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Abbreviations 

 

 
4-HNE 4-hydroxy-2 (E)-nonenal 

CS chondroitin sulphate 

DMEM/F-12  Dulbecco’s modified Eagle’s medium/Ham’s nutrient mixture F-12 

DMSO dimethyl sulfoxide 

FCS fetal calf serum 

FITC fluorescein isothiocyanate 

GAG   glycosaminoglycan 

GDB glucose containing modified Dulbecco’s buffer 

GS glucosamine-sulphate 

GSH reduced glutathione 

HA haemarthrosis 

LDH   lactate dehydrogenase 

LFA-1 leukocyte function associated molecule-1 

LTB-4 leukotrien B-4 

MDA malondialdehyde 

NSAID non-steroid anti-inflammatory drugs 

OA   osteoarthritis 

PAF   platelet activating factor 

PBS phosphate buffered saline 

PMA   phorbol 12-myristate 13-acetate 

PMN   polymorphonuclear leukocyte 
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PRF   phenol red free 

RBC   red blood cell 

ROS   reactive oxygen species 

SOD superoxide dismutase 

SYSADOA symptomatic slow acting drugs against osteoarthritis 

TUNEL terminal deoxynucleotidyl transferase mediated 

desoxyuridinetriphosphate nick end labelling 

WBC   white blood cell 
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1. INTRODUCTION 
 

 

Joint disease affects hundreds of millions of people around the world causing pain 

and disability. The symptoms and treatment outcome significantly influence the quality of 

life and social reintegration of the patient, in addition to the considerable financial burden. 

Arthritis is the leading chronic condition reported by the elderly. It affects one of every 

eight Americans of all ages and almost fifty percent of people who are sixty-five years of 

age (1,2). In Hungary, radiological signs of different joint disorders are found in 80 % of 

the population over sixty and a significant proportion of this group suffer from serious 

clinical manifestations (3). It can be claimed that currently degenerative joint conditions 

are a more frequent cause of morbidity than heart disease, cancer or diabetes. The ageing 

population in western countries means that the number of individuals over the age of fifty 

is expected to be double by the year 2020 and changes in morbidity have served as an 

impetus to step up investigations in all field of articular diseases. In this regard activities 

aim to reveal new findings of pathogenic articular conditions such as the blood-induced 

joint destruction may have crucial clinical importance. 

It is well known that repeated intraarticular haemorrhages, as in the case of 

haemophilic patients, severely compromise chondrocyte function and change the cartilage 

matrix finally leading to osteoarthritis and joint destruction (4). Although the prevalence 

of haemophilia is approximately 8-11 per 100,000 population (5) such patients are surely 

faced with the prospect of haemophilic arthropathy which further burdens their 

conditions.  

This chronic form of blood-induced articular changes has been investigated by 

several studies, demonstrating functional and structural changes in chondrocytes, synovial 
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cells as well as the matrix (6,7,8,9). Various factors derived from the blood, synovial 

membrane and the cartilage itself (such as enzymes, metal ions and inflammatory 

mediators) have been proposed to significantly contribute to this destructive process 

(10,11,12,13). Consequently it is believed that a multi-factorial pathomechanism leads to 

eventual articular damage.  

Despite various clinical observations and experimental investigations the precise 

pathophysiology of haemarthrosis is still unclear. Especially its acute form has remained 

illusive even though haemarthrosis more frequently presents as an acute, single episode of 

intraarticular haemorrhage as a result of sport injuries or other accidents. In this regard we 

have to take a note of few studies have highlighted a relation between the relatively early 

development of articular disorders and sport activities (14,15,16). Although the 

importance of extreme joint loading in athletes is unquestionable, such individuals are 

also frequently at risk of developing acute haemarthrosis. Moreover, the increasing 

popularity of rigorous sports and other out-door recreational activities potentially 

increases the incidence of acute haemarthrosis, an indication of growing risk for the 

whole population. The situation is worsened by the behaviour of otherwise healthy 

patients with acute haemarthrosis when the belittling of the injury or the defer in seeking 

medical attention delays appropriate therapy. Furthermore the definition of appropriate 

therapy itself is subject of debate (17). The uncertainties concerning invasive or non-

invasive management as well as the immobilisation or motion of the affected joint are 

further fuelled drive for conclusive investigations on acute haemarthrosis. 

Although it remains to be determined whether a single intraarticular bleeding 

event results in irreversible adverse effect on cartilage under in vivo conditions, in vitro 

investigations support this hypothesis. Thus the contribution of such insults in the 

subsequent development of chronic arthropathies can not be precluded.  
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Interest in free radicals and reactive oxygen species (ROS) dates back to the late 

60’s. Numerous in vitro and in vivo investigations were performed to reveal their role on 

many fields of biology. Thanks to such interest, it is now common belief that free radicals 

and ROS contribute to the pathomechanism of numerous diseases (18). Formation of free 

radicals and the ensuing of oxidative damage as well as deterioration of endogenous 

scavenger mechanisms in osteoarthritis and rheumatoid arthritis have been disclosed by 

several studies (18,19,20). 

Although the pathogenic role of free radicals and ROS were widely examined in 

different articular diseases, relatively little evidence was found regarding their harmful 

effect in haemarthrosis. On the other hand only few studies have investigated the role of 

polymorphonuclear granulocytes in this respect even though they represent the largest 

proportion of leukocytes and are an abundant source of ROS during haemarthrosis. 

In this work the author intends to discuss developments in the pathophysiological 

approach to blood induced joint damage. Although acute and chronic haemarthrosis show 

many similar features with respect to pathomechanism, below the author shall focus on 

the pathophysiology of the acute form and only details the chronic haemarthrosis if it is 

inevitable.  

Demonstrating the results of our investigations on this issue the author proposes to 

shed light on the possible role of polymorphonuclear granulocytes and reactive oxygen 

species in the pathomechanism of acute haemarthrosis. Finally the clinical relevance of 

these findings and possible alternatives in the treatment of haemarthrosis are outlined. 
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2. ACUTE HAEMARTHROSIS 
 

 

Haemarthrosis usually occurs as an acute single intraarticular haemorrhage and is 

frequently caused by trauma. It is a common sport injury. Although it may affect any joint 

resulting in pathological consequences the most attention is paid to the knee joint. Such 

distinction can be explained by the fact that acute traumatic haemarthrosis of the knee is 

usually associated with injuries which require surgical interventions. Reports from 

orthopaedic literature confirm this significance. Noyes et al. and DeHaven (21,22) have 

written classic articles summarising their findings during arthroscopic evaluation of knee 

joint with acute haemarthrosis. In both studies, the anterior cruciate ligament was 

ruptured in approximately 70% of the patients. Peripheral meniscal tears reported in 

approximately 10% of their patients; however, there was a 50% to 70% incidence of 

meniscal tears associated with acute tear of the anterior cruciate ligament. Patellar 

subluxation or dislocation occurred in 10% to 15%, and osteochondral fracture fragments 

were found in 2% to 5% of their patients. Other injuries such as posterior cruciate 

ligament injuries and capsular tears occurred in approximately 5% of the patients. If they 

are diagnosed such cases are subjected to adequate surgical treatment. However 

sometimes acute haemarthrosis is handled as a simple or banal case, especially if the 

initial examination fails to reveal definite injury to joint components or if the bleeding 

occurred in the shoulder, elbow or ankle joints, where presence of blood is very far from 

the physiologic situation. 
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2.1. PATHOPHYSIOLOGY OF ACUTE HAEMARTHROSIS 

 

2.1.1. The synovitis 

 

The fact that excessive bleeding is frequently associated with arthritis was first 

described in the 17th century by Philip Hochstetter, but it was Volkmann who recognised 

that manifestations of haemophilia are often localised to joints (10). Their fundamental 

achievement determined the direction of research for several decades and resulted in that 

chronic haemarthrosis, in other words the haemophilic arthropathy, has become the most 

investigated clinical manifestation of intraarticular bleeding. Thanks to this fact the most 

researchers focused on the role of the inflammatory changes of synovial membrane even 

though the pathogenesis of blood induced joint damage is multifactorial, including 

inflammatory, biomechanical and nutritional components as well.  

Although chronic and acute forms of haemarthrosis are two different clinical 

entities, their pathomechanisms share many similar features. For instance it is generally 

accepted that the key to the pathological damage lies in changes of intraarticular fluid in 

both cases. However the problem of synovitis is not such a simple case. Its established 

and controversial importance during haemophilic arthropathy and acute haemarthrosis 

respectively, encourage us to devote a few lines to synovial inflammation following 

intraarticular haemorrhage.  

It has been described in several studies that synovium shows focal areas of villous 

formation quite early after the occurrence of a single haemarthrosis. The early synovial 

reaction to intraarticular bleeding, which closely resembles the reaction seen in 

rheumatoid arthritis, includes synovial hypertrophy, haemosiderin deposition in 

phagocytic cells, perivascular infiltrates and initial fibrosis of the subsynovial layers. 

Although most studies mention these early morphological changes, relatively little 
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evidence is enumerated regarding its pathophysiological background, with most authors 

rather focusing on events following repeated bleeding episodes. According to Arnold and 

Hilgartner, (6) in the onset of synovial hypertrophy red blood cell (RBC) membrane 

antigens are thought to be key players. These antigens are proposed to initiate formation 

of autoimmune antibodies. The resultant antigen-antibody complexes cause the synovitis 

similar to that in rheumatoid arthritis. Rodriguez-Merchan et al. (23) suggested that the 

synoviocytes, with their small phagocytic capacity, could only absorb a limited amount of 

blood and blood breakdown products. Thus recurrent haemrthroses result in 

hyperthrophic synovitis due to the lack of ability of normal synovium to reabsorb an 

excessive quantities of blood within the joint cavity. The results published by Roosendal 

et al. (13) have shown that iron deposits at localised sites in the synovium are associated 

with the production of proinflammatory cytokines. Thus it is likely that phagocytosis by 

synovial cells leads to the stimulation of cytokine production and the subsequent 

development of synovitis. This hyperaemic and friable hypertrophied tissue occupies 

space in the joint cavity thus it is likely to be injured causing additional bleeding. If the 

patient is left untreated at this stage, a vicious cycle of bleeding-synovitis-bleeding will 

lead to the development of chronic haemophilic synovitis. 

Several factors derived from inflammatory cells in the haemarthrotic synovium, 

such as lysosomal enzymes and inflammatory mediators have been also extensively 

investigated as significant contributors to cartilage destruction. Cathepsin D, a proteolytic 

enzyme with marked chemotactic effect, has been identified at high concentration in 

human haemophilic synovium and synovial fluid. Thus it is thought to be an important 

factor in the destructive processes as explained by Hilgartner et al. as well as Stein and 

Duthie (24,10). Similar conclusion was suggested by Arnold et al. with regard the acid 

phosphatase (6). Furthermore Mainardi et al. (25) have reported that cultured 
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haemarthrotic synovial explants secrete a large quantity of latent collagenase and neutral 

proteinase.  

Importance of different cytokines in degenerative arthropathies is well 

documented in the literature. There are evidences suggesting that almost all cells (A and 

B type of synovial cells, chondrocytes, leukocytes) affected during haemarthrosis can 

produce these factors, which are responsible for setting off numerous pathological 

processes. Tagariello et al (25) has been shown that hyperthrophic synovium produces 

high titer of interleukin-1 (IL-1). Increased production of IL-1, interleukin-6 (IL-6) and 

tumour necrosis factor alpha (TNF-α) by synovial tissue samples derived haemarthrotic 

patients, and their ability to inhibit the formation of human cartilage matrix have been 

described by Roosendaal et al. (13). Bandara and associates (26) have drawn the 

attention to one so-called “synovial chondrocyte activating factor” that can evoke the 

production of neutral matrix metalloproteinases and prostaglandin E2 from chondrocytes. 

Although the structure of the matrix does not allow diffusion of molecules larger than 

68kDa, the above mentioned cytokines can reach the chondrocytes as their molecular 

weight (IL-1: 17,5kDa, IL-6: 26kDa, TNF-α: 52kDa) is below this limit. On the other 

hand it has been proved that chondrocytes from the surface of articular cartilage show a 

greater vulnerability to the harmful effects of IL-1 due to the higher number of IL-1 

receptors on the cellular surface (27). Chondrocytes reacting to such cytokines decrease 

the synthesis of matrix components and produce abnormal collagen filaments as well as 

releasing matrix metalloproteinases to a greater extent (28,29). Thus the resistance to 

mechanical loading is decreased in the superficial cartilage layer making development of 

deeper lesions more likely. However the released enzymes and mediators not only 

damage articular cartilage, but also irritate the synovial tissue leading to a state of chronic 

synovitis. 
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Apart from the obvious surgical consequences following acute haemarthrosis, 

recent studies suggest that similarly to the chronic forms, single or limited number of 

bleeding episodes have an immediate harmful effect on the articular cartilage. This is in 

spite of several publications that suggest only mild and transient changes of the joint; 

especially the synovial tissue occurs (11, 30, 31). Zeman et al. (32) have observed the 

thickening of synovial membrane and decrease of hexosamine concentration in cartilage 

matrix as a consequence of single haemarthrosis in rhesus monkeys. In the experiments 

performed on rats, Niibayashi et al (33) have shown that initiation of proteoglycan 

degradation occurred 8 hours after single injection of blood lasting from one day of 

limited degradation to three days. Roosendaal et al. (34) have proven under in vitro 

conditions that short exposure (4 days, which is the average blood evacuation time) of 

human cartilage to whole blood in concentrations up to 50 percent induces long lasting 

damaging effects. There is marked inhibition of matrix formation and increased 

breakdown of its components, resulting in continuing loss of cartilage matrix. Results 

from a canine in vivo study performed by the same team in 1999, showed that if canine 

cartilage exposed to blood for four days, it exhibits lasting biochemical and histochemical 

changes in its matrix, alterations in chondrocyte metabolic activity and changes in the 

synovium. Moreover it has been suggested that direct effects of blood on cartilage 

precede the indirect effect of synovial inflammation (35).  

The most important difference between the pathomechanism of the acute and 

chronic forms, is the lack of repeated intraarticular bleeding episodes and the consequent 

absence of chronic synovitis. Indeed, the changes in synovial tissue that occurs shortly 

after exposure to single bleeding episode are restricted to mild synovial inflammation. 

Even the pathogenic processes detailed above may act, this inflamed synovial tissue does 

not poses cartilage-damaging potential in the early days of blood exposure. However, 
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according to Roosendaal (35) such potential is developed later with prolonged exposure 

(two weeks). It seems that acquisition of cartilage-damaging activity by synovium takes 

time. It depends on pahgocytosis of blood cells or accumulation of haemosiderin and 

subsequent production of cytokines and matrix metalloproteinases as it detailed in the 

previous chapter. On the other hand, effect of nutritional changes develops gradually and 

presumably have less impact because of its transient nature. On the basis of all above the 

first and most important pathogenic factor that affects the cartilage during acute 

haemarthrosis is the misplaced blood itself. Thus the question arising is how and which 

component(s) of blood could be responsible for the early pathological changes in cartilage 

tissue. 

 

2.1.2 Immobilisation and nutritional changes 

 
When the blood inundates into the joint cavity it is generally accompanied with 

severe pain. This pain is triggered by - apart from primary joint injury - rising tension 

within the capsule following intraarticular fluid overload including agents such as 

histamine, lactate and potassium (3). Because of the pain, joint movement is consciously 

kept to a minimum, as well as through reflex action. This local immobilisation can be 

detrimental. If haemarthrosis exists, it can hinder delivery of nutrition to the cartilage. 

Such nutritional deprivation results as a direct consequence of decrease in both synovial 

fluid flow and the pumping effect following immobilisation. Moreover the relative 

enlargement of the joint cavity and diminished synovial capillary perfusion following the 

increased intraarticular pressure exacerbates the situation (36).  
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2.1.3. The blood itself 

 

Although there are colourful contrasts in the constituents of synovial fluid and 

blood (Table 1.), the most striking are colloid osmotic pressure and the cellular character. 

Articular chondrocytes experience changes to matrix hydration during both physiological 

(static load) and pathophysiological (osteoarthrosis, OA) conditions. There are many 

studies indicating that osmotic stress could alter chondrocytes' volume and modify cell 

growth, rate of protein and glycosaminoglycan (GAG) synthesis and amino acid transport 

activity (37,38). This condition may occur during haemarthrosis as well, where the colloid 

osmotic pressure rapidly increases in the articular cavity that causes alteration of matrix 

hydration and chondrocyte shrinkage. However they possess an effective adaptive 

osmoregulatory capacity that allows maintenance or recovery of cell volume, the 

proteoglycan synthesis and proliferation rates even though the osmotic pressure is 

doubled (38). Nonetheless osmotic stress may activate several intracellular secondary 

messenger signals that may contribute to the pathomechanism of haemarthrosis and are 

subject of further research (39). 

Beyond osmotic stress and its importance, changes of the intraarticular cellular 

constituents during acute haemarthrosis provide a suitable ground for reconsidering the 

pathogenic processes that follow. It is unusual to have red blood cells (RBCs) in the joint 

under normal conditions. The possible importance of RBC membrane antigens has been 

addressed previously. However, relatively little has been discussed regarding the role of 

RBC-derived iron. Niedermeier et al (40) have shown that normal synovial fluid contains 

approximately 8µM iron. This level is significantly higher in degenerative joint disorders. 

Furthermore Sokoloff (12) has reported that divalent and trivalent cation containing 

solutions are capable of changing the physical properties (deformability and 

recoverabilty) of cartilage tissue. According to Módis (41) electrolyte concentration 
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influences the configuration of GAG molecules. He supposed that due to their strong 

electrovalent interactions, divalent and trivalent cations are capable of modifying or 

abolishing the extended configuration of GAG molecules, making them susceptible to 

collapse. This reduces the elasticity of the GAG-containing matrix, changes its 

permeability to different solutes, resulting in the degradation of the matrix.  

 

Table 1. Some characteristic properties of normal synovial fluid (*samples from cattle 

ankle) (42). 

 

 Synovial fluid Plasma 
Na+ (mM) 145* 135-145 
Cl- (mM) 111* 100-108 

Urea (mg/100ml) 8.2* 3-7 
Urate (mg/100ml) 1.55* 1.84 

Glucose (mg/100ml) 66* 70-110 
Total lipid (g/100ml) 0.24 0.7 

Phospholipid (g/100ml) 0.08 0.2 
Protein (g/100ml) 1.9 6.77 

Albumin (g/100ml) 1.2 3.27 
γ-Globulin (g/100ml) 0.24 1.13 

Hyaluronate (g/100ml) 0.2-0.4 4.2x10-6 

Colloid osmotic pressure 
(cmH2O) 

12-15 35 

Cellular components WBC: 60-375/mm3 (mainly 
mononuclear phagocytes) 

WBC: 4.3-10.8x103/mm3 

RBC: 4.2-5.9x106/mm3 

 

The sudden quantitative and qualitative changes in leukocyte population may also 

be a significant event during acute HA. The normal cellular constituent of synovial fluid 

is almost exclusively leukocytes (mainly monocytes and lymphocytes) numbering less 

than 200-300/mm3. This is dramatically changed during acute haemarthrosis with blood 

rushing into the articular cavity, rising the leukocyte number to over 5-10,000/mm3. Such 

a large mass of leukocytes of which approximately 60 percent are polymorphonuclear 

leukocytes (PMNs) may have considerable damaging potential especially when activated. 

As far back as 1967 Hoaglund (11) had suggested that in chronic haemarthrosis, 

joint fluid leukocytes may eventually generate sufficient proteolytic activity to degrade 
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the cartilage matrix. Arnold and Hilgartner (6) provided further evidence for this 

hypothesis with a study showing that leukocyte-derived hydrolytic enzymes are increased 

in the fluid from haemophilic joints. By the mid 70s Oronsky et al and Sokoloff (43,44) 

had already named the polymorphonuclear leukocytes (PMNs) as abundant source of 

enzymes that can digest cartilage matrix in rheumatoid arthritis and haemophilic 

arthropathy. These early studies were followed by several reports supporting the 

importance of PMN-derived proteolytic enzymes in cartilage damage. Sandy et al. (45) 

directly demonstrated elevated neutral-proteinase activities in cartilage during acute 

antigen-induced experimental arthritis and indicated that such activity is derived from the 

synovial fluid PMNs. Riel et al. (46) reported increased concentration of PMN-elastase in 

patients with traumatic knee effusions. Thus PMN-derived enzymatic mechanisms 

presumably play important role in the blood induced cartilage damage. However PMNs, 

especially following activation, perform many biologically important actions. Thus it 

would be hazardous to simply blame enzymes and the cationic iron for cartilage damage. 

On the other hand there is no doubt that the additional mechanisms must be as fast and 

effective as factor-mediated processes.  

 

2.1.4. Reactive oxygen species in the pathomechanism of haemarthrosis 

 

From the early 30s, respiratory burst and reactive oxygen species (ROS)–mediated 

reactions have gradually become a focus for scientific interest. Nowadays it is generally 

accepted that ROS play important roles not only in the host defence mechanisms but also 

in ageing and numerous disease states. Thus it is not surprising that new findings from 

free radical research have shed light on the novel role of both the iron and PMNs in the 
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pathomechanism of degenerative arthropathies, prompting new directions for research in 

haemarthrosis. 

Several studies report that iron is the most likely to stimulate hydroxyl generation 

and other radical reactions in vivo. (Fig. 1.) Such reactive species are in turn able to attack 

the plasma membrane, mitochondria and DNA. This leads to interruption of cellular 

integrity, impairment of cellular energy homeostasis, alterations in the genetic code and 

finally amounting fatal injury to the cell. About two thirds of body iron is found in 

haemoglobin, with smaller amounts in myoglobin, various enzymes and the transport 

protein transferrin. The rest largely stored as ferritin. Though all these forms provide a 

large pool for the reactions below, haemoglobin by virtue of its quantity is thought to be 

the most important during haemarthrosis.  

According to Halliwell and Gutteridge, (18) when haemoglobin reacts with 

hydrogen peroxide produces a reactive species, most likely ferril radicals that can degrade 

DNA and stimulate lipidperoxidation. Moreover reaction of heme protein with excess of 

hydrogen peroxide can cause heme degradation and release of iron ions from the protein, 

followed by a Fenton reaction. (Fig. 2.) 

On the basis of all above, besides direct matrix damaging potential of iron both 

RBC-derived ferrous and ferric ion as well as haemoglobin may act as a catalyst for ROS 

producing reactions in the intraarticular microenvironment. Therefore their contribution 

in the acute haemarthrosis induced cartilage damage may be considered (47,48). 
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Figure 1. Role of iron and of other metal ions in converting less reactive to more reactive 

species (Halliwell B, Gutteridge JM; 1990).  
a The iron-catalysed Haber-Weiss reaction. 
b The so-called Fenton reaction. 
c Lipid peroxide decomposition is metal ion dependent and eventually produces highly 

cytotoxic products, such as 4-hydroxy-2,3-trans-nonenal, and less toxic ones, such as 

malondialdehyde. 
d Most autoxidations are stimulated by traces of transition metal ions and proceed by free 

radical mechanisms. 
e Thiyl radicals can react with O2 to form reactive oxysulfur radicals such as sulfenyl (RSO·) 

or thiyl peroxyl (RSO2·). 
f Copper ions are especially effective in decomposing ascorbic acid, and ascorbate-copper 

or ascorbate-iron mixtures are cytotoxic. Hydroxyl radicals may be involved in this toxicity. 
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Figure 2. Formation of ROS by interaction of hemoglobin with H2O2 (Halliwell B, Gutteridge 

JM; 1990).  

 

There is proof of non-mitochondrial respiratory burst in all phagocytes – PMNs, 

monocytes, eosinophils, and lung and peritoneal macrophages - due to activation of the 

membrane bound NADPH-oxidase. However owing to their high number, PMNs are 

thought to be influential cellular participant in cartilage damage. Indeed, there is a large 

body of evidence that following activation PMNs produce large variety of reactive 

oxygen metabolites, which are able to attack all components of cartilage tissue. (Fig. 3.) 
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Figure 3. PMN-derived ROS and other bioactive factors supposed to be involved in the 

pathomechanism of blood induced joint damage (Dipak K. Das; 1994). 

 

 

In 1974 McCord (50) explained that enzymatically generated superoxide radicals 

depolymerise hyaluronic acid and synovial fluid. They seem to do so by reacting with 

hydrogen peroxide to produce hydroxyl radical. Greenwald and Moy (51) reported that 

superoxide radical inhibits the collagen gelation under in vitro conditions. Thus it is 

suggested that similar action of free radicals produced in vivo by leukocytes may 

adversely affect the structural and functional integrity of cartilage and adjacent joint 

structures. Following experiments performed on cartilage tissue explants Dean et al. (52) 

demonstrated that hydroxyl and superoxide radicals degrade polypeptides of 

proteoglycans efficiently, whilst hydroperoxy radical is less potent. Furthermore, 

significant GAG fragmentation was shown by Moseley et al (53) when it was exposed to 
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PMN generated hydroxyl and superoxide radicals. They found that non-sulphated 

glycosaminoglycans and hyaluronic acid are more susceptible to hexuronic acid and 

hexosamine residues modification. In addition the hexuronic acid residues within the 

GAG are more vulnerable to ROS attack than the hexosamine residues. These results 

indicate the matrix destructive nature of PMN-derived ROS as it can occur under in vivo 

conditions during articular diseases. 

ROS not only destroy the cartilage matrix but are also able to interfere with matrix 

metabolism. Bates et al. (54,55,56) observed that superoxide radical and hydrogen 

peroxide inhibit hyaluronic acid and proteoglycan synthesis in cultured cartilage tissue. 

Perhaps more importantly is the study by Baker et al. (57) in which they observed ROS 

mediated oxidation of the thiol residue at the active centre of glyceraldehyde-3-phosphate 

dehydrogenase. They concluded that this observation translates into a reduced rate of 

glycolytic ATP synthesis and intracellular ATP concentration, crucial for DNA, protein 

and proteoglycan synthesis. Direct deleterious effect of PMN-derived hydrogen peroxide 

on chondrocyte has been documented by Saura et al. (58). The same group reported that 

cartilage matrix components such as hyaluronic acid and various proteoglycans fail to 

hinder chondrocyte injury. This result suggests that cartilage matrix can not shelter 

chondrocytes from an insult of ROS attack.  

Beside the immediate effect, PMN-derived ROS can also lead to indirect cartilage 

destruction. Burkhardt et al and Weiss et al (59,60,61) reported that hydroxyl radicals and 

hypochlorous acid produced by PMN-myeloperoxidase, are responsible for the activation 

of latent PMN-collagenase. Campbell et al. and Weiss et al. (62,63) propose an 

alternative mechanism for the role of ROS in enzyme-mediated cartilage damage. They 

reported that ROS have the capability of inactivating alpha-1 proteinase inhibitor thus 

they promoting the enzymatic digestion of matrix molecules. On the other hand ROS are 
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able to activate the complement C3 and C5 as reported by Shingu et al. (64). These 

factors are potent inflammatory mediators that may further enhance ROS, enzyme and 

cytokine production of various cells including PMNs, synovial cells and chondrocytes, 

bearing in mind that chondrocytes may also produce ROS, as observed by Tiku et al. (65). 

Moreover such ROS producing capacity is stimulated by TNFα, which is secreted by 

activated PMNs (66,67).  

 

2.1.5. Our hypothesis regarding the pathomechanism of acute haemarthrosis 

 

The mechanisms detailed above can undoubtedly come to play during chronic 

haemarthrosis as well. However the lack of repeated bleeding episodes and the 

consequently absence of severe synovitis as well as the brief duration of the unfavourable 

environment (the 70-80 percent of RBCs are eliminated from the joint within 4-5 days 

(68)) enhance the importance of PMN and ROS-mediated pathways during acute 

haemarthrosis. According to our hypothesis PMNs are activated by the thrombocyte and 

endothelial-derived mediators released following the vascular injury. These leukocytes 

produce enzymes, cytokines and ROS that may induce production of similar factors in the 

chondrocytes and synovial cells via paracrine as well autocrine pathways. On the other 

hand, ROS and enzymes directly attack all components of the articular tissues.  

In order to provide support for our hypothesis, in vitro and clinical investigations 

were conducted to further clarify the following: 

1. Extent of activated PMNs and iron mediated chondrocyte damage under in vitro 

conditions. 

2. Do the PMNs engender oxidative stress on chondrocytes? 

3. Are the PMNs activated during clinical presentations of acute heamrthrosis? 
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3. EXTENT OF ACTIVATED PMNS AND IRON MEDIATED 
CHONDROCYTE DAMAGE UNDER IN VITRO CONDITIONS 

 

 

Blood in the articular cavity or haemarthrosis (HA), may lead to destruction of 

articular cartilage and consequently the joint as proven by several experimental and 

clinical models of chronic HA. Factors derived from blood and the inflamed synovium, 

such as metal ions, enzymes and inflammatory mediators are deemed significant 

contributors of this destructive process and have been extensively investigated. As far 

back as 1963, Sokoloff (12) had suggested that divalent and trivalent cation are able to 

change the physical properties (deformability and recoverabilty) of cartilage tissue. Since 

then several authors have also described the deleterious effect of iron deposits in synovial 

and cartilage as a consequence of misplaced erythrocyte degradation (13,69). On the other 

hand Hoaglund (11) has long suggested that leukocytes derived from haemarthrosis may 

generate sufficient proteolytic activity in chronic HA to degrade cartilage. Cathepsin D, a 

proteolytic enzyme with marked chemotactic effect, has been identified at high levels in 

human haemophilic synovium and synovial fluid and is thought to be an important factor 

according to Hilgartner (24). 

However regarding acute HA, there is yet relatively little data available on its 

pathomechanism despite being more common than the chronic form. The key to the 

pathological damage lies in changes of intra-articular fluid. There are of course significant 

differences between the constituents of synovial fluid and blood, which is rich in red 

blood cells (RBC) and polymorphonuclear leukocytes (PMN) (42). Previous studies by 

Roosendal et al. (17,34) have suggested that RBC and monocytes are responsible for such 

damage. Furthermore abundant data exists to suggest that PMN-derived reactive oxygen 

species (ROS) can damage a wide range of cellular components (plasma membrane, 
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mitochondria, DNA, etc.), leading to cell death (70,71,72). In addition RBC-derived 

ferrous ion, a known participant of Fenton reaction, can also lead to the formation of 

highly reactive hydroxyl radical (18,47). 

This in vitro study was not aimed to simulate the exact clinical conditions of acute 

haemarhrosis, but investigated interaction between some proposed key participants in the 

pathogenic processes following intraarticular bleeding. Thus the cytotoxic effects of 

PMN-derived ROS and increased quantity of ferrous ion on cultured chondrocytes were 

evaluated. Since DNA is also targeted by ROS, we hence investigated whether short-term 

chondrocyte exposure to PMN causes histologically detectable DNA lesions. 
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3.1. Materials and methods 

 

Animal preparation. Three healthy Yorkshire pigs (35-40kg) were used as blood 

donors. Each animal was subjected to an overnight fast and was sedated with ketamine 

(15mg/kg), induced with pentobarbitone and maintained on 1.5-% halothane inhalation. 

Following anaesthesia a silicon catheter was inserted into the jugular vein. The drain was 

led out on the posterior surface of the neck facilitating blood-sampling procedure.  

Chondrocyte isolation was carried out on ten healthy Yorkshire pigs, weighting 

20-25kg. These animals were sedated with ketamine (15mg/kg) and euthanased with intra 

cardiac injections of sodium pentobarbital (120mg/kg). All animal procedures were 

performed in accordance to the International Guiding Principles for Animal Research 

(73). 

Methodological considerations. In this study we aimed to simulate the cellular 

ratio persisting under clinical haemarthrosis. Davies (74) had calculated the internal 

surface area of the human adult knee to be 42,500mm2. Working on the assumption that 

on average 20ml of blood is effused into the knee cavity following each episode of HA, 

the number of PMNs would be 1411-3529 cell/mm3. Gilmore and Palfrey (75) have 

reported the chondrocyte density in the articular cartilage of human femoral condyles to 

be 250-350 cell/mm2. On the basis of all above the calculated chondrocyte vs. PMN ratio 

was derived as 1:10. Working on a minimal (approximately 1%) haemolysis of 

erythrocytes, the amount of Fe2+ ion was estimated to be 0.1mM final concentration. As a 

controlled source of PMN derived reactive oxygen species, 10-4M hydrogen peroxide was 

used.  

Isolation and culturing of chondrocytes from pigs. Whole thickness cartilage was 

dissected from the articular surface of femoral and tibial condyles as well as the patella 
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under sterile conditions. The cartilage pieces were chopped and washed with cold phenol 

red free Dulbecco’s modified Eagle’s medium / Ham’s nutrient mixture F-12 media 

(Sigma, USA) containing Penicillin, Streptomycin and Amphotericin B. The medium was 

used throughout the experiment. The slices were allocated into petri dishes and the 

chondrocytes freed from their extra-cellular matrix by digestion with 300 U/ml 

collagenase Type-IA (Sigma, USA) in media containing 10% foetal calf serum (FCS). 

The dishes were incubated at 37°C and continuously agitated on a shaking table for 12 

hours. At the end of the first cycle of digestion the supernatant was collected and filtered 

through a 70µm nylon cell strainer (Becton Dickinson, USA) to remove the undigested 

cartilage fragments. The collagenase rich medium was separated from the cells by 

centrifugation and recycled for further digestion procedure. One or two cycles of the 

enzymatic digestion were applied depending on the experimental requirements. The 

viability determined by Trypan Blue exclusion were 80-90% and 68-78% following the 

first and second cycles respectively. The yield of cells following this procedure was 2-

2.5x107 per gram wet weight of cartilage tissue. On the basis of the viability, 1x106 living 

chondrocytes were seeded on each of the 12-well plastic culture plates (Iwaki, Japan) and 

incubated in humidified 95% air and 5% CO2 mixture at 37°C in media with 10% FCS. 

Living chondrocytes (20x106) from the same source, were placed separately on 75cm2 

plastic culture flasks (Iwaki, Japan) and cultured as above for histological examinations.  

 Isolation of PMN. EDTA anticoagulated blood was sedimented with 6% dextran at 

37°C. After aspiration of supernatant, hypotonic hemolysis was performed with 0.8% 

NH4Cl to remove the erythrocytes. The white pellet obtained after repeated centrifugation 

was suspended in glucose containing modified Dulbecco’s buffer and spun against 

gradient separator medium, Histopaque 1077 (Sigma, USA) (76). Finally, the pellet 
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consisting of about 95% PMN was suspended in cold buffer as above. After cell counting 

and viability estimation the required amount of cells were used in the experiment. 

Treatment of chondrocytes and measurements of cytotoxicity The culture medium 

was discarded and the cells were washed gently on -plates with serum free media in order 

to dispose of dead cells and other metabolites. Each well was then filled with 2ml of PRF-

DMEM/F-12. The medium was supplemented with either newly isolated PMN suspension 

(Group I: 107PMN/2ml), hydrogen peroxide (Group II: in 10-4M final concentration), 

ferrous-sulphate (Group III 0.1mM or Group IV: 1.0mM final concentration) and 0.1mM 

ferrous-sulphate with 107PMN/2ml PMN (Group V.). The antioxidant Trolox 

(Calbiochem, USA) was applied in 0.9mM (Group VI.) and 1.8mM (Group VII.) final 

concentration together with PMN to evaluate the effect of PMN-derived free radicals. In 

order to exclude the non-specific lactate dehydrogenase (LDH) release the following 

reference populations were used according to the equation below: lysed chondrocytes 

(Group VIII.), untreated chondrocytes (Group IX.), untretaed PMN (Group X.) and PMN 

in the presence of 0.1mM ferrous-sulphate (Group XI.;). Finally, 0.2µg/ml phorbol 12-

myristate 13-acetate (PMA) a PMN stimulating agent (Sigma, USA) was added to each 

well. (Fig.4.) Throughout the experiments the plates were incubated at 37°C and 

continuously agitated on a vibrating table. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Figure caption is in the text. 

Group VIII.: Totally Lysed Chondrocytes

Group IX.: Chondrocytes + PMA (spontaneous)

Group I.: Chondrocytes + PMA +PMNs

Group V.: Chondrocytes + PMA + PMNs + FeSO4 (0.1mM)

Group VI.: Chondrocytes + PMA + PMNs + Trolox (0.9mM)

Group VII.: Chondrocytes + PMA + PMNs + Trolox (1.8mM)

Group II.: Chondrocytes + PMA +  H2O2

Group III.: Chondrocytes + PMA + FeSO4(0.1mM)

Group IV.: Chondrocytes + PMA + FeSO4(1.0mM)

Group X.: PMNs + PMA (spontaneous)

Group XI.: PMNs + PMA + FeSO4(0.1mM) (spontaneous)

Group XI.Group I. Group II. Group III. Group IV…..

12-well culture plate
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 After 30 minutes of pre-incubation and thereafter the media were sampled every 

second hour for a total of six hours. The released LDH content of each sample was 

determined using CytoTox96® Assay kit (Promega Corporation, USA) and three separate 

readings were obtained by ELISA plate reader (Dynatech Medical Products Ltd., GB). 

Using the following equation and substituting the corresponding values of optical density 

(OD), the cytotoxicity was expressed as a percentage.  

 

% Cytotoxicity = (ODtreated chondrocytes–ODchondrocytes spontaneous–ODPMN spontaneous (optional)) x100 

(ODlysed chondrocytes–ODchondrocytes spontaneous) 

 

The maximum LDH release derived from chondrocytes as a result of membrane 

perforation was obtained by using 9% (v/v) Triton® X-100 (BioRad, USA) as the lysing 

agent in the media. 

 Histological examinations. Using a vibrating table chondrocytes, in the presence 

of PMN (treated groups), and alone (control groups) were co-incubated on 75cm2 culture 

flasks filled with 40ml of media under the conditions as discussed above. At the end of 

the experimental period cells were washed twice with PBS buffer, fixed with 4% 

paraformaldehyde in PBS (pH7.4) and stained with Leishman stain as well as subjected to 

immunohistochemical investigations. Terminal deoxynucleotidyl transferase mediated 

desoxyuridinetriphosphate nick end labelling (TUNEL) technique was used for the 

immunohistochemical procedures (In Situ Cell Death Detection Kit, Boehringer 

Mannheim, USA). Horse-radish peroxidase conjugated anti-fluorescein antibody with 

3,3’-diamino-benzidine (Boehringer Mannheim, USA) was used for the signal 

conversion. The samples were analysed semiquantitatively by light microscopy and an 

image analyser (Zeiss Image, Carl Zeiss Inc. USA). Under the same magnification 
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(400x), the number of total and DAB positive cells were determined on 15 randomly 

chosen territories on five slides from both control and PMN treated groups. The results 

were expressed as a percentage of total cell number.  

Statistical evaluation. The experiments were performed on separate populations of 

chondrocytes, which were randomly allocated to various groups. The mean values of 

LDH and the standard errors are presented on the charts. One-way ANOVA test was used 

to define the significance between the mean values. A p-value of less than 0.05 was 

considered statistically significant. 
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3.2. Results 

 

Cytotoxic effect of activated PMNs. The injurious effect of PMA-activated PMN 

on chondrocytes was tested by the measurement of LDH leakage, which is strongly 

correlated to the cellular damage. The cytotoxicity began to rise promptly and 

significantly following the addition of activated PMN. (Fig.5.) This trend peaked to 

48.1±2.3 percent around the fourth hour of the experiment and slightly declined in the 

following two hours. The cytotoxic effect of hydrogen peroxide developed more slowly 

and increased continuously up to 46.4± 3.1 percent by the end of the examined period. It 

has been proven that DMSO, a widely used PMA solvent, has a scavenging property in 

200-400mM-concentration range (77). However our investigations on the scavenging 

effect of DMSO as PMA diluting agent in the final concentration of 1.4 mM failed to 

reveal its significant contribution.  

 Involvement of free radicals in the PMN-mediated cytotoxicity. In order to explore 

the proportion of ROS in the granulocyte cytotoxicity the co-incubation was performed in 

the presence of Trolox, which is a cell permeable and water-soluble derivative of vitamin 

E with potent antioxidant property. It was found that Trolox significantly decreased the 

harmful effect of PMN in a dose dependent manner. (Fig.6.) 

 Role of increased amount of ferrous ion. The contribution of iron to chondrocyte 

damage was investigated using ferrous sulphate solutions (0.1-1.0mM final 

concentration), during the incubation. With ferrous sulphate alone the LDH release was 

insignificant. Likewise there was no significant difference between the PMN-mediated 

cytotoxicity measured in the presence or the absence of 0.1mM ferrous sulphate. (Fig. 7.) 

Repeating the experiment without cells, no significant interference was noted between 

iron and the test kit or LDH. 
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 Histological investigations. Since the chondrocytes were obtained from full 

thickness cartilage, the population might have contained various kinds of chondrocytes 

from the tidemark zone up to the superficial layer. Noticeable reduction in chondrocyte 

number was revealed in the treated groups (Fig. 8B) as compared to the control (Fig. 8A). 

Polygonal and basophilic nucleated round shaped cells were found which showed 

remarkable variability in their size in both slides. The uniformly sized and shaped PMNs 

with their well known segmented nuclei were practically absent on the co-incubated 

sections as a consequence of shaking and rinsing procedures.  

Lesions of chondrocyte genomic DNA were revealed by TUNEL reaction in PMN 

treated populations of chondrocytes. On the slides derived from the treated groups (Fig. 

9B) the ratio of DAB positive cells significantly exceeded the controls (Fig. 9A) with 

respective values of 30.696±2.72% and 2.03±0.27%. (Table 2.) 

 

Table 2. Immunohistochemical investigations (TUNEL reaction) performed on the control 

and PMN treated populations of chondrocytes indicated lesions of nuclear DNA. Average of 

total and TUNEL positive chondrocyte number as well as the ratio of TUNEL positive cells 

comparing to the total cell number are represented on the chart. 

 

 No. of 

chondrocytes 

No. of TUNEL 

positive chondrocytes 

Ratio 

(%) 

Control 

(n=5) 

 

1121.4±196.48 

 

22.8±5.17 

 

2.03±0.27 

PMN treated 

(n=5) 

 

355.2±72.75 

 

110±31.93 

 

30.696±2.72*** 
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Figure 5. The graph shows the cytotoxic effect of activated PMNs (- -) and hydrogen 

peroxide (-▲-) on chondrocytes. Evaluation of the consecutive values of PMN-mediated 

cytotoxicity indicates a significant (***p<0.001) and immediate elevation following the 

addition of activated PMNs. This trend peaked around the forth hour of the experimental 

period and remained practically unchanged later on. Similar comparison shows a slow but 

continuous and significant development in the cytotoxic effect of H2O2 (+++p<0.001) over 

time. 
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Figure 6. Effect of antioxidant (Trolox) on the PMN-derived cytotoxicity. Comparing the 

cytotoxic effect of PMNs only (- -) and together with different doses of Trolox (0.9mM: - -; 

1.8mM: -∆-) it was found that both concentration of the antioxidant decreased cytotoxicity. 

This effect was significant throughout the experiment for higher dose (+++p<0.001) but only 

at the 6th hour for the low dose (*p=0.015). 
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Figure 7. Role of increased amount of ferrous ion. Significant cytotoxic effect of 

ferrous ion was not shown during the incubation in the presence of 0.1mM (-∆-) 

and 1.0mM (- -) FeSO4. There was no significant difference between the PMN 

mediated cytotoxicity in the presence (-▲-) or the lack of (- -) 0.1mM ferrous 

sulphate. 
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8A          8B 

 
Figure 8 A, B. Representative Leishman stained (400x) section from control (8A) and PMN treated (8B) cell cultures. The cells on the slides represent 

all layers of the cartilage tissue. Reduction of chondrocyte number and the lack of PMNs were found in cases of the 

 PMN co-incubated cells.
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9A          9B 
 

Figure 9 A, B. Immunohistochemical investigations (TUNEL reaction, 400x) performed on control (9 A) and PMN treated cells (9 B). Presence of DAB 

positive nuclei (arrows) in the chondrocytes following PMN treatment indicated the lesions of DNA.  
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3.3. Discussion 

 

 Assuming that the starting point of the pathogenic process is the qualitative and 

quantitative alterations of intra-articular fluid, this study focused on two proposed 

principal mediators, namely PMN and the iron released from the RBC. The normal 

cellular constituent of synovia is almost exclusively monocytes and lymphocytes, 

numbering less than 200-300 cells/mm3 (42). Rosendaal et al. (34) have suggested that 

mononuclear cells are important contributors to the initial blood-induced cartilage 

damage. However with haemarthrosis there is an obvious dramatic increase in the number 

of leukocytes (approximately 5x106 –107 per ml) predominantly PMN, accompanied by 

the production of ROS. Several studies have proven that these agents inhibit the synthesis 

of matrix proteoglycans as well as proteins in chondrocytes. (54,57,78). Available data 

also supports the notion that ROS are responsible for direct or indirect matrix 

proteoglycan degradation (60,78). 

 Based on the approximate cellular ratio occurring under common clinical settings 

of acute HA, in vitro investigations were performed in order to evaluate the individual 

and common role of these proposed factors in the pathomechanism of HA. In this study 

we have shown that activated PMN are remarkably cytotoxic to chondrocytes. This 

cytotoxicity propagated more rapidly than the effect of hydrogen peroxide, almost 

equalling that of 10-4M H2O2. The additional effects of PMN-derived enzymes and other 

mediators could explain the difference between the kinetics of these processes. Our 

results correspond to those by Fragonas et al. (79), who observed that ROS lead to the 

release of LDH and alkaline phosphatase from growing cartilage tissue. In our study the 

detrimental role of PMN-derived ROS is confirmed by the fact that the antioxidant 

(Trolox), a known scavenger of O2
.-, OH,. singlet oxygen and lipid free radicals (80), was 
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able to significantly suppress the PMN cytotoxicity. On the other hand the partial 

cytotoxicity in Trolox treated groups underlines the importance of other PMN-derived 

factors that may have an injurious role. 

 The role of iron, as a contributor in the Fenton reaction resulting in generation of 

hydroxyl radicals, has also been investigated and many authors claim it to be deleterious 

in numerous articular diseases (34,48,81). However we did not observe a significant 

effect of increased ferrous ion concentrations on chondrocyte destruction. Surprisingly, an 

increased dose of Fe2+ also failed to influence PMN-derived cytotoxicity. This outcome 

correlates with results by Bates et al. (54). They showed that adding ferrous sulphate does 

not affect the superoxide radical-resultant inhibition of proteoglycan synthesis by 

chondrocytes. It is well known that trace amounts of iron is enough to catalyse hydroxyl 

radical generation. The Fe2+ content of the medium used in our study fulfils this 

requirement, and even further elevation of iron concentration had no effect on 

cytotoxicity. Considering these findings, it is suggested that the consequent increase in 

Fe2+ has a subordinate pathogenic role in the early, ROS-mediated phase of acute 

haemarthrosis.  

Histological investigations were done on cultured cells to disclose the 

morphological signs of PMN-mediated chondrocyte injury. Due to the shaking and 

rinsing procedures typical PMN with segmented nuclei, are absent on the sections as 

confirmed by the semi-quantitative analysis. This procedure also discarded the severely 

damaged or dead chondrocytes, causing marked decrease in cell number on the treated 

cultures. The DNA damaging effect of different reactive oxygen species is well 

documented in the literature (82). Furthermore, the apoptotic effect of H2O2 on cultured 

bovine chondrocytes has been documented by Asada et al. (83). In our study, using 

activated PMN as a more appropriate source of ROS, the TUNEL postive cell ratio was 
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approximately 30% after the 6 hour long procedure. SinceTUNEL reaction preferentially 

labels DNA strand breaks generated during apoptosis or extensive DNA fragmentation 

occurring in late stage of necrosis, our results proved that PMN resulted in DNA lesions 

in chondrocytes. This could have been responsible for cell death as well as apoptotic 

changes. These results correlate with the observation that single and short-term exposure 

to leukocytes and RBCs is able to cause longterm inhibition of proteoglycan synthesis on 

chondrocytes (17,34). 

 In summary, although the artificial conditions are a limitation of this study, 

simulating an in vitro model of haemarthrosis was not our intention. Nonetheless we can 

conclude that activated PMN-derived ROS have significant cytotoxic potential against 

chondrocytes under in vitro conditions. Due to their potential and their dramatically 

enhanced presence in the articular cavity following acute HA, PMN are hypothesised to 

be a major culprit in the underlying pathomechanism of cartilage damage. The 

histological changes also substantiate our assumption that PMN lead to DNA lesions on 

chondrocytes. These results also raise the prospect of delayed (apoptotic?) consequences 

following acute traumatic HA. Although iron is claimed to be a key player in HA, its 

short-term role in chondrocyte degradation is controversial and its possible importance in 

the acute HA requires further investigations.  
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4. DO THE PMNS ENGENDER OXIDATIVE STRESS ON 

CHONDROCYTES ? 

 

 

Intra-articular bleeding leading to articular damage is a well-established clinical 

entity. Several studies have documented the importance of synovial and blood-borne 

factors, such as inflammatory mediators and lysosomal enzymes, as contributors of this 

destructive process. Roosendaal et al. (13) reported that the synovial tissues obtained 

from haemarthrotic patients are capable of producing large quantities of proinflammatory 

cytokines, namely IL-1, IL-6 and TNF-α, which are able to inhibit the formation of 

human cartilage matrix.. Because of its enhanced proteolytic activity and high level in 

human haemophilic synovium and synovial fluid, Arnold and Hilgartner (6) considered 

Cathepsin D as a main culprit in this process. Furthermore Hoaglund (11) has long 

suggested that joint-fluid leukocytes, derived from haemarthrosis might generate 

sufficient proteolytic activity in chronic haemarthrosis to degrade cartilage.  

Beside enzyme production, the generation of reactive oxygen species (ROS) is 

also a characteristic feature of leukocytes, mainly the polymorphonuclear neutrophil 

granulocytes (PMNs) (71). Numerous studies have investigated the effects of ROS on 

cartilage tissue. Bates et al. has showen that oxygen derived reactive species, generated 

enzymatically by the action of xanthin oxidase on hypoxanthine, are able to cleave 

proteoglycan-hyaluronate aggregates and inhibit proteoglycan synthesis in cultured 

cartilage (84). Using a similar experimental model, Burkhardt et al. (59) demonstrated 

that ROS have the capability of degrading intact cartilage matrix by direct action on 

matrix components as well as by activation of latent PMN-collagenase. Investigations 
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performed by Chung et al. and Bates et al. (55,81) have confirmed that hydrogen peroxide 

also destroys matrix components as well as inhibiting hyaluronic acid and proteoglycan 

synthesis in articular cartilage explants.  

Although the effects of ROS on cartilage tissue have been widely examined under 

in vitro and in vivo conditions, specific biochemical markers indicative of the degree of 

oxidative stress in chondrocytes, evoked by activated PMNs, have previously not been 

studied in this regard. Oxidative stress is described as a condition where excessive ROS 

production overwhelms the antioxidant defences (85). According to Jackson and Bushell 

(80,86), reduced glutathione (GSH), is an integral element in this antioxidant defence, one 

that is depleted during oxidative stress. On the other hand superoxide dismutase (SOD), 

another member of the endogenous antioxidant system, demonstrates compensatory 

increase in activity following exposure to bursts of superoxide radical (71). Furthermore 

Halliwell and Gutteridge (87) have proven that the detection of lipid peroxidation via 

measurements of malondialdehyde (MDA) and 4-hydroxy-2 (E)-nonenal (4-HNE) levels, 

is a suitable indicator for ROS mediated-reactions. Thus monitoring the above parameters 

is considered appropriate in evaluating oxidative stress. 
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4.1. Materials and methods 

 

Animal preparation. Three healthy Yorkshire pigs (35-40kg) were used as blood 

donors. Each animal was subjected to an overnight fast and sedated the following day 

with ketamine (15mg/kg). Anaesthesia was induced with pentobarbitone and maintained 

with 1.5% halothane. During the operation a silicon catheter was inserted into the jugular 

vein. The drain was led subcutaneously to the posterior surface of the neck, facilitating 

blood-sampling.  

Chondrocyte isolation was carried out on nine healthy Yorkshire pigs, weighing 

20-25kg. These animals were sedated with ketamine (15mg/kg) and euthanised with intra-

cardiac injection of sodium pentobarbital (120mg/kg). All procedures were conducted in 

accordance to the International Guiding Principles for Animal Research (73). 

Isolation and culturing of chondrocytes from pigs. Whole thickness cartilage was 

dissected under sterile conditions from the articular surface of femoral and tibial condyles 

as well as the patella. Pieces of cartilage were chopped and allocated into petri dishes. In 

order to remove the extra-cellular matrix, the chops were digested with 300 U/ml 

collagenase (Sigma, USA) and 10% fetal calf serum (FCS) in phenol red-free DMEM/F-

12 media at 37°C for 12 hours. Following this procedure, the supernatant was collected 

and filtered through 70µm nylon cell strainer (Becton Dickinson, USA). Finally the cells 

were separated by centrifugation. Cell viability, determined by Trypan Blue exclusion, 

was 80-90% yielding 1-2x107 chondrocytes per gram wet weight of cartilage tissue. On 

the basis of viability, 20x106 healthy chondrocytes were seeded on a 75cm2 plastic culture 

flasks (Iwaki, Japan) and incubated in a culture of phenol red-free DMEM/F-12 media 

containing 10% FCS.  
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Isolation of PMNs. This was performed immediately before chondrocyte pre-

treatment. EDTA anticoagulated blood was sedimented with 6% dextran at 37°C. 

Following supernatant aspiration, hypotonic haemolysis was performed with 0.8% NH4Cl 

to remove the erythrocytes. The white pellet obtained after repeated centrifugation was 

suspended in glucose containing modified Dulbecco’s buffer (GDB) and spun against the 

gradient separator medium Histopaque 1077 (Sigma, USA) (76). Finally the pellet 

containing approximately 95% PMNs was suspended in cold buffer as above. After cell 

counting and viability estimation the required number of cells were used for the 

experiments.  

Treatment of chondrocytes. The culture medium was discarded and the cells were 

gently washed with serum-free media in order to remove dead cells and undesirable 

metabolites. The flasks were filled with 40ml of phenol red-free DMEM/F-12 in order to 

minimise the effect of decreasing amounts of nutrients during the experimental period. 

Except for the control populations (Group I.), these media were either supplemented with 

a suspension of isolated PMNs (20x107PMN/40ml; Group II.), or freshly prepared 

hydrogen peroxide solution (10-4M final concentration, Group III.), as a controlled source 

of ROS. Finally 8µg phorbol 12-myrsistate 13-acetate (PMA) as PMN stimulator agent 

(Sigma, USA) was added to each flask. Throughout the experiments, the flasks were 

incubated at 37°C and continuously agitated on a vibrating table at 60 rpm. 

Measurement of free radical mediated changes. Following six hours of 

incubation, the reaction media was discarded. Cells were twice washed with cold PBS 

buffer (Sigma, USA) removing dead chondrocytes and PMNs. The remaining cells were 

collected with rubber cell-scraper. After centrifugation, cells were re-suspended in 300µl 

PBS buffer and then homogenized by repetitive freezing/thawing and the use of a plastic 
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pestle. The cell homogenate was sampled for biochemical analysis of free radicals 

mediated reactions. 

 Changes in the endogenous scavenging status were characterized by the 

measurement of reduced glutathione (GSH) concentration and superoxide dismutase 

(SOD) activity of the samples using colorimetric assay kits (Calbiochem, USA). The 

results were expressed in terms of µg of GSH per mg protein and Unit per mg protein 

respectively. 

 The immediate harmful effect of ROS on cell membranes was evaluated by 

assessing the degree of lipid peroxidation using relevant assay kit (Calbiochem, USA). 

Changes in the levels of malondialdehyde (MDA) and 4-hydroxyalkenals, such as 4-

hydroxy-2 (E)-nonenal (4-HNE), contents of the specimens were assessed. The results 

were expressed as nmoles of MDA/4-HNE per mg protein. The total protein content of 

the homogenate was determined by the Bradford’s method.  

 Histological examinations. PMNs and chondrocytes were co-incubated under 

similar conditions as above. At the end of the experimental period the flasks were washed 

twice with cold PBS buffer, fixed with 4% paraformaldehyde in PBS (pH 7.4) and stained 

with Leishman’s stain. Effect of continuous agitation on PMN adherence to chondrocytes 

was investigated by light microscopy combined with an image analyser system (Zeiss 

Image, Carl Zeiss Inc. USA). 

Statistical evaluation. In each experiment the populations of chondrocytes derived 

from the same animal were randomly divided into different groups (namely control and 

PMN or H2O2 treated). The mean values of the different parameters and the standard 

errors are presented. Non-parametric Sign test was used to define the significance 

between the mean values of the control and treated groups of chondrocytes. A p-value of 

less than 0.05 was considered statistically significant. 
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4.2. Results 

 

Exclusions. Chondrocytes were obtained from nine healthy pigs, however in two 

cases we could gain enough cells for extra sets of SOD and MDA estimation. In another 

case the samples devoted to GSH measurement were contaminated during biochemical 

analysis and subsequently discarded. All sets of samples contained control, PMN and 

H2O2 treated chondrocyte populations. In this manner GSH was measured on eight 

different sets of sample and both MDA and SOD were measured on eleven sets of 

sample. 

Monitoring the endogenous scavengers. Results show that intracellular levels of 

GSH (n=8) declined significantly following co-incubation with either H2O2 (1.36±0.09 

µg/mg, p=0,008) or PMNs (1.13±0.14 µg/mg, p=0,008) as compared to controls 

(1.86±0.12 µg/mg). The difference between the differently treated groups was not 

significant. (Fig.10.) 

Conversely SOD activity (n=11) in treated cells (PMNs: 24.57±2.34 U/mg, 

p=0,001; H2O2: 23.61±1.82 U/mg, p=0,001) showed considerable elevation versus control 

cells (18.49±1.77 U/mg). Although the effect of hydrogen peroxide was less profound 

than that of PMNs, the difference again was not statistically significant. (Fig.11.) 

Measurement of lipid peroxidation. The data obtained from the simultaneous 

measurement of MDA and 4-HNE (n=11) indicate significant increase in lipid 

peroxidation in both groups of treated cells (PMNs: 2.62±0.84 nM/mg, p=0,012; H2O2: 

3.12±1.01 nM/mg, p=0,001) compared to the control group (1.71±0.52 nM/mg). Again 

the difference between the two treated groups was not significant. (Fig.12.) 
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Figure 10. The intracellular glutathione concentration markedly declined at the end of the 

experimental period in both treated groups.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. The superoxide dismutase activity measured in the chondrocyte homogenates 

derived from the test groups was significantly elevated as compared to the control. 
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Figure 12. Following 6 hours co-incubation significant elevation of lipid peroxidation was 

revealed in both treated groups (PMNs and H2O2) as compared to the control. 
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Histological examinations. Whole thickness cartilage was used for obtaining 

chondrocytes, so the populations might have represented all kinds of cells from the 

superficial layer to the tide mark zone. Polygonal and round shaped cells with their 

basophilic nuclei were present in both control and co-incubated (treated) slides. Marked 

reduction in chondrocyte population was seen on slides belonging to treated groups. Due 

to the shaking and rinsing procedures, similarly sized PMNs with their typical segmented 

nuclei were practically absent on the sections and therefore could not have interfered with 

the biochemical analysis of ROS-mediated chondrocyte damage. (Fig. 13. A/B) 

 

 

13 A      13 B 

 

 

Figure 13 A, B. Representative Leishman stained sections from control (13 A) and PMN 

treated (13 B) cell cultures. Histological investigations (400x) revealed that only 

chondrocytes remained on the culture flasks yet their number in the treated groups was 

markedly decreased when compared to the control. These slides also demonstrate 

absence of PMNs following removal. 
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4.3. Discussion 

 

Recent studies have confirmed the importance of synovial changes in the 

pathogenesis of HA, yet draw attention to the fact that blood itself can harm the cartilage 

and that its direct effect precedes the consequences of synovial inflammation (35). 

Moreover ROS have been implicated in such early alterations (88), which can be evoked 

by even a single episode of HA (32). 

The normal cellular constituent of synovia is almost exclusively leukocytes 

(mainly monocytes and lymphocytes), numbering less than 200-300 cells/mm3 (40). This 

population is dramatically altered during HA with a marked increase in PMNs 

(approximately 5x106 –107 per ml). These cells produce ROS when activated by various 

proinflammatory mediators (89,90) released from endothelial cells and locally recruited 

platelets following intra-articular vascular injury (91). Several studies have addressed the 

damaging role of activated PMNs on cartilage matrix and chondrocytes. Activated 

neutrophils are suggested to augment the destructive potential of elastase (62), and PMN-

derived ROS have been shown to degrade cartilage proteoglycans and inhibit their 

synthesis (78,92). In spite such investigations, little is known about the effect of a PMN-

evoked oxidative stress on chondrocyte. Although Rosendaal et al. favours a role for 

mononuclear cells, based on the above, we hypothesised PMNs to be a key player in the 

pathogenesis of HA.  

Davies (74) has previously stated the internal surface area of human adult knee to 

be around 42,500mm2. Assuming that with a single episode of HA of the knee joint there 

would be an intra-articular effusion of approximately 20 ml of blood (moderate estimate), 

the number of PMNs present would therefore be 1411-3529 cell/mm2 surface area. In 

addition Gilmore and Palfrey (75) have reported that the number of chondrocyte in the 
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articular cartilage of human femoral condyles is 250-350 cell/mm2. Thus the chondrocyte 

: PMN ratio was calculated to be 1:10 and adopted in our in vitro model. Since activated 

PMNs tend to adhere to their surrounding, we also had to devise a mean for preventing 

adherence of the two cell populations. Ley et al. and Gallik et al. (93,94) have both 

reported that certain degree of shear stress reduces such adherence in different models. 

Thus in our model, culture flasks were incubated at 37°C and continuously agitated on a 

shaking table at 60 rpm during the experimental period. This ensured that PMNs wont 

adhere to the base of culture flasks, thus facilitating their removal from the chondrocyte 

layer later on. The histological investigations provided evidence that PMNs were in fact 

successfully removed, reassuring the authors that they could not have interfered with 

biochemical analysis of chondrocytes.  

Since oxidative stress disrupts the balance of endogenous scavengers and 

antioxidants, investigating alterations in these systems would appropriately reflect the 

degree of stress caused by ROS. Reduced glutathione, due to its nucleophilic and 

reducing properties, plays a central role in the cellular antioxidant defence mechanisms. It 

has radical-trapping properties as well as being a substrate for glutathione peroxidase. 

This enzyme is able to eliminate hydrogen peroxide and inactivate organic peroxides (95). 

Several studies have examined the effect of oxidative stress on GSH content in different 

tissues. Evidence for a reduction of this antioxidant provides adjunct support for an 

increased ROS activity during such process (80). We observed a significant decline in 

intracellular GSH concentration in treated samples, an indication of the presence of such 

reactive species.  

Superoxide dismutase is an intracellular metalloprotein, which transforms 

superoxide anion into H2O2 and oxygen, thus eliminating free radicals. Fridovich and 

other investigators have reported that increased production of superoxide radical induces 
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SOD activation (96). Therefore the significant elevation in SOD activity in both our 

treated groups is considered to be in response to increased quantity of O2
.- radical derived 

from either activated PMN or the reaction between H2O2 and .OH, which also results in 

superoxide radicals (18). Our results also correlate with findings by Sato et al. (20) in 

connection to SOD activity of synovial fluid in patients suffering from rheumatoid 

arthritis and osteoarthritis. 

Lipid peroxidation is a well-known mechanism of cellular injury in both plants 

and animals. The importance of reactive oxygen species, such as hydroxyl radicals (.OH), 

H2O2, superoxide (O2
.-), and different transitional metal ions such as Cu2+, Fe2+, Fe3+, as 

possible participants in this process has been well documented (18). On the basis of the 

immediate deleterious effects of ROS on chondrocyte, we evaluated the process of lipid 

peroxidation in this model. Significant elevation of MDA/4-HNE levels in both PMN and 

H2O2 treated groups suggest increased ROS-mediated lipid membrane injury. This fact 

demonstrates not only the presence reactive species but also their consequence, namely 

oxidative injury to chondrocytes. 

In summary our in vitro study has clearly proven the presence of oxidative stress 

and chondrocyte injury elicited by activated PMNs through demonstrating alterations in 

specific markers indicative of such a process. Although the artificial conditions are a 

limitation of this study, simulating an in vitro model of haemarthrosis was not the 

author’s intention. Nonