Technologies). Only 
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samples with A260/280 > 1.7 were used for reverse transcription. Isolated RNA 

was stored at -80 °C 

 

cDNA synthesis 

One microgram of total RNA extracted from each sample was reverse transcribed 

to generate cDNA using RevertAid First Strand cDNA Synthesis Kit 

(Thermofisher) according to the protocol recommended by the manufacturer. In 

short, 1 µg of RNA was mixed with 1 µl oligo(dT)18 Primer and appropriate 

amount of water, making up total volume of 12 µl. The mixture was then 

incubated at 65 °C for 5 minutes and put on ice immediately. Reaction mixture 

was prepared following the protocol and mixed well with the RNA samples. The 

mixture was then incubated at 42°C for 60 minutes and the reaction was 

terminated by heating to 70°C for 5 minutes.  

 

Quantitative Polymerase Chain Reaction (qPCR)                                   

Quantitative real-time polymerase chain reaction was then performed by BIO-

RAD CFX96 Touch™ Real-Time PCR Detection System using primers of 

specific genes (See Table 1) and QuantiNova SYBR Green PCR Kit (Qiagen). 25 

µg of cDNA was used in each reaction. All the mRNA expression levels were 

normalized using the endogenous control, Gapdh. Melt curve analysis was 

performed after PCR reaction for specificity check. Triplicates were performed.  
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Gene 
(mouse) 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

Edn1 TTTCCCGTGATCTTCTCTCTGC CTGAGTTCGGCTCCCAAGAC 

Ednra ATGAGTATCTTTTGCCTTGCGG GTCTTCCATGTGGCTGCTTAG 

Ednrb AAGCCACGCTGTCACTTCTC GAGGAACGCATCAGACTGGA 

Table 1 List of mouse genes and their respective primer sequences 

 

Reconstruction of subchondral bone plate using Microcomputed 
Tomography (𝜇CT) 
 

After sacrifice, the knee joints of mice were scanned with a quantitative 𝜇CT 

system (Viva CT40, Scanco, Switzerland). Isotropic voxel size for the scans was 

10.5𝜇m. X-ray voltage of 70kV and 1.0 filter were applied. After standardized 

reconstruction by a modified Feldkamp algorithm via SkyScan recon software, the 

data sets for each vertebra were analyzed using SkyScan CT-analyzer software. 

Semiautomated contouring was used to select a region of interest (ROI) comprising 

the subchondral bone.  

 

Statistical analysis 
All data were presented as mean ± S.E.M. The comparisons of signal intensities 

and histomorphometric data among different groups were performed using one-

way ANOVA. If ANOVA test indicated overall significance between groups, the 

difference will be assessed by post hoc tests (Tukey’s post-test). Two-tailed 

Student’s t-test (unpaired) was performed for comparison between WT and TET-1. 

The level of significance was set at p < 0.05. Analyses and graphs were generated 

using Prism 8 (GraphPad). 
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2.4 Results 

ET-1 and its receptors expression in DMM-induced OA mouse knees 

Destabilization of medial meniscus (DMM) surgery was performed to generate a post-

traumatic OA model in mice. From H&E and safranin O/fast green staining, 4-month 

post-DMM surgery caused disruption of articular surface and proteoglycan loss (Fig. 

5a). Thickness of hyaline cartilage decreased substantially from 108.9 ± 8.74 µm in 

baseline to 77.73 ± 15.02 µm in 4-month post-DMM group (Fig. 5b). More severe OA 

developed after 4-month of surgery, as demonstrated by the modified OARSI score 

(cartilage) (Fig. 5c).  

 

To study the expression of ET-1 with OA development, local and systemic ET-1 was 

evaluated using immunostaining and ELISA respectively. With increasing severity of 

OA, ET-1 expression increased in subchondral bone and synovium but decreased in 

articular cartilage (Fig. 5d). Plasma ET-1 was found to increase significantly from 

3.18 ± 0.21 pg/ml at baseline to 6.47 ± 0.34 pg/ml at 4-month post-DMM (Fig. 5e). A 

moderate positive relationship (r2 = 0.52381, p < 0.0001) was observed between the 

modified OARSI score (cartilage) and plasma ET-1 level, indicating ET-1 positively 

related to OA severity (Fig. 5f).  

 

For receptors expression, we observed alteration of endothelin receptors expression 

prior to cartilage damage. Before cartilage damage at 1-month post-DMM, ETAR 

expression decreased while ETBR expression increased when compared to baseline 

(Fig. 5g). After cartilage damage at 4-month post-DMM, expression of ETAR 

remained at a low level while ETBR dropped significantly.  
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Oxidative damage and chondrocytes senescence, as indicated by 4HNE and p16INK4a 

respectively, increased with OA severity. Similar to ETBR, most of the 4HNE- or 

p16INK4a-positive chondrocytes were located on the superficial layer of articular 

cartilage (Fig. 5h). More than 2-fold increase of 4HNE was observed in parallel with 

ETBR upregulation starting from 1-month post-DMM, followed by 7-fold increase in 

p16INK4a expression in 4-month post-DMM. We also observed more than 7-fold 

increase of NFkB p65 translocation from cytoplasm to nucleus (Fig. 5i) and 4-fold 

increase of MMP13 production (Fig. 5j) starting from 1-month after DMM surgery.  
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Fig. 5 ET-1, its receptors and proteins expression with DMM-induced post-
traumatic OA development. (a) Representative images of H&E and safranin O/Fast 
green staining from baseline (n=4), 1-month post-DMM (n=8) and 4-month post-
DMM (n=7) mice. Inlets depict close-up views of articular surface. Scale bar, 100 µm. 
(b) Thickness of hyaline cartilage along with PTOA progression. (c) Modified OARSI 
score (cartilage) score for baseline, 1-month post-DMM and 4-month post-DMM mice. 
(d) Representative images of immunostaining for ET-1 (brown, red arrows). Enlarged 
images show close-up views of articular surface. Scale bar, 100 µm. (e) Plasma ET-1 
concentration in baseline, 1-month post-DMM and 4-month post-DMM mice. (f) 
Relationship between modified OARSI score (cartilage) and plasma ET-1 level. A 
moderate positive correlation was shown (R2 = 0.524, p<0.0001, n=10). (g-h) 
Representative images of immunofluorescent staining and quantification of (g) 
endothelin receptors, ETAR (green), ETBR (green) and (h) 4HNE (green) and p16INK4a 
(red) on articular cartilage for baseline, 1-month post-DMM and 4-month post-DMM 
group with DAPI (blue) for nuclear identification. Scale bar, 25 µm. (i-j) 
Representative images of immunofluorescent staining and quantification of (i) NF𝜅B 
p65 (green) and (h) MMP13 (green) on articular cartilage from each group. All data 
are expressed as means ± SEM, and each data point represents an individual mouse. 
One-way ANOVA with Tukey’s multiple-comparisons test was used for statistical 
analysis. * p<0.05; ** p<0.005; *** p<0.001; **** p<0.0001 
 
 
ET-1 overexpression led to OA-like phenotype 

A transgenic mouse model overexpressing ET-1 in endothelial cells (TET-1) was used 

to study the effect of ET-1 in OA pathogenesis. It was reported that TET-1 developed 

OA phenotypes at the age of 9-month (201). Damage of hyaline cartilage (HC), 

thickening of calcified cartilage (CC) and loss of proteoglycan were observed in 9-

month TET-1 mice when compared to wildtype (WT) littermates using H&E and 

safranin O/fast green staining (Fig. 6a). Fewer ET-1 and ETAR but more ETBR 

expression were found at articular cartilage of TET-1 mice (Fig. 6b). The expression 
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trend of ET-1 and its receptors in TET-1 cartilage were found similar to OA cartilage 

in DMM model. Similar to DMM-induced OA cartilage, TET-1 cartilage showed a 

significant increase in 4HNE and p16INK4a expression (Fig. 6c-d), showing high level 

of oxidative stress and senescent cells at cartilage when ET-1 is overexpressed. TET-

1 mice also displayed significantly more NFkB translocation and MMP13 production 

at articular cartilage than WT animals (Fig. 6e-f).  

 

 

Fig. 6 ET-1, its receptors and proteins expression in transgenic mice 
overexpressing ET-1 in endothelial cells (TET-1). (a) Representative images of 
H&E and Safranin O/Fast green (SO) staining from wildtype (WT) (n=4) and TET-1 
(n=5) mice. Enlarged images were shown to display close-up views of articular 
cartilage. HC = hyaline cartilage, CC = calcified cartilage, SB = subchondral bone. 
Scale bar, 100 µm. (b-c) Representative images of immunofluorescent staining and 
quantification of (b) ET-1 (green), endothelin receptors, ETAR (green), ETBR (green) 
and (c) 4HNE (green) on articular cartilage of WT and TET-1 mice. (d) Representative 
images and quantification of immunostaining for p16INK4a (brown) on articular 
cartilage of WT and TET-1 mice. (e-f) Representative images of immunofluorescent 
staining and quantification of (e) NF𝜅B p65 (green) and (f) MMP13 (green) on 
articular cartilage from each group. All data are expressed as means ± SEM. Two-
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tailed t-test (unpaired) was performed for statistical analysis. * p<0.05; ** p<0.005; 
*** p<0.001; **** p<0.0001 
 

Selective ETBR, but not ETAR blocker attenuated OA by lowering 

chondrocyte senescence and reactive oxygen species  

To study the effect of endothelin receptor blockade on PTOA cartilage, two selective 

endothelin receptor blockers, BQ123 and BQ788, which block endothelin type A and 

type B receptor respectively, were used. Our result showed that ETBR but not ETAR 

antagonism rescued cartilage degradation and proteoglycan loss after 4-month of 

DMM surgery (Fig. 7a). Thickness of hyaline cartilage in BQ788-treated group was 

restored to a level (186.4±26.24 µm) that is insignificant to baseline (183.3±11.05 µm) 

(Fig. 7b). Only BQ788 but not BQ123 lowered 4HNE and p16INK4a expression (Fig. 

7c-d), indicating an important link between ETBR, oxidative stress accumulation and 

chondrocyte senescence. However, both selective receptor blockers reduced NFkB 

p65 translocation and MMP13 production (Fig, 7e-f). These findings indicated 

selective blockade of endothelin type B receptor rescued OA cartilage phenotypes 

possibly through reduction of oxidative stress and senescence accumulation in 

chondrocytes. While NFkB may play a role in ET-1-induced MMP13 increase via 

both endothelin receptors.  
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Fig. 7 Selective ETBR blocker alleviated OA-like cartilage phenotype by lowering 
ROS and SnCs accumulation. (a) Representative images of H&E and safranin 
O/Fast green (SO) staining from baseline (n=4), 4-month post-DMM without drug 
treatment (n=7), 4-month post-DMM with BQ123 treatment (n=8) and 4-month post-
DMM with BQ788 treatment (n=7) mice. Scaler bar, 100 µm. (b) Thickness of hyaline 
cartilage for baseline, 4-month post-DMM without drug treatment, 4-month post-
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DMM with BQ123 treatment and 4-month post-DMM with BQ788 treatment mice. 
(c) Representative images of immunofluorescent staining and quantification of 4HNE 
(green) for each group with DAPI (blue). Inset digital magnification showing a close-
up view of chondrocytes on articular cartilage. (d) Representative images and 
quantification of immunostaining for p16INK4a (brown) on articular cartilage for each 
group. (e-f) Representative images of immunofluorescent staining and quantification 
of (e) NF𝜅B p65 (green) and (f) MMP13 (green) on articular cartilage from each group. 
All data are expressed as means ± SEM, and each data point represents an individual 
mouse. One-way ANOVA with Tukey’s multiple-comparisons test was used for 
statistical analysis. * p<0.05; ** p<0.005; *** p<0.001; **** p<0.0001 
 

H2O2-induced chondrocytes senescence via ROS accumulation, which 

is mediated by ETBR  

To mimic the increase of oxidative stress in PTOA, ATDC5 cells were treated with 

H2O2. Cells treated with H2O2 for 48 hours started to show reduced viability in MTT 

assay. Shorter time incubation ranging from 1 hour to 24 hours did not cause big 

difference in cell survival of cells. A dose-dependent effect was observed in cells with 

48 hours of H2O2 treatment. 200 µM H2O2 led to significant drop in cell number after 

48 hours of incubation (Fig. 8a). Therefore, 100 µM was taken as the sublethal 

concentration in the study. The change in relative gene expression of ET-1and its 

receptors upon the presence of oxidative stress was also investigated.  mRNA level of 

Edn1, Ednra and Ednrb showed a dose-dependent increase with increasing 

concentration of H2O2 (Fig. 8b). Edn1 showed a 6.16 ± 0.22 fold increase at 200 µM 

H2O2, while Ednra and Ednrb increased by 3.16 ±  0.10 and 2.87 ± 0.27 fold 

respectively. H2O2 treatment for 24 hours induced synthesis of cellular oxidative stress 

(Fig. 8c) and mitochondrial superoxide accumulation (Fig. 8d,e) in ATDC5. 200 µM 

showed more ROS production (Fig. 8c), while the level of mitochondrial superoxide 

production remained similar for different concentration of H2O2 (Fig. 8d). Since 48 

hours of H2O2 treatment reduced cell viability to a large extent. 24 hours of 100 µM 
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H2O2 treatment will be used as the optimal sublethal condition in oxidative stress 

model in ATDC5 

 

To determine the effects of ETA and ETB receptor blocker on reduction of 

mitochondrial superoxide in H2O2-treated ATDC5, the relative fluorescence intensity 

was measured. Positive signal was rarely found in control group without addition of 

H2O2. Both 100 and 200 µM H2O2 caused accumulation of superoxide in mitochondria, 

relative fluorescence increased to 16.61 ± 0.93 and 18.53 ± 1.115 respectively. BQ788, 

a selective ETBR blocker, successfully lowered the level of mitochondrial superoxide 

to a level insignificant (6.51 ± 0.43) to vehicle control, while BQ123, a selective ETAR 

blocker, failed to offer a protective effect at 100 µM H2O2 (18.15 ± 1.14). The 

beneficial effect of BQ788 disappeared when a higher concentration of H2O2 (200 µM) 

was used (16.79 ± 1.12) (Fig. 8f, g). Our data showed BQ788, but not BQ123 lowered 

p16INK4a expression, while pre-treatment with BQ123 caused even stronger expression 

than H2O2 alone (Fig. 8j). For NFkB p65 translocation, percentage of nuclear 

translocation increased from 9.93 ± 5.14% to 61.26 ± 11.35% upon H2O2 stimulation. 

Both selective endothelin receptor blockers reversed H2O2-induced nuclear 

translocation to a level that is not significant to control group (Fig. 8k).  
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Fig. 8 H2O2-induced cellular senescence in ATDC5 was mediated by ROS 
accumulation possibly through alteration of mitochondrial dynamics. (a) Cell 
viability of ATDC5 with increasing concentration of H2O2 at different time points. 
H2O2 treatment for 48h showed a concentration-dependent reduction of cell viability. 
(b) Relative mRNA expression of ET-1 and its receptors with increasing H2O2 

concentration. Edn1, Ednra and Ednrb showed an concentration-dependent increase 
in mRNA expression (n=3). (c) Representative images of CellROX® Deep Red 
Reagent (red) staining showing reactive oxygen species production upon H2O2 

treatment. Cell death was observed after 48h of H2O2 treatment. Scale bar, 25 µm. (d, 
e) Representative images and quantification of mitochondrial superoxide production 
(red) under different concentrations of H2O2 by MitoSOX staining (red). Scale bar, 10 
µm. (f-i) Representative images and quantification of mitochondrial superoxide 
production (red) with different blockers pre-treatment by MitoSOX staining. Scale bar, 
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10 µm. (j, k) Representative images and quantification of (j) p16INK4a (green) and (k) 
NF𝜅B p65 (green) under different blockers pretreatment. Scale bar, 25 µm. Cells were 
counter-stained with DAPI (blue). Cells were pretreated with blockers for 30 minutes 
before H2O2 stimulation. All data are expressed as means ± SEM. One-way ANOVA 
with Tukey’s multiple-comparisons test was used for statistical analysis. * p<0.05; ** 
p<0.005; *** p<0.001; **** p<0.0001. 
 
 
ET-1 induced chondrocytes senescence via ROS accumulation, which 

is mediated by ETBR and associated with mitochondrial dynamics 

To investigate the underlying mechanism in ET-1-induced OA-like cartilage 

phenotypes, in vitro validation using ATDC5 was performed. ATDC5 cells were 

treated with 100 nM ET-1 for 24 hours, we observed around 3-fold increase of reactive 

oxygen species (ROS) in cells (Fig. 9a). Pre-treatment of BQ123 or BQ788 for 30 

minutes before ET-1 stimulation was performed to study the effect of selective 

blockade of receptors to ET-1 induced mitochondrial superoxide production. Results 

showed that only BQ788 significantly lowered mitochondrial superoxide by half (Fig. 

9b). ET-1 challenge caused morphological change of mitochondria from tubular form 

to blob form, this indicates the stress caused by ET-1 to the cells can be reflected by 

shape change of mitochondria. ET-1 also reduced the length of mitochondria from ~4 

µm to ~0.6 µm. Blocking ETBR selectively restored ET-1-induced change in 

mitochondrial dynamics and increased the length of mitochondria (Fig. 9c). Our 

results showed BQ788 but not BQ123 lowered p16INK4a expression (Fig. 9d). Similar 

to the observations in vivo, both selective blockers decreased NFkB p65 translocation 

from cytoplasm to nucleus, indicating endothelin receptors blockade suppressed ET-

1-induced NFkB activation (Fig. 9e). To elucidate the causal relationship between 

ROS accumulation and ET-1-induced chondrocyte senescence, different 

concentrations of vitamin C, a typical ROS scavenger, was added to the cells one hour 
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before ET-1 stimulation. We found that 100 µM or higher concentration of vitamin C 

significantly lowered ET-1-induced mitochondrial superoxide by more than half (Fig. 

9f). The same concentration, i.e. 100 µM of vitamin C, also reduced senescence maker 

p16INK4a by half (Fig. 9g). This implicated ET-1-induced chondrocyte senescence 

could be reduced by removing oxidative stress in cells. We inferred that ET-1-induced 

chondrocyte senescence occurs via ROS accumulation. 
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Fig. 9 ET-1-induced cellular senescence in ATDC5 was mediated by ROS 
accumulation possibly through alteration of mitochondrial dynamics. Cells were 
grown on coverslips. (a) Representative images and quantification of reactive oxygen 
species (ROS) detection using CellROX® Deep Red Reagent (red) in ATDC5 before 
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and after 100 nM ET-1 stimulation. (b) Representative images and quantification of 
mitochondrial superoxide production (red) under different blockers treatment by 
MitoSOX staining. Cells were incubated with 1 µM BQ123 or 1 µM BQ788 for 30 
minutes before ET-1 stimulation for 24 hours. (c) Representative images showing 
mitochondrial morphology and quantitative data of the length of mitochondria. Middle 
panel shows the enlarged view of a single cell. Right panel shows monochrome images 
for easier visualization. (d-e) Representative images and quantification of (d) p16INK4a 

(green) and (e) NF𝜅B p65 (green) under different blockers pretreatment. (f-g) 
Representative images and quantification of (f) mitochondrial superoxide (red) and (g) 
p16INK4a (green) in ATDC5 stimulated by ET-1 with various concentrations of vitamin 
C pretreatment. Vitamin C was incubated with the cells for one hour before ET-1 
treatment for 24 hours. Scale bar, 25 µm. Cells were counter-stained with DAPI (blue). 
All data are expressed as means ± SEM. One-way ANOVA with Tukey’s multiple-
comparisons test was used for statistical analysis. * p<0.05; ** p<0.005; *** p<0.001; 
**** p<0.0001. 
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2.5 Discussion 

 
Apart from endothelium, ET-1 could induce cellular senescence in joint. First, we 

demonstrated ET-1 induced chondrocyte senescence through accumulation of ROS 

via ETBR but not ETAR. Second, our data showed that ETBR is responsible for 

replicative senescence and SASPs production that lead to cartilage damage in OA 

development, while ETAR is responsible for SASPs production only. Thirdly, 

selective blockade of ETBR successfully alleviated OA-like cartilage changes in a 

PTOA model, indicating cartilage damage on OA development is more likely to be 

driven by replicative senescence via ETBR but not SASPs production via ETAR. For 

the first time, a direct effect of endothelial dysfunction and the role of endothelin type 

B receptor in OA pathogenesis have been reported.   

 

Emerging evidence showed that ET-1 does more harm than good to cartilage 

homeostasis although some studies suggested anabolic effect of ET-1 in 

developmental stage. ET-1 stimulates DNA synthesis (276) as well as proteoglycan 

and collagen production (229) in chondrocytes in vitro. It also drives chondrogenic 

and osteogenic differentiation in human mesenchymal stem cells through activation 

of AKT signalling (225). On the other hand, increased amount of ET-1 and its 

receptors were observed in chondrocyte ageing (277). In vitro studies also showed ET-

1 expression increased with hypertrophic markers in articular chondrocytes (232, 234) 

and cartilaginous endplate cells (278). Transgenic mice overexpressed ET-1 (TET-1) 

showed cartilage degeneration and increased amount of hypertrophic chondrocytes at 

knee joint (234). Our study mainly focuses on PTOA, the findings suggested ET-1 is 

bad to cartilage under injury. The results indicated overexpression of endothelial ET-

1 leads to OA-like cartilage phenotypes by increasing oxidative stress production and 
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chondrocyte senescence. It also leads to NFkB activation and increase in SASPs like 

MMP13, which can lead to inflammation and matrix degradation. Upregulation of 

circulating ET-1 was reported in ageing-related pathologies, such as stroke, obesity 

and myocardial infarction (279). In our PTOA model, we observed high plasma ET-1 

level with large amount of senescent cells at cartilage. All these findings suggested 

ET-1 is bad to cartilage when upregulated. 

 

Given overexpression of ET-1 leads to OA phenotypes, blocking endothelin receptors 

to prevent transduction of ET-1 via ETAR or ETBR may be a possible way to alleviate 

OA symptoms. A study showed improvement in radiographic indices of OA after 

treating ACLT-induced rat with ETAR blocker BQ123 (235). Their study mainly 

focused on bone changes and nociceptive tolerance, yet cartilage changes were less 

studied. In our study, we studied the effect of both selective ETAR or ETBR blockade 

to rescue of OA. Micro-CT analysis showed an increase of trabecular number and a 

reduction of trabecular thickness of tibia subchondral bone plate after treatment with 

either BQ123 or BQ788 when compared to DMM-knees without drug treatment (Fig. 

10a-c), suggesting blocking either one of the endothelin receptors could rescue 

osteoarthritic changes of subchondral trabecular bone. We also demonstrated better 

synovial vascular function in OA knee after endothelin receptor blockers treatment. 

Using power doppler and photoacoustic imaging reported by our group previously 

(70), reduced synovial angiogenesis and increased functional vascularity with higher 

tissue oxygenation level were observed after blockers treatment (Fig. 11a). Beside, 

histological analysis showed a reduction of blood vessels per area in synovium after 

1-month of blockers treatment (Fig. 11b), which further confirms endothelin receptors 

play a role in endothelial dysfunction. However, our results suggested that ETBR 
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blocker BQ788 but not BQ123 brought beneficial effect to cartilage degeneration. The 

discrepancy in result may due to the different drug administration regimes, weekly 

injection was used in Kaufman’s study while we employed daily injection. The half-

life of BQ123 is less than 15 minutes (280), which raised our concern on the 

effectiveness of weekly administration of this drug to the joint. Our study fills the gap 

by taking ETBR blockade into consideration and we are the first study to provide solid 

evidence for the rescue effect of PTOA using selective endothelin receptor blocker 

BQ788, in terms of cartilage protection and synovial function restoration.  

 

Fig. 10 Changes in tibial subchondral bone of DMM mice could be rescued by 
endothelin receptor blockers. (a) Representative images and quantification of 
trabecular number and thickness of tibial subchondral bone under different blockers 
treatment. Yellow arrow indicates thickening of tibial plateau and red circles indicate 
osteocyte formation. (b) Trabecular number and (c) thickness showed no significance 
between groups. Scale bar, 100 µm. All data are expressed as means ± SEM, and each 
data point represents an individual mouse.  
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Fig. 11 Endothelial dysfunction in synovium of DMM mice could by rescued by 
endothelin receptor blockers. (a) Vascular volume derived from photoacoustic 
signal, percentage of oxygen saturation and vascular volume derived from power 
doppler signal were shown. Result indicated less synovial angiogenesis, higher tissue 
oxygenation level and increased vascularity function in synovium after endothelin 
receptor blockers treatment. (b) Representative images and quantification of blood 
vessels in synovium of DMM-knees using H&E staining. Newly formed blood vessels 
(black arrows) were found after one-month of DMM surgery. Blockers treatments 
significantly lowered the number of blood vessels present. All data are expressed as 
means ± SEM, and each data point represents an individual mouse.  
 

Whether replicative senescence or SASPs production plays a more important role in 

chondrocyte senescence in OA remains controversial. A recent study showed local 

clearance of p16INK4a-positive cells at articular cartilage attenuated cartilage damage 

in a PTOA model (38). However, another recent study suggested a thought-provoking 

idea – p16INK4a is a biomarker of chondrocyte ageing but not an essential factor in OA 

development (42). In their study, they removed aggrecan-specific somatic p16INK4a in 

mice. Cartilage degradation and osteophyte formation were still observed after 
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eliminating p16INK4a in aggrecan-positive cells, showing p16INK4a is not essential for 

OA development. Therefore, they suggested chondrocyte senescence in OA relies 

more on SASPs production than p16INK4a expression. Intriguingly, in our PTOA 

mouse model, only BQ788 but not BQ123 alleviated cartilage damage after DMM 

surgery. Since both selective endothelin receptor blockers lowered SASPs production,  

the discrepancy could be attributed to the difference in response to lower 4HNE and 

p16INK4a, indicating BQ788 rescued OA-like cartilage phenotypes by lowering 

oxidative stress and senescent markers. Moreover, BQ788 lowered senescent cells 

marker not only in articular cartilage but also in subchondral bone (Fig. 12). This 

further indicates PTOA is more likely to be driven by the loss of chondrocyte 

replicative function in whole joint than production of SASPs although both may play 

a role in driving chondrocyte senescence. As mentioned previously, OA is a whole 

joint disease, removing p16INK4a in aggrecan-specific cells may not be enough to 

prevent senescent cells formation in an OA joint since other cells that are not rich in 

aggrecan are also present. Therefore, in alignment with Jeon’s findings, we agree that 

removing senescent cells is a solution to alleviate PTOA. On top of that, our study 

suggests clearance of senescent cells from whole joint is required, but not limited to 

articular cartilage, for cartilage protection in PTOA.  

 
 
Fig. 12 p16INK4a expression on subchondral bone under different blockers 
treatment in PTOA. Representative images and quantification of p16INK4a (red) 
expression in subchondral bone with and without blockers treatment. Cells were 
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counter-stained by DAPI (blue). Scale bar, 25 µm. One-way ANOVA with Tukey’s 
multiple-comparisons test was used for statistical analysis. ns = no significance. 
 
 
A few limitations of the study should be noted. Firstly, OA is a whole joint disease, 

not limited to articular cartilage. We suggested removal of senescent cells from the 

whole joint can alleviate PTOA. In this study, we focused on the direct effect of 

endothelial dysfunction on cartilage, with only some changes in synovium reported. 

Our results suggest endothelin receptor blockers can rescue endothelial dysfunction in 

both cartilage and synovium, driving removal of senescent cells. Further investigation 

is needed to confirm our postulation. Secondly, we reported the effect of two selective 

endothelin receptor blockers to cartilage damage but the effect of dual receptors 

blocker was not included. Both selective endothelin receptor blockers led to reduction 

of MMP13, which is a major SASP causing OA progression. Bosentan, a dual 

endothelin receptor blocker, lowered the increase of p16 and SA-b-Gal expression in 

endothelial cells (240). Therefore, it is worthwhile to investigate the effect of dual 

receptors blockade on rescue of OA.  

 

In conclusion, we demonstrated that upregulation of ET-1 caused chondrocyte 

senescence in a post-traumatic OA model through endothelial dysfunction due to 

oxidative stress accumulation via ETBR. We also showed beneficial effect of selective 

ETBR blocker to OA cartilage. Removal of senescent cells from whole joint may be 

required to rescue OA phenotype. These findings provide new insights into therapies 

treating OA-like cartilage phenotypes by targeting endothelial dysfunction.   
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Chapter 3 – Macitentan promotes chondrocytes 

hypertrophy and cartilage degradation in murine 

posttraumatic osteoarthritis 

3.1 Introduction 

 
3.1.1 Dual endothelin receptor blockers in disease management 
 
 

Endothelin-1 is the most potent vasoconstrictor. Upregulation of ET-1 leads to 

endothelial dysfunction and can cause pulmonary arterial hypertension (281), 

atherosclerosis, renal failure, sepsis (282) and even infectious diseases (214). 

Therefore, blocking endothelin receptors to stop transduction of ET-1 becomes a 

commonly used disease management method in various kinds of pathologies. Since  

some of the selective blockers (Sitaxentan) provide adverse effect (liver injury) to 

other parts of the body, they were withdrawn from the market (283). Therefore, 

more attention paid on dual endothelin receptor blockers. 

 

Macitentan  
 

Macitentan is drug that is generally used for treatment of pulmonary arterial 

hypertension (PAH). It is the first FDA-approved non-competitive endothelin 

receptors antagonist. It prevents binding of ET-1 to both ETAR and ETBR, although 

it has 50-fold higher selectivity for the ETAR and compared to ETBR (284). It also 

has higher receptor occupancy half-life (~17 minutes) compared to another dual 

endothelin receptor blocker, Bosentan (~70 seconds)(285). It is usually taken orally 

in human and slowly absorbed into the plasma. It stops the downstream signalling 

pathway by stopping ET-1-dependent increase in intracellular calcium.  
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Macitentan has been used for PAH treatment. However, it has been tested for 

different types of diseases such as sclerosis, glioblastoma as a potential treatment 

method (286). Also, it was found that Macitentan could lead to reduction in breast 

cancer cells division together with paclitaxel, a chemotherapy medication (287). It 

was also found to be more effective than Bosentan in terms of preventing 

development of right ventricular hypertrophy (288).  

 

Bosentan  
 

Bosentan is a competitive dual endothelin receptor blockers. Similar to Macitentan, 

it is mainly used for treatment of PAH. Also, it is shown to cause greater effect to 

ETAR than ETBR. Besides lowering pulmonary arterial blood pressure, Bosentan 

was found to reduce the number of digital ulcers in systemic scleroderma (289) and 

decrease cell number in colon carcinoma cells in vitro (290). However, clinical 

trials showed that Bosentan leads to birth defects by causing liver damage. It also 

has the potential to reduce haemoglobin and sperm counts. Give more side effects 

and less effective to lowering blood pressure compared to Macitentan (291), 

Macitentan is more preferred to Bosentan in clinical practice.  

 
 

3.1.2 Mesenchymal stem cells in OA  
 

Osteoarthritis still remains incurable and worsens as a person ages. It is mainly 

caused by the lack of regenerative ability of cartilage, therefore, the damage on 

articular cartilage is irreversible. Intra-articular injection of bone marrow stem cells 

to an OA knee led to cartilage protection and meniscal repair (292). Study showed 
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MSCs cannot stay long at the target tissue after administration, yet it is still able to 

provide chondro-protective effect to the cartilage, indicating the effect is mostly 

paracrine-mediated (293). In normal condition, MSCs reside in vivo as pericytes 

(294). During endochondral ossification, mesenchymal stem cells differentiate into 

chondrocytes, while its proliferation lengthens the bones. However, when the tissue 

is injured, MSCs would secrete cytokines aiming to provide a regenerative 

environment to the damaged site. Study has also shown the migratory effect of 

chondrogenic progenitor cells (CPCs), which drives them to damaged cartilage 

tissue for repair. Some suggested these cells are derived from MSCs (295). MSCs 

protect the cartilage by secreting various factors including STC-1, TIMP-1, TSP2 

and PGE2. Factors that govern the fate of MSCs towards chondrogenic or 

fibrogenic lineages could be the candidate therapeutic targets to switch the 

unfavourable fibrocartilage towards the desired hyaline cartilage. It will pave a road 

towards a stem cell-based therapy for cartilage repair.  

 

It seems that mesenchymal cells play a role in regenerative process of damaged 

tissue at joint. A typical example that uses MSCs to treat OA cartilage is 

microfracture. The surgery would be performed down to subchondral bone so that 

mesenchymal stem cells (MSCs) in bone marrow might repair the overlying 

damaged cartilage. However, fibrocartilage, a fibrous tissue that cannot withstand 

the compressive force of the body weight, will form several years after surgery 

(296). The fibrocartilage formed may even accelerate the degradation of cartilage, 

bringing even more pain to the patients.  
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3.1.3 3D-biomimetic cell culture model  
 

Increasing number of researchers use 3D biomaterials for tissue engineering-

related studies. Lots of advantages have been found using 3D culture instead of the 

traditional monolayer culture for cell growth. 2D culture limits the communication 

between neighbouring cells with most of the cells being attached to the surface and 

exposed to medium while 3D culture allows migration and proliferation of cells in 

a more in vivo-like environment. Hydrogel is one of the commonly used forms for 

3D cell culture. It is a cross-linked network having high water content. This can 

help to facilitate nutrients and wastes exchange between the cells and the 

environment outside the hydrogel. Hydrogel scaffolds also mimic the extracellular 

matrix in our body, providing a favourable environment of the growth of 

mesenchymal stem cells.  

 

Hyaluronic acid (HA), being a natural and native component of extracellular matrix, 

plays a major role in forming aggrecan by binding to keratin sulphate and 

chondroitin sulphate (297). This natural polymer is involved in cartilage 

homeostasis as well as participating in proliferation of cells and repair mechanisms 

of wounds (298). Due to the proved interaction between human mesenchymal stem 

cells and hyaluronic acid (299) via the cell surface receptors like CD44 and CD168, 

study found that such interaction can enhance chondrogenesis of hMSCs (300).  

 

Other than the use of scaffolds, micromass is gaining popularity, especially in bone 

and cartilage tissue engineering. Micromass is basically a clump of cells that are 

dissociated but then reaggregated into a spherical structure. The advantage of 
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micromass is that it is more closely related to in vivo situation. It mimics the 

formation of tissue from a single cell. The clinical application is also worth noting 

because these spheres can be implanted into lesion sites without worrying about the 

interaction between the artificial materials in the scaffolds.  
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3.2 Rationale  

 

Osteoarthritis (OA) is a prevalent debilitating disorder that mainly afflicts load-

bearing joints such as knees (47). It is a leading cause of pain and disability among 

older adults. The hallmark of OA is loss of articular cartilage that cushions the joint 

during the movement. As a whole joint disease, OA is resulted from subchondral 

bone pathological remodelling, synovial angiogenesis and inflammation, 

eventually lead to cartilage damage. Our previous studies have shown the link of 

local endothelial dysfunction in subchondral bone or synovium with the 

development of murine posttraumatic OA (107, 301). Endothelial dysfunction is 

recently shown to contribute to skeletal ageing (302). All the evidence points to 

vascular aetiology of OA that vasoactive factors in endothelial dysfunction may 

trigger age- or OA-related cartilage degeneration (179).   

 

In the vasoactive system, endothelin-1, the most potent vasoconstrictor (303), has 

been implicated in joint degradation and OA (304, 305). Serum and plasma ET-1 

was found to be positively correlated with the severity of disease in OA patients 

(230). ET-1 could induce cartilage degradation by increasing production of matrix-

degrading enzymes, e.g. MMP-13, in OA chondrocytes (231). ET-1 transduces its 

biological functions mainly through two G protein-coupled endothelin receptors, 

i.e. endothelin type A (ETAR) and type B (ETBR) receptor.  ETAR was conceived 

as the dominant receptor in musculoskeletal system. Selective endothelin type A 

receptor blocker, BQ123, was once reported to provide beneficial effect to 

radiographic OA in an anterior cruciate ligament transection (ACLT)-induced 

posttraumatic OA (PTOA) model (235).  
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In addition to activating intracellular signalling through ETAR and ETBR, ET-1 

interacts with extracellular protein Dickkopf-related protein 1 (DKK-1), a natural 

antagonist to Wnt/b-catenin signalling, in osteoblasts (306); yet the extracellular 

ET-1 signalling via DKK1 in chondrocytes remains unknown. Low DKK-1 in 

plasma and synovial fluid was observed in OA patients when compared to healthy 

subjects (307), while increased DKK-1 expression in OA cartilage caused 

cartilage destruction (308). Wnt/β-catenin signalling pathway plays an essential 

role in cartilage formation and disease (309). In an injury-induced rat model, 

increased expression of Wnt3a and β-catenin were observed at OA cartilage (310). 

Activation of β-catenin in chondrocytes, often represented by a translocation from 

cytoplasm to nucleus, led to OA-like phenotype (126). Inhibitors of Wnt/β-

catenin signalling ameliorated OA by increasing chondrogenesis or inhibiting 

production of proinflammatory cytokines (124, 311).  

 

Macitentan is one of the very few FDA-approved endothelin receptor antagonists. 

It is primarily used for treatment of pulmonary arterial hypertension. Compared 

to other similar dual ET receptor blockers like Bosentan, Macitentan has a higher 

receptor occupancy half-life (285) and 50-fold higher selectivity for ETAR 

compared to ETBR (284). These properties make it more suitable for targeting 

musculoskeletal diseases where ETAR is predominant. Moreover, fewer side 

effects were reported in patients treated with Macitentan than with Bosentan and 

Ambrisentan, a selective endothelin type A receptor antagonist (312).  
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We hypothesize that blockade of endothelin receptors could partly rescue OA-

like phenotypes, if not prevent, by reducing transduction of ET-1’s biological 

function through its two receptors. In this study, we aimed to investigate the effect 

of Macitentan in attenuating OA-like cartilage phenotypes in a murine 

posttraumatic OA model. Also, we examine the extracellular signalling protein, 

DKK1, after Macitentan treatment, in the context of PTOA.  
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3.3 Materials and methods 

 
Animal and drug treatment 

A total of 33 male Balb/c mice were used in this experiment. To generate a post-

traumatic OA model, destabilization of medial meniscus (DMM) surgery was 

performed according to an established protocol when they reached 6-month old 

(273). Briefly, mice were put in general anaesthesia by intraperitoneal injection of 

an aesthetic cocktail [ketamine (100mg/ml): Xylazine (20mg/ml): saline = 

1:0.5:8.5]. Hair was removed from both hind limbs of the animal. The joint capsule 

was cut open, the medial meniscus was transected with microscissors. The joint 

capsule, subcutaneous layer and the skin were closed with suture. For sham 

operation, the joint capsule was opened then closed with sutures. All procedures 

were performed under a license Rev(17-151) in DH/SHS/8/2/4/ Pt.2 issued by the 

Department of Health, Hong Kong. The mice were allowed to eat and drink freely 

after the surgery. All animals were raised in constant temperature at 25°C, with 

12/12 light-dark cycle. The animals were supplied with food and water ad libitum.   

 

Animals were randomly divided into 5 groups: a baseline group without DMM 

surgery (n=4); one-month post-DMM group (n=8); four-month post-DMM group 

(n=7); 1-month post-DMM with Macitentan (a dual endothelin receptor blocker) 

treatment (n=6) and 4-month post-DMM with Macitentan treatment (n=8). Drug 

treatment started one day after the surgery. Daily intraperitoneal injection of 

placebo or Macitentan (Allschwil, Switzerland) (10mg/kg B.W.) was administered. 

Mice were euthanized, the knees and blood samples were collected.  
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Power doppler and photoacoustic imaging of synovium of OA knee 

Vascular volume from photoacoustic (PA) and power doppler (PD) imaging as well 

as tissue oxygenation of synovium were obtained by PA and PD signals following 

a previously published protocol (70). Briefly, the transducers were put on the knee 

joint of the animal, 3D scan of the entire mouse knee was performed. A well-

defined triangular region of interest (ROI) was manually drawn as described in 

previous study (313). The 2D images were then segregated automatically using a 

custom-designed script on Matlab (Vessel analysis v1.4) (314). The vascular 

volume (%) was obtained by counting the coloured pixels at the resolution of 

0.01mm x 0.01mm in the ROI on each PD and PA slice, then multiplied by 

0.032mm (slice thickness). The product was then divided by the total number of 

voxels in the volume of interest (VOI). Similarly, tissue oxygen saturation (sO2) 

was measured by converting the mean PA signal of voxels in the VOI.  

 

3D culture of human mesenchymal stem cells (hMSCs)  

Human bone marrow-derived mesenchymal stem cells (hMSCs) (Lonza, 

Switzerland) were expanded to passage 4 before use. The cells were cultured in 

growth medium consisting α-minimum essential medium (α-MEM; Gibco) with 

15% Fetal Bovine Serum (FBS; Gibco), 1% Penicillin/Streptomycin (P/S; Gibco) 

and 5ng/ml Fibroblast Growth Factor 2 (FGF-2; Sigma). 

 

Hydrogel encapsulation culture model 

hMSCs were then photoencapsulated in 2% Methacrylated Hyaluronic Acid 

(MeHA) (MW~ 40000) (Provided by Dr. Bian Liming, Division of Biomedical 

Engineering, CUHK) with UV light (wavelength 365nm; intensity 5mW/cm2) for 
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5 minutes. All the hydrogels were in identical size with 5 mm diameter and 3 mm 

in thickness. 1 million cells were encapsulated per hydrogel.  

 

3D scaffold-free culture model 

hMSCs were resuspended at a cell density of 1.5 x 107 cells/ml. 10 µl cell 

suspension was allowed to stand for 1.5 hours at 37°C with 5% CO2 to create 

micromass cultures. Next, 500 µl more medium was added without disturbing the 

cell pellet. 

 

Chondrogenic differentiation was carried out by using chondrogenic medium: 

Dulbecco’s Modified Eagle Medium (DMEM-HG; Gibco, US), 1% P/S, 1% ITS-

Premix (BD, US), 50 ug/ml L-proline (Sigma, US), 50 ug/ml ascorbic acid-2-

phosphate (Sigma, US), 100 nM dexamethasone (Sigma, US), 1mM sodium 

pyruvate (Sigma, US) and 10 ng/ml TGF-b (Peprotech, Israel). For groups that 

underwent hypertrophic induction, hypertrophic medium (DMEM, 1% P/S, 1% 

ITS-Premix, 50 ug/ml L-proline, 50 ug/ml ascorbic acid-2-phosphate, 1 mM 

sodium pyruvate, 1 nM dexamethasone, 1 nM triiodothyronine (T3; Sigma, US)) 

was used after 14 days of chondrogenic induction until day 21. Cells between 

passage 5 and 7 were used in this study. The medium was changed every 2-3 days. 

10 µM Macitentan was used in in vitro study. All cells were incubated at 37°C in 

a humidified 5% CO2 atmosphere. 
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Microstructure analysis of tibia subchondral bone using Microcomputed 

Tomography (𝜇CT) 

 After sacrifice, the knee joints of mice were scanned with a quantitative 𝜇CT 

system (Viva CT40, Scanco, Switzerland). Isotropic voxel size for the scans was 

10.5𝜇m. X-ray voltage of 70kV and 1.0 filter were applied. After standardized 

reconstruction by a modified Feldkamp algorithm via SkyScan recon software, the 

data sets for each group were analyzed using SkyScan CT-analyzer software. 

Semiautomated contouring was used to select a region of interest (ROI) comprising 

the subchondral bone. Trabecular thickness and number were generated.  

 

Histological evaluation of OA severity 

Knees were fixed using 4% paraformaldehyde (w/v) and decalcified using 10% 

(w/v) ethylenediaminetetraacetic acid (EDTA) (pH7.4) for 21 days. The samples 

were then dehydrated in an alcohol gradient ranging from 70% to 100% and 

embedded in paraffin following the standard protocols. Samples were cut into 5 µm 

sections using a microtome (Leica, Germany). Slides were then deparaffinized, 

rehydrated and washed in phosphate-buffered saline (PBS) on the day of staining. 

Sections were stained with haematoxylin and eosin (H&E) or Safranin O/Fast green 

according to standard staining protocols for evaluation of histomorphology of the 

knee sections. Severity of OA was graded by a modified OARSI score (cartilage) 

(274, 275) (Fig. 4). ImageJ was used to measure the thickness of hyaline cartilage. 

All images were taken using Nikon Eclipse 80i Microscope (Nikon, Japan).  
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Immunohistochemistry  

Immunohistochemical staining was performed on tissue sections. Antigen 

retrieval was performed according to the manufacturer’s instructions. 

Endogenous peroxidase activity was quenched using 3% (v/v) hydrogen peroxide 

in PBS for 10 minutes. Sections were blocked with 10% (v/v) normal horse serum 

for 1 hour. Overnight incubation of primary antibodies at 4°C was carried out 

before the staining process on the subsequent day. Primary antibodies used: 

Endothelin 1 (1:2000; Abcam, ab117757), Endothelin A Receptor (1:2000; 

Abcam, ab117521), Endothelin B Receptor (1:2000; Abcam, ab117529), NF-kB 

p65 (1:500; Abcam, ab16502), MMP13 (1:200; Abcam, ab39012), DKK-1 (1:100; 

Abcam, ab61034) and b-catenin (1:1000; Abcam, ab6302). For DAB staining, 

Vectastain ABC kit and DAB substrate kit for peroxidase (Vector Labs, USA) 

were used to stain targeted antigens followed by counterstaining using Harris 

Hematoxylin. For immunofluorescent staining, visualization of positive signals 

was performed using Donkey anti-Rabbit IgG H&L (DyLight® 488) secondary 

antibody. The negative immune controls underwent the same procedure without 

adding primary antibody. Nuclei were counter stained with DAPI (blue) and 

mounted with ProLong® Gold antifade reagent. All images were taken using 

Leica TCS SPE Confocal Microscope. 

 

ET-1 quantification  

Endothelin-1 ELISA kit (Abcam, UK) was used to quantify endothelin-1 in plasma 

of mice as well as ET-1 secreted from hMSCs along the differentiation process 

according to the manufacturer’s protocol. Cell supernatant was collected and blood 

was withdrawn from the animal on the day of sacrifice. Plasma was obtained by 
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centrifuging blood at 1,600 x g for 15 minutes at 0˚C. There was no significant 

cross-reactivity with ET-2 and ET-3.  

 

RT-PCR and qRT-PCR analyses 

Total RNA was extracted from the cells encapsulated in hydrogels. Each gel was 

lysed in 1 ml of TRIzol reagent and homogenized using a tissue grinder. RNA was 

extracted using phenol-chloroform extraction method and reverse-transcribed 

using RevertAid First Strand cDNA Synthesis Kit (Thermofisher) according to the 

protocol recommended by the manufacturer. The resulting cDNA was used for 

qPCR reaction using BIO-RAD CFX96 Touch™ Real-Time PCR Detection 

System using primers of specific genes (Table 1). 25 µg of cDNA was used in each 

reaction. All the mRNA expression levels were normalized using the endogenous 

control, Gapdh. Melt curve analysis was performed after PCR reaction for 

specificity check. Triplicates were performed. 

 

Gene 

(human) 
Forward primer (5’-3’) Reverse Primer (3’-5’) 

Gapdh AGGGCTGCTTTTAACTCTGGTAAA GAATTTGCCATGGGTGGAAT 

Edn1 GACATCATTTGGGTCAACACTC GGCATCTATTTTCACGGTCTGT 

Ednra TGGTGTGCACTGCGATCTTCTACA 
ACGGCTTAAATGAAGAGGGAA

CCA 

Ednrb ATCTGCGAATCTGCTTGCTT TCCCGTCTCTGCTTTAGGTG 

Table 1 List of human genes and respective primer sequences 
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Statistical analysis 

All data were presented as mean ± S.E.M. The comparisons of signal intensities 

and histomorphometric data among different groups were performed using one-

way ANOVA. If ANOVA test indicated overall significance between groups, the 

difference was assessed by post hoc tests (Tukey’s post-test). The level of 

significance was set at p < 0.05. Analyses and graphs were generated using Prism 

8 (GraphPad).  
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3.4 Results 

 
Macitentan accelerated DMM-induced cartilage damage in PTOA  

Destabilization of medial meniscus (DMM) surgery was performed to generate a 

posttraumatic OA mouse model. The effect of dual blockade of endothelin receptors 

to prevent development of OA symptoms was studied by systemic administration of 

Macitentan to DMM mice. Animals were euthanized after 1-month or 4-month of 

treatment (Fig. 13A). H&E staining showed severe cartilage degradation and 

significant reduction of thickness of hyaline cartilage from 213.4 ± 6.46 µm in baseline 

to 41.34 ± 8.585 µm after 4-month of DMM surgery (p < 0.0001) (Fig. 13B, D), with 

significant increase of modified OARSI score. DMM surgery also caused reduction of 

proteoglycan content at articular cartilage as shown by safranin O/Fast green staining 

(Fig. 13C). Articular surface remained intact after Macitentan treatment for 1 month 

but loss of proteoglycan was observed (Fig. 13B, C). Neither proteoglycan content nor 

thickness of hyaline cartilage was restored with Macitentan treatment for 4 months in 

the PTOA model (Fig. 13C, D), indicating Macitentan could not prevent and rescue 

cartilage damage caused by DMM surgery in both early and late stage of PTOA.  

 

Macitentan failed to rescue DMM-induced subchondral bone changes despite an 

improvement of vascular function 

For changes in microstructure of tibia subchondral bone, reduction of trabecular 

number and increase of trabecular thickness were observed after 4-month of DMM 

surgery. Macitentan treatment did not improve DMM-induced changes in 

microstructure, showing no significant changes in trabecular number and thickness 

(Fig. 13F, G). 
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Using power doppler (PD) and photoacoustic (PA) imaging, our team previously 

demonstrated DMM surgery caused an increase in synovial angiogenesis represented 

by vascular volume from PA signals (PAVV) and decrease in functional vascularity 

represented by vascular volume from PD signals (PDVV) as well as oxygenation in 

synovium (sO2), showing vascular dysfunction in OA knee (70). In this study, dual 

endothelin receptors blocker could not reduce DMM-induced angiogenesis and 

reverse synovial hypoxia (Fig. 13H, I). Remarkably, PDVV showed an improvement 

in functional vascularity (p = 0.005) with Macitentan treatment (Fig. 13J). 
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Fig. 13 Macitentan did not prevent DMM-induced cartilage degradation and 
change in microstructure in tibia subchondral bone despite improvement in 
vascular function (A) Schematic diagram of in vivo study showing timeline of 
surgery, duration of drug treatment. (B-C) Representative images of (B) H&E and (C) 
Safranin O/Fast green staining from baseline (n=4), 1-month post-DMM (n=8), 4-
month post-DMM (n=7), 1-month post-DMM with Macitentan treatment (n=6) and 4-
month post-DMM with Macitentan treatment (n=8). Scale bar, 100 µm. (D) Thickness 
of hyaline cartilage for baseline, 1-month and 4-month post-DMM, 1-month and 4-
month post-DMM with Macitentan treated mice. (E) Modified OARSI score (cartilage) 
for each group. (F) Trabecular number and (G) thickness showed no significance 
between group although a trend could be observed. (H) Vascular volume derived from 
photoacoustic signal (PAVV) shows no significant difference in synovial angiogenesis 
with or without Macitentan treatment in 4-month post-DMM knees. (I) Synovial tissue 
oxygenation level (sO2) with and without Macitentan treatment. (J) Vascular volume 
derived from power doppler signal (PDVV) showed an improvement in synovial 
vascular function with Macitentan treatment. All data are expressed as means ± SEM, 
and each data point represents an individual mouse. One-way ANOVA with Tukey’s 
multiple-comparisons test was used for statistical analysis. **** p<0.0001; ns = no 
significance.  
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Macitentan led to paradoxical increase of plasma ET-1, possibly produced from 

subchondral bone and synovium  

ET-1 mainly expressed in subchondral bone and synovium (Fig. 14A, B), where blood 

vessels are abundant. Macitentan lowered ET-1 expression at 1-month but not 4-

month post-DMM, showing blocking of receptors is efficient to lower ET-1 

production at the joint at early stage of OA. ET-1 expression at cartilage, however, 

was higher in control group without surgery (Fig. 14C). Less positive staining was 

observed in OA cartilage. Macitentan treatment further lowered ET-1 positive cells in 

articular cartilage.  

 

Significant increase of plasma ET-1 was observed with increasing OA severity (p < 

0.0001), which is consistent with previous studies (202, 230). Surprisingly, blocking 

both receptors for 4 months after surgery resulted in a significantly high level of 

plasma ET-1 when compared to the level in 4-month post-DMM group without drug 

treatment (p < 0.0001) (Fig. 14D), suggesting Macitentan triggered a paradoxical 

increase in plasma ET-1 level when both receptors are blocked.  
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Fig. 14 Subchondral bone and synovium are the major source of ET-1 in a joint 
after injury. (A-C) Representative images of immunostaining of ET-1 at (A) 
subchondral bone, (B) synovium and (C) articular cartilage along OA progression in 
a DMM-induced posttraumatic knee with and without Macitentan treatment. (D) 
Plasma ET-1 concentration along OA progression and after Macitentan treatment. All 
data are expressed as means ± SEM, and each data point represents an individual 
mouse. One-way ANOVA with Tukey’s multiple-comparisons test was used for 
statistical analysis. **** p<0.0001. 
 

Macitentan suppressed DMM-induced inflammatory response but promoted 

hypertrophy  

To study the effect of DMM surgery to inflammatory response at articular cartilage, 

nuclear factor-kappa B (NF𝜅B) was measured using immunostaining. A clear 

increasing trend of nuclear translocation of NFkB p65 after DMM surgery was 

observed while treatment with Macitentan reversed translocation of NFkB p65, with 

a more significant effect after 4-month of drug treatment (p < 0.0001) (Fig. 15A, B). 

DMM surgery increased MMP13 expression significantly at articular cartilage after 

4-month of surgery. Intriguingly, Macitentan sharply increased MMP13 expression at 

1-month (p < 0.0001) (Fig. 15C, D), indicating Macitentan promotes chondrocyte 

hypertrophy in DMM knees.  
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DMM-induced ET-1 led to cartilage degradation possibly through activation of 

Wnt signalling pathway by downregulation of DKK-1 in OA articular cartilage 

Results from our study also showed a significant reduction of DKK-1 in severe PTOA 

after 4 months of DMM surgery at articular cartilage (p < 0.0001). However, 

Macitentan treatment did not rescue the drop of DKK-1 but further decreased the 

expression (Fig. 15E, F). Since DKK-1 is an inhibitor of Wnt/b-catenin signalling 

pathway, lower DKK-1 at 4-month post-DMM led to significant increase of nuclear 

b-catenin at articular cartilage when compared to baseline without surgery. Macitentan 

failed to reverse the nuclear translocation of b-catenin post-DMM (Fig. 15G, H).  

 

 
Fig. 15 Macitentan suppressed inflammatory response but increased expression 
of hypertrophic markers possibly by downregulation of DKK-1 in OA articular 
cartilage. (A, C, E, G) Representative images of immunofluorescent staining for (A) 
NFkB p65 (green), (C) MMP13 (green), (E) DKK-1 (green) and (G) b-catenin (green) 
on articular cartilage from baseline (n=4), 1-month post-DMM (n=8), 4-month post-
DMM (n=7), 1-month post-DMM with Macitentan treatment (n=6) and 4-month post-
DMM with Macitentan treatment (n=8) mice. Cells were counter-stained with DAPI 
(blue). Scale bar, 25 µm. (B, D, F, H) Quantification of immunostaining of (A, C, E, 
G). All data are expressed as means ± SEM. One-way ANOVA with Tukey’s multiple-
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comparisons test was used for statistical analysis. * p<0.05; **** p<0.0001; ns = no 
significance.  
 

Changes of ET-1 and its receptors along chondrogenic and hypertrophic 

differentiation of human mesenchymal stem cells 

To understand the role of ET-1 in chondrogenic differentiation and hypertrophy, 

human mesenchymal stem cells (hMSCs) were used as an in vitro model. hMSCs were 

encapsulated in methacrylated hyaluronic acid (MeHA)-based hydrogels or grown in 

a 3D scaffold-free microatructure to better mimic the environment in the body. The 

cells underwent chondrogenic differentiation for 14 days followed by 7 days of 

hypertrophic induction (Fig. 16A). Cells were collected at day 0, 7, 14 and 21 to 

monitor the changes.  

 

First, we confirmed the successful establishment of a hypertrophic model by showing 

more MMP13 expression and increase in cell size after 21 days of differentiation (Fig. 

16B). To quantify ET-1 and its related genes and proteins expression along the 

differentiation process, culture fluids were collected to determine ET-1 production 

during differentiation. Concentration of ET-1 increased along the differentiation 

process. With an undetectable amount of ET-1 at the beginning of differentiation to 

around 1 pg/ml after 14 days of chondrogenic differentiation. The concentration of 

ET-1 increased significantly to around 2 pg/ml after hypertrophic induction (p<0.05) 

(Fig. 16C).  

 

Edn1 mRNA increased by more than 7-fold after chondrogenic differentiation, the 

level further increased to approximately 11-fold after hypertrophic induction (p = 

0.0078). For receptors expression, we observed a steady increase of Ednra mRNA 
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during chondrogenic differentiation of hMSCs. After induction of hypertrophy, the 

level of Ednra slightly dropped with no significant difference. For Ednrb, the level 

remained low after 7 days but increased by 6.49 ± 3.87 folds after 14 days of 

chondrogenic differentiation (p = 0.0188). It continued to increase significantly to 

around 10-fold after hypertrophic induction (p = 0.0136) (Fig. 16D). Immunostaining 

of ET-1 and its receptors in a 3D scaffold-free micromass model showed similar trend 

when the expressions after 14 days of chondrogenic differentiation and 21 days after 

hypertrophic induction were compared (Fig. 16E). This indicated ET-1 increases 

along the differentiation process and is closely related to chondrocyte hypertrophy.  

 

Macitentan accelerated chondrocyte hypertrophy possibly through upregulation 

of b-catenin in a stem cell differentiation model  

Having confirmed the successful establishment of a differentiation model of hMSCs, 

cells were treated with Macitentan to study the effect of blocking endothelin receptors 

on hypertrophic differentiation. Immunostaining showed an increase of MMP13 

expression after treating the cells with Macitentan during hypertrophic differentiation 

process (Fig. 16F), which is similar to the observation in vivo. Moreover, we observed 

a significant increase in DKK-1 after chondrogenic differentiation (p = 0.0002) and a 

slight drop in expression after hypertrophic differentiation. Contrary to in vivo data, 

Macitentan increased DKK-1 expression in both chondrogenic and hypertrophic 

differentiation of hMSCs in hydrogel (Fig. 16G). β-catenin, on the other hand, 

displayed more nuclear translocation from cytoplasm along the differentiation process. 

Dual blockade of endothelin receptors caused a slight increase of nuclear β-catenin 

expression during chondrogenic differentiation (Fig. 16H), indicating Macitentan 

accelerated hypertrophy of hMSCs possibly through upregulation of β-catenin. 
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Interestingly, we observed an opposite trend of DKK-1 after hypertrophic induction 

and Macitentan treatment in hydrogel and scaffold-free microstructure (Fig. 16I).  
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Fig. 16 Macitentan promoted stem cells hypertrophy possibly through 
upregulation of b-catenin in a stem cell differentiation model. (A) Schematic 
diagram of the in vitro study showing the timeline of chondrogenic differentiation and 
hypertrophic induction. Samples were collected on day 0, 7, 14, 21. Macitentan was 
added either during chondrogenic differentiation or hypertrophic induction. (B) 
Representative images of immunostaining of MMP13 before and after hypertrophic 
induction. Images showed increase of MMP13 expression and increase of cell size. (C) 
ET-1 production along the differentiation process quantified by ELISA. (n = 3) (D) 
Relative mRNA expression of Edn1, Ednra and Ednrb along the differentiation 
process (n = 3). (E) Representative images of immunostaining of ET-1 and its 
receptors (brown) of stem cells in micromass under chondrogenic and hypertrophic 
differentiation. (F) Representative images of immunostaining of MMP13 (brown) of 
stem cells in micromass underwent hypertrophic differentiation with and without 
Macitentan treatment (G-H) Representative images and quantification of 
immunofluorescent staining for (G) DKK-1(green) and (H) b-catenin (green) on cells 
encapsulated in MeHA hydrogel for control, chondrogenic differentiation (d14), 
hypertrophic differentiation (d21), chondrogenic differentiation with Macitentan (d14) 
and hypertrophic differentiation with Macitentan (d21) (n = 3). Cells were counter-
stained with DAPI (blue). Scale bar, 25 µm. (I) Representative images and 
quantification of immunostaining of DKK-1 (brown) of stem cells in micromass 
underwent differentiation and Macitentan treatment. Scale bar, 25 µm. (n=2). All data 
are expressed as means ± SEM. Two-tailed Student’s t-test (unpaired) was performed 
for statistical analysis for comparison between control and treatment group. One-way 
ANOVA with Tukey’s multiple-comparisons test was used for statistical analysis 
involved more than 2 groups. * p<0.05; ** p<0.005; *** p<0.001; **** p<0.0001; ns 
= no significance.  
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3.5 Discussion 

 
Our findings rejected our original hypothesis; blockade of both endothelin receptors 

by Macitentan could not prevent but accelerate cartilage degradation in a PTOA 

murine model. Instead of lowering ET-1 transduction via receptors, Macitentan caused 

a paradoxical increase of plasma ET-1 level and downregulation of extracellular 

DKK1 protein, which possibly activated Wnt/b-catenin signalling pathway, and 

ultimately led to chondrocyte hypertrophy and cartilage degradation.  

 

Wnt/b-catenin signalling is a key player in OA progression (315, 316). Dysregulated 

Wnt/β-catenin modulates pathogenesis of joint disorder. When it is activated, it leads 

to cartilage degradation, subchondral bone remodelling and synovitis (317). 

Upregulation of ET-1 leads to activation of Wnt/b-catenin signalling pathway through 

increase of ETAR and formation of ETAR/b-arrestin complex in ovarian cancer (318). 

In our study, we did not observe significant change of ETAR expression in groups with 

higher ET-1 level both in vitro and in vivo. Instead, our data showed a reduction of 

DKK-1 in articular cartilage at 4-month post-DMM and after Macitentan treatment i.e. 

when plasma ET-1 was upregulated, which possibly in turn leads to increased 

expression of b-catenin through activation of Wnt signalling pathway. Activation of 

Wnt/b-catenin might lead to MMP13 production and ECM degradation, eventually 

result in cartilage damage. Our data also showed the major sources of ET-1 are 

subchondral bone and synovium instead of articular cartilage in an PTOA joint. We 

postulated that ET-1 leads to cartilage degradation through extracellular signalling 

pathways other than intracellular regulation via receptors, providing a new molecular 
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insight into OA pathogenesis by looking into ET-1 disturbance of DKK-1/b-catenin 

signalling.  

 

Although similar strategy of endothelin receptor blockade was used, the conflicting 

results are reported in others and our studies. A selective endothelin type A receptor 

blocker, BQ123, was once shown to slow down the radiographic deterioration of 

PTOA after anterior cruciate ligament transection in a rat model (235). However, 

Macitentan treatment could not produce comparable results to rescue OA-like 

phenotypes in our PTOA mouse model. In their study, weekly administration of 

BQ123 was performed but the weekly treatment regime may not be enough to sustain 

the effect of the drug in the joint since the elimination half-life of BQ123 is short, 

which is around 15 minutes in rat (280). Therefore, in our study, we employed daily 

injection based on the half-life of Macitentan in human (319). Also, we used an 

intraperitoneal systemic administration approach instead of local intraarticular 

repeated injection in order to avoid potential damage to a small-sized mouse knee. The 

discrepancy of the results may due to the difference in the drugs used, the treatment 

regime and the delivery approach. Results showed that blocking both endothelin 

receptors in our study could not prevent cartilage damage caused by injury. On the 

other hand, our in vitro data showed differential expression of endothelin receptor 

subtypes along the differentiation process, with higher expression of ETBR during 

hypertrophy. It could be speculated that ETBR plays a more important role than ETAR 

in hypertrophic stage, i.e. OA development, therefore, selective endothelin type B 

receptor blocker may provide beneficial effect in rescuing OA and reversing 

hypertrophy.  
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DKK-1 has been found to play a role in joint remodelling (320). Low DKK-1 in 

plasma and synovial fluid was observed in OA patients when compared to healthy 

subjects (307), while increased DKK-1 expression in OA cartilage caused cartilage 

destruction (308). Upregulation of DKK-1 was observed in areas with small degree of 

damage, while decreased DKK-1 expression was found in areas where significant loss 

of proteoglycans occurred (321). In our study, we observed an increase of DKK-1 after 

1-month of DMM but the expression reduced 4 months post-surgery. The difference 

of DKK-1 expression at OA cartilage between previous study and our study can 

possibly be explained by the prominent loss of proteoglycans 4-month post-DMM in 

our model compared to more proteoglycan content in OA cartilage 2 months after 

ACLT or collagenase-induced OA in their study. For in vitro study, we observed an 

increase of DKK-1 in hMSCs encapsulated in hydrogel after Macitentan treatment, 

while hMSCs in micromass did not show the same trend. Again, this can possibly be 

explained by the abundance of proteoglycans in hydrogel since it is made of 

hyaluronic acid. Our result showed the importance of matrix in maintaining the normal 

cartilage function.  

 

Musculoskeletal side effects of Macitentan have been rarely reported. The first 

comprehensive clinical trial of Macitentan on morbidity and mortality in patients with 

pulmonary arterial hypertension (PAH) showed that only 0.41% of patients (out of 

242) displayed symptoms of osteoarthritis and musculoskeletal pain, while no reported 

cases of arthralgia (322). On the other hand, product information sheet of Macitentan 

with a trade name Opsumit showed that patients had doubled chances of suffering 

from muscle pain (8/242 Vs 4/249) after taking 10 mg Macitentan compared to 

placebo. To our best knowledge, our study is the first study that proposes Macitentan 
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causes adverse effect to knee joints, especially to articular cartilage other than pain in 

joint and muscle. Our data suggested Macitentan accelerates hypertrophy by showing 

increase of MMP13 expression in articular cartilage after 1-month of DMM surgery 

(Fig. 3B) and differentiation model of mesenchymal stem cells (Fig. 4F).  

 

There are a few major limitations in the current study. First, we only tested one single 

dosage, i.e. 10 mg/kg Macitentan for intraperitoneal injection, according to a 

previously published work in mice for fibrosis (323). We did not examine any dose-

dependent effect of Macitentan in the context of PTOA, which shall be addressed in 

future studies. Second, the timing of Macitentan treatment could also be critical. In 

the current project, we started Macitentan treatment immediately post-DMM surgery 

when articular cartilage was still intact. The initiation of treatment after cartilage 

damage shall be further investigated. Third, time of the day for drug administration 

(dosing time) is becoming more important as it is proven that many of the proteins in 

our body oscillate with circadian clock, including ET-1 (314). Better planning of the 

timing of drug administration can improve the efficacy of drug. Fourth, the effect of a 

drug also depends on the duration of drug treatment regime. In this study, we had 

Macitentan treatment to DMM-induced OA mice for 1-month or 4-month, which 

represent mild and severe OA respectively. However, more time points are needed to 

closely monitor changes along OA progression and the effect of its respective 

treatment regime. 

 

In conclusion, we found no beneficial effect of Macitentan in PTOA and presented 

additional side effect of Macitentan other than joint and muscle pain in skeletal system. 

Our data showed that Macitentan promotes hypertrophy and articular cartilage damage 
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in a PTOA mouse model possibly through down-regulation of DKK-1 and activation 

of Wnt/b-catenin signalling pathway. Our study reveals that DMM-induced ET-1 

causes cartilage damage by modulating extracellular component but not through ET 

receptors. Therefore, preventing downstream activation by ET-1 both intracellularly 

and extracellularly might be needed to improve ET-1 induced cartilage damage. Most 

importantly, this study points in the directions of future research to ET-1 neutralization 

or depletion, rather than simply blocking its receptors and intracellular signalling 

pathways, for rescue of OA.  
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Chapter 4 - Tissue-specific effect of ETs on circadian rhythm 

oscillation  
 

4.1 Introduction  

4.1.1 Overview of Circadian Clock  
 
Transcriptional-Translational Feedback Loop 
 

The light and dark cycle governs the circadian rhythmicity of daily life of human 

beings. The suprachiasmatic nucleus (SCN) of the hypothalamus senses the 

environmental light-dark cycle, giving us periodic changes in central circadian 

rhythms (324, 325). A transcriptional-translational feedback loop (TTFL) regulates 

the circadian clock by interactions between some activators and repressors of the 

clock. CLOCK and BMAL1 are responsible for the positive loop. They form a 

heterodimer to activate transcription of Per and Cry genes. Formation of PER and 

CRY proteins will then translocate back to the nucleus to inhibit the CLOCK-

BMAL1 trans-activator, closing the TTFL (326). Peptides such as vasopressin and 

melatonin exhibit a diurnal rhythm, with higher production in day and night 

respectively (325, 327).  The central clock synchronizes local oscillators to 

coordinate the rhythmic activities of many biological processes, e.g. locomotive 

activities, in the human body (328). 

 

Central and Peripheral Clock 
 

Central circadian clock relies heavily on hypothalamic suprachiasmatic nucleus 

(SCN). SCN receives information about light from retina, normally from rods and 

cones. A specific photoreceptor cell type, known as ‘intrinsically photoreceptive 
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retinal ganglion cells’ (ipRGCs) (329), is intrinsically photosensitive due to the 

presence of a photopigment, melanopsin. The difference between ipRGCs and rods 

and cones is that ipRGCs responds to light over long term (330). This type of cells 

helps with synchronization of circadian rhythms to a 24h light/dark cycle by 

sending photo-information to SCN. Study showed in rodless and coneless mice, the 

animals were still able to have certain level of light recognition, showing ipRGCs’ 

role in photo regulation (331). Clocks in human oscillate with an intrinsic period of 

24 hours.  

 

Other than the central clock, intrinsic oscillation was found in many peripheral 

organs, including heart(332), liver(333), pancreas(334), cartilage(335), etc. 

Communication between central and peripheral clock involves both direct and 

indirect cues. From glucocorticoids to food intake, peripheral rhythms are regulated 

by the central clock (336, 337). However, cells and tissues in culture exhibit 

rhythms without the presence of SCN, suggesting peripheral cells also contain 

endogenous circadian oscillators (338, 339). Autonomous peripheral clocks are set 

by daily feeding/fasting patterns or exercise (340, 341). Per1 deletion led to 

shortening of circadian period by 1 hour, while the same led to a 4 hours shortening 

of period in isolated fibroblast (342). This indicates the difference in response to 

central and peripheral circadian rhythm.  

 

4.1.2 Circadian clock in ageing and osteoarthritis 
 

The circadian clock plays an irreplaceable in coordinating and regulating 

physiological activities of the body. Unsurprisingly, clock disruption is related to 

many age-related diseases, including hypertension and OA. One of the most 
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common signs of ageing-related clock disruption is dampening of the circadian 

rhythm (343), which is known as a major risk factor for OA. Altered circadian 

genes (Bmal1, Per1, Per2) expression is known to be associated with cellular 

senescence (324, 343, 344), which has been demonstrated to be a cause of ageing. 

The absence of BMAL1 results in accelerated ageing with a shorten lifespan in 

mice(345). It is known that chondrocytes or cartilage has its own intrinsic circadian 

clock which is not regulated by the suprachiasmatic nucleus (SCN) (335). It is 

known that BMAL1 maintains the homeostasis and integrity of articular cartilage 

(346) and intervertebral disc (347). BMAL1 expression in osteoarthritic 

chondrocytes was significantly lower when compared to the chondrocytes obtained 

from the undamaged part of the OA patients underwent arthroplasty (348), 

indicating peripheral clock of chondrocytes is disrupted in OA. Besides BMAL1, 

the other circadian clock proteins such as PER and CRY have been also implicated 

in the regulation of bone and cartilage metabolism (349). CRY2 mostly influences 

osteoclasts-mediated bone resorption whereas PER2 mainly acts on osteoblasts-

mediated bone formation (350). Moreover, an increase of Per2 gene expression, as 

well as a decrease of Bmal1, was detected in human osteoarthritic cartilage, but no 

significant change in Cry, Clock and Per1 (348). 

 

4.1.3 ET-1 and circadian clock 
 

The circadian rhythm of ET-1 and its receptors have been well documented not 

only in the central clock SCN but also in the peripheral tissues in rats (351). Blood 

pressure could be one of the factors causing the diurnal pattern of ET-1 mRNA 

expression. In the absence of circadian clock protein Per1, ET-1 mRNA level in 

renal cortex and inner medulla increased when compared to WT mice (352). 
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Disruption of physiologic diurnal pattern of ET-1 production not only occurred in 

kidney but also in liver when Per1 expression is reduced (353). Fasting for 48 hours 

increases the ET-1 expression while re-feeding causes a reduction with the 

dampened rhythmic oscillation (340).  

 

On the other hand, ETs also contribute to the regulation of circadian clock genes. 

ET-1 was also found to alter circadian clock genes expression in cultured 

fibroblasts (354), causing a robust increase in Per1 and Per2 gene expression, 

showing the ability of ET-1 to modulate peripheral clocks in mouse. Moreover, ET-

3 regulates the circadian expression of non-visual opsin, melanopsin, which 

entertains endogenous biological clock (355). The link between ETs and 

chondrocyte-intrinsic circadian clock remains to be elucidated. 
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4.2 Rationale 

 
43% of protein-coding genes showed rhythmic oscillation, which makes many drugs 

used in the market target on products of rhythmic genes. ET-1 mRNA level in renal 

cortex and inner medulla was found to be significantly higher in Per1 KO mice when 

compared with WT mice (352). The same study also provided evidence that 

expression of endothelin-1 and its receptors varied with time of the day (353). Previous 

study showed the effect of exogenous ET-1 on oscillation of circadian genes and 

proteins. ET-1 added to cultured fibroblasts triggered intense oscillation of Per2 gene. 

The oscillation pattern was opposite to the changes in Bmal1 expression. The protein 

expression of both PER1 and PER2 followed the rhythm of mRNA expression (354). 

All these findings indicated ET-1 expression is Per1/2-dependent and vice versa.  

 

Both ET-1 and disruption of circadian rhythms leads to OA phenotypes. We wonder 

if ET-1 and its receptors affect cartilage homeostasis through modulation of circadian 

clock in chondrocytes. In this study, we aimed to study the effect of ET-1 on circadian 

oscillation in chondrocytes.  
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4.3 Material and methods 

 
Animals and murine cartilage isolation  
 

PER2::Luc, transgenic mice expressing a fusion protein of PERIOD2 and 

LUCIFERASE (PER2::Luc), allows real-time bioluminescence recording of the 

circadian clock protein PER2. The animals were provided by Prof. Qingjun Meng 

from the University of Manchester. The experimental procedures were carried out 

in Division of Cell Matrix Biology & Regenerative Medicine at the University of 

Manchester. Isolation of murine cartilage was performed following a standard 

protocol (356). 5-day-old mice were used. Briefly, after the animal was killed, skin 

and soft tissues from the hind limbs were removed. Joints were dislocated by 

twisting. Femoral heads were isolated using a scalpel. Only the translucent part was 

cultured in medium.  

 

Primary chondrocytes cultures 
 

Same procedures were performed as isolation of cartilage explants. After 

harvesting, the tissues were immersed in a digestion solution containing 3 mg/ml 

collagenase D. Intermittent vortexing was performed to allow better digestion of 

the soft tissues. The tissues were allowed to incubate overnight at 37°C. 

Supernatant was then passed through a 70 µm cell strainer and centrifuged. The 

cell pellet was then resuspended for culture. Both tissue explants and primary 

chondrocytes were cultured in DMEM/F12 (1:1), 10% FBS and 1% P/S. 
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TC28a2 and Rat-1 culture 
 

Human immortalized chondrocytes cell line TC28a2, transfected with firefly 

luciferase driven by Per2 gene promoter (Per2::luc) and Bmal1::luc Rat-1 

fibroblasts were used other than primary cells and tissue explants from mice. 

TC28a2 cells were cultured in DMEM/F12, 10% FBS, 1% L-glutamine (Sigma), 

1%P/S, 15 mM HEPES (Sigma) and 1% Non-Essential Amino Acid (Sigma). Rat-

1 cells were cultured in DMEM-HG with 10% FBS.  

 

Bioluminescence recording 
 

Cells were cultured in Petri dishes, while cartilage tissue from femoral heads was 

cultured on 0.4 µm cell culture inserts (EMD Millipore). Just before recording, the 

medium was switched to recording medium consists of DMEM/F12, 10% FBS, 

HEPES, P/S, L-glutamine, sodium bicarbonate with 0.1 mM luciferin.  Petri dishes 

were tightly sealed by vacuum grease. Real-time bioluminescence was recorded 

using LumiCycle apparatus (ActiMetrics). Baseline subtraction was performed 

using a 24-hour moving average. Dexamethasone was used to synchronize 

circadian clocks in cells. Real-time bioluminescence signals were recorded before 

and after ETs  treatment by LumiCycle.  
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4.4 Results 

 
Synchronizing effect of ET-1 on Rat-1 fibroblasts 

 Rat-1 fibroblast was left unsynchronized at the beginning of the experiment. 

Dexamethasone (Dex) was used as a positive control for synchronization of the 

rhythms. To test the synchronizing effect of ET-1 to Bmal1 gene in fibroblast, 

Bmal1::luc Rat-1 fibroblasts were treated with 10 nM and 100 nM of ET-1. Rhythmic 

oscillation was still detected after 5 days of ET-1 treatment. More than 2-fold increase 

in amplitude was observed after ET-1 treatment when compared to control (Fig.17).  

  

 
Fig. 17 Synchronizing effect of ET-1 on Rat-1 fibroblasts Representative traces of 
Bmal1::luc bioluminescence recordings from Rat-1 fibroblast and quantitative 
measurement of amplitude n = 3.  
  

Clock resetting property of ET-1 on synchronized chondrocytes 

Different concentrations of ET-1 were tested on dexamethasone-synchronized 

immortalized chondrocytes cell line TC28a2, PER2::Luc primary articular 

chondrocytes and hip cartilage explants. All dose of ET-1 gave an increase in 

amplitude in Per2::luc oscillation on TC28a2 cells, however, there was no significant 

difference in amplitude when compared to control (Fig 18a, b). No observable 
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difference in bioluminescence between control and ET-1 treated primary chondrocytes 

(Fig. 18c) and hip explant (Fig. 18d) from PER2::Luc mice.  

Fig. 18 ET-1 failed to trigger PER2 oscillation in chondrocytes (a) Representative 
traces of Per2::luc bioluminescence recordings from synchronized TC28a1, an 
immortalized chondrocyte cell line, upon ET-1 stimulation n = 2 (b) Quantitative 
measurement of amplitude of the bioluminescence traces before and after stimulation 
with ET-1. (c-d) Representative traces of PER2::luc bioluminescence recordings from 
synchronized primary chondrocytes and (d) hip cartilage explants upon ET-1 
stimulation n=2. 
 

Synchronizing effect of ET-1 on unsynchronized chondrocytes  

To investigate the synchronizing effect of ET-1 on cartilage, immortalized Per2::luc 

TC28a2 chondrocytes cell line was used. Both concentrations of ET-1 caused no effect 

on Per2 oscillation (Fig. 19a), while dexamethasone-treated cells gave strong 

oscillating rhythms. We also tried on primary articular chondrocytes from PER2::Luc 

mice, similar result was obtained, giving no significant change in amplitude except 

dexamethasone-treated group (Fig. 19b, c). 
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Fig. 19 ET-1 failed to reset the clock of unsynchronized chondrocytes (a) 
Representative traces of Per2::luc bioluminescence recordings from TC28a2 cells. n 
= 3 representative traces. (b, c) Representative traces and quantitative measurement of 
the amplitude of PER2::luc bioluminescence recordings from primary chondrocytes 
n=2 
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4.5 Discussion  

 
Circadian clock disruption is a vastly underestimated health risk that may lead to 

serious consequences. Aside from the obvious ones like insomnia, chronic disruption 

of the clock may indirectly lead to a number of more severe health problems if 

untreated such as cardiovascular diseases and cancer (357, 358), which ranked the top 

and the second most common cause of death. While there have been a number of 

commercially available food supplements that target the circadian clock, they are said 

to have certain health benefits like anti-ageing and improving quality of sleep, in vitro 

studies demonstrated many unexpected factors have modulatory effects on the 

circadian clock. Factors like endothelin, horse serum, glucose and angiotensin II can 

either synchronize or cause a phase shift in circadian rhythm (359). Some typical target 

genes include vasopressin V1a and V1b receptors (360) and Casein kinases 1ε (361), 

were found to reset circadian clock when mutated or blocked. Study identified 

multiple cues that modulate circadian clock in vascular cells including fibroblast and 

vascular smooth muscle cells. Thus, it would be interesting to see if ET-1’s 

chondroprotective effects observed and described in the earlier chapters and by other 

researchers could be attributed to any potential clock resetting effect. 

 

Tissue-specific and time-dependent expression of ET-1 and its receptors by circadian 

clock protein Per1 was reported (353). ET-1 and its receptors showed different 

expression at noon and midnight in different tissues, showing possible circadian 

regulation of ET-1 and receptors in our body. This indicates ET-1 and circadian 

proteins interact with each other, changes of either one party may lead to change in 

expression of the other one. In this study, we demonstrated the tissue-specificity of 

ET-1 on clock regulation. ET-1 treatment initiated Bmal1 rhythmic oscillation in Rat-
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1 fibroblasts, which is consistent with previous study showing a robust increase in Per 

family and Bmal1 gene in fibroblast with exogenous ET-1 (354). Using a human 

chondrocyte cell line, mouse primary chondrocytes and tissue explants, we showed 

that ET-1 failed to reset the clock or synchronize the circadian rhythms in 

chondrocytes.  

 

ET-1 is mainly secreted from endothelial cells, which line the interior of the blood 

vessels. High plasma and synovial ET-1 level were found in OA patients when 

compared to people without OA. ET-1 leads to cartilage degradation by increasing 

production of matrix metalloprotease 13 (MMP13) (231). Cartilage, being an 

avascular structure, react with the surrounding tissues to function normally. ET-1 that 

causes damaging effect to articular cartilage in OA progression either comes from the 

adjacent synovium or blood vessels due to endochondral ossification. ET-1 stimulates 

circadian oscillation in fibroblast, which may stimulate the production of certain 

cytokines and act on chondrocytes to reset the clock. It is possible that ET-1 provides 

an indirect effect in triggering of circadian rhythm to chondrocytes. 

 
 
Almost half of the protein-coding genes showed rhythmic oscillation, which makes 

many drugs used in the market target on products of rhythmic genes. Disrupted clocks 

bring not only changes in behaviour but also cellular functions. Identifying targets that 

reset the clock helps to restore body functions and offer treatment to diseases. From 

the result of this study, ETs does not affect cartilage homeostasis through modulation 

of circadian clock. We, hereby, report the  negative data of clock-resetting property of 

ET-1 in chondrocytes.  
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Chapter 5 – Conclusion and Future Perspectives 

5.1 Conclusion  

 
We started by giving an overview of current understanding of chondrocytes in 

developmental and degenerative process, especially in pathogenesis of OA. We 

further discussed the fate of chondrocytes, cartilage homeostasis and disease in 

relation to a potent vasoconstrictor ET-1 and its receptors. We contribute to the field 

by suggesting a novel therapeutic target, ETBR, in treatment of OA. 

 

By using a posttraumatic OA mouse model in the study, we demonstrated a positive 

association between circulatory ET-1 level and severity of OA in PTOA. Also, 

overexpression of ET-1 leads to OA-like cartilage phenotype. DMM-induced ET-1 

also causes increase in oxidative stress, activation of inflammatory pathway, joint 

tissue senescence and upregulation of matrix metalloprotease. All these were shown 

to have a close relationship with hypertrophic chondrocytes, which mainly stay in the 

superficial layer of the articular cartilage.  Similar observation was observed in 

transgenic mouse model overexpressing ET-1 in endothelial cells. This further 

confirms role of ET-1 in OA pathogenesis.  

 

We also observed an increased expression of ETBR at articular cartilage in OA 

progression. These results highly suggest that endothelin receptors play a more 

important role in OA pathogenesis than previously reported. The receptors expression 

varies with OA severity indicates that endothelin is not only a vasoactive signalling 

molecule but also a factor that actively participates in the musculoskeletal system.  
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In this study, we identified the role of ETAR and ETBR in OA development. ET-1 

transduces through both receptors to activate NF-𝜅B, which further leads to production 

of MMP13. ETBR is activated in OA cartilage. We showed that ET-1 leads to 

chondrocyte senescence via ETBR, but not ETAR, through increasing ROS and 

p16INK4a. Hypertrophic articular chondrocytes go along the senescence pathway. By 

blocking ETBR selectively, OA can be attenuated by removal of senescent cells. 

Although selective blockade of ETAR did not show beneficial effect on DMM-induced 

cartilage damage, it lowers NF-	𝜅B p65 translocation and MMP13 production. It also 

leads to increase of trabecular number and reduction of trabecular thickness of tibia 

subchondral bone. Our findings also suggested PTOA is more likely to be driven by 

loss of chondrocyte replicative function in whole joint than production of SASPs.  

 

We also demonstrate the infeasibility of blocking both endothelin receptors. Our data 

showed that dual blockade of ET receptors leads to chondrocyte hypertrophy instead 

of bringing beneficial effect to OA cartilage. We further proposed that Macitentan 

causes cartilage degradation through lowering of DKK-1 due to paradoxical increase 

of plasma ET-1 level. The reduction of DKK-1 leads to activation of Wnt/b-catenin 

signalling pathway, leading to production of matrix degrading enzymes like MMP13. 

A schematic diagram shows the proposed pathways of ET-1-induced cartilage 

senescence and degradation (Fig. 20) 
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Fig. 20 A schematic diagram that shows the proposed pathways of ET-1 induced 
cartilage senescence and degradation in PTOA. ET-1 transduces through both 
receptors to activate NF-𝜅B, which further leads to production of MMP13. Blocking 
of ETBR, but not ETAR, attenuates cartilage damage through reduction of ROS and 
chondrocyte senescence. Dual receptor blocker, Macitentan, leads to cartilage 
degradation possibly through activation of Wnt/β-catenin signaling pathway. 
 

 

Our in vitro data further confirmed our postulation that ETBR causes chondrocytes 

senescence through accumulation of ROS. We also showed ET-1-induced cellular 

senescence in ATDC5 is mediated by ROS accumulation possibly through alteration 

of mitochondrial dynamics.  

 
To further elucidate the role of endothelin receptor subtypes in OA pathogenesis, we 

used MSCs as a differentiation model driving to chondrogenic lineage towards 

hypertrophy. This is the first study, as far as we know, to suggest a phase-dependent 

expression of endothelin receptors in chondrogenic differentiation and hypertrophic 

induction. It indicates both endothelin receptors are needed to maintain chondrogenic 

phenotype to avoid getting into terminal hypertrophic stage, which may lead to 



 142 

development of OA. This study provides insights into OA drug development by 

targeting endothelin receptors.  

 

Our data, as a whole, also suggest tissue specificity of ET-1. Increase of ET-1 causes 

chondrocyte hypertrophy and cartilage damage in articular cartilage, while the same 

leads to increased cellularity, fibrosis and activation of repair process in synovium. 

The difference in response can also be observed in circadian rhythm stimulation. ET-

1 triggers circadian oscillation in fibroblasts but not in chondrocytes.  

 

Endothelial dysfunction was found in different parts of an OA joint, including 

subchondral bone and synovium. My work in this project adds on to know more about 

endothelial dysfunction in cartilage in PTOA. OA is not simply a mechanical problem, 

vascular aetiology also plays a role.  It is the right time to revisit the role of local and 

systemic endothelial dysfunction in OA.  
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5.2 Future perspectives 

 
This study provides a new insight to treat skeletal disease by targeting a vasoactive 

factor. ET-1, which is generally known as a vasoconstrictor, is now found to play a 

role in musculoskeletal disease. From this study, we observed ET-1-induced ROS and 

changes in mitochondrial dynamics lead to production of catabolic factors, which 

cause OA phenotypes. However, the underlying mechanisms of ET-1-mediated ROS 

accumulation remain unclear. Knowing the imbalance of mitochondrial dynamics 

could result in pathological dysfunction, we are interested to study the underlying 

mechanism of production of catabolic factors through increasing oxidative stress. 

Mitochondrial dynamics is governed by the fission/fusion machinery, which involves 

a mitochondrial fission GTPase, dynamin-related protein 1 (Drp1). In our study, we 

suggested a positive feedback loop between ROS and ET-1. ROS in articular cartilage 

acts on different ion channels, causing protein phosphorylation(254). Previous study 

showed H2O2 induced mitochondrial dysfunction in cultured osteoblasts through 

mitochondrial fragmentation by phosphorylation of Ser616 on Drp1(362). It is unclear 

that if the same applies to chondrocytes. Our pilot study showed an increase of Drp1 

protein expression in H2O2 treated group, while specific endothelin receptor blockers 

caused a reduction in level. Dual blocker treatment resulted in an even higher 

expression of Drp1 (Fig. 21). This preliminary result indicates the potential 

involvement of mitochondrial dynamics in the oxidative stress model. 

Phosphorylation of Sere616/637 will be studied to understand mitochondrial 

fission/fusion as a regulator of ET-1-induced ROS production.  
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Fig. 21 Reduction of Drp-1 after treatment of selective blockade of endothelin 
receptors by BQ123 or BQ788 upon H2O2 stimulation. Representative Drp1 blots 
are shown with the corresponding β-actin blots in control and H2O2 or H2O2 with 
different blockers treatment samples. 
 

If Drp1 really plays a role in ET-1-mediated mitochondrial dysfunction, it is possible 

that oxidative stress-induced detrimental effect on articular cartilage can be rescued 

through blockade of Drp1. Drp1 inhibitors can be used to prevent activation and 

localization to the mitochondria by inhibiting the GTPase activity of Drp1. Drugs 

targeting Drp1 post-translational modification can also be used to target a specific site 

of phosphorylation, which subsequently rescues the OA phenotypes related to 

increased oxidative stress at the joint.  

 

Second, there is abundant evidence from previous studies showing the relationship 

between OA and level of endothelin-1. In this study, pharmaceutical modification to 

block either selective or dual receptor was carried out to see the effect of rescuing OA 

through reduction of oxidative stress and senescent cells. However, To have a 

complete understanding of the mechanism involved, knockdown using siRNA or 

knockout using CRISPR/Cas9 system of specific ETAR or ETBR is needed in the 



 145 

future to further prove our concept. Further, knockout mice could be used to validate 

our hypothesis.  

 

Current study focused on articular cartilage, yet OA is a whole joint disease, which 

also affects synovium and subchondral bone. Results from PA and PD imaging as well 

as histology of synovium showed reduction of synovial angiogenesis in selective 

blockers treated groups. Blocking endothelin receptors also alter the tissue 

oxygenation level as well as the functional vascularity in synovium. This indicates 

endothelin receptor blockers do not simply act on articular cartilage but also on 

synovium. More studies could be done on investigation of ROS and SnCs 

accumulation in synovium and subchondral bone.  

 

Moreover, this study focused only on the impact of local endothelial dysfunction but 

not systemic endothelial dysfunction in OA pathogenesis. OA is a multifactorial 

disease, comprising both local and systemic risk factors. It includes mechanical 

loading which activates inflammatory processes and leads to catabolic effect to 

articular cartilage. Injury and trauma also play a part in OA development by altering 

biomechanics and causing excessive loading to the joints. However, more studies have 

proven local risk factors are not the only factor that leads to OA pathogenesis. Instead, 

systemic factors also play a role. As we age, the repair process is disrupted and the 

biomechanical environment is altered. Ageing cells display higher level of oxidative 

stress and more senescence associated secretory phenotypes (SASPs). Besides, 

metabolic syndromes-associated OA is now a hot topic in the field. A typical example 

of systemic endothelial dysfunction is hypertension. Previous study showed 

subchondral cyst formation and chondrocyte hypertrophy, which is considered as a 
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hallmark of OA, was observed in Spontaneously Hypertensive Rats (SHR)(363). This 

indicates systemic endothelial dysfunction also leads to OA-like phenotypes. In the 

future, more effort could be put on investigating the role of systemic risk factors in 

OA pathogenesis. 

 

Knee OA has the highest prevalence among all other forms of OA(364). With knee 

and hip being the load bearing joints, they are usually caused by wear and tear. 

However, hand OA is usually caused by systemic factors. Therefore, it is important 

for us to investigate the interplay between the local and systemic risk factors in order 

to generalize our findings to other types of OA.  

 

Western medicine relies more on pharmaceutical therapies, while Eastern or Chinese 

medicine, in particular, focuses more natural substances. Previous study showed 

lycium barbarum polysaccharides (LBP) extracted from lycium barbarum, a 

traditional anti-ageing herb, increased ETAR, while reduced ETBR expression in a rat 

chronic ocular hypertension model (COH). Our study demonstrated the change in 

receptor expression during chondrogenic differentiation and OA pathogenesis. So, 

drugs that can reverse the ratio back to normal would be an ideal treatment. In addition 

to COH and OA, other diseases that showed upregulation of ETBR can also use these 

drugs as a potential therapy.  

 

To conclude, ET-1 and its receptor play an important role in OA pathogenesis. Other 

than selective ETBR blocker, inhibiting endothelin converting enzyme or neutralizing 

ET-1 are also some of the future directions to explore.  
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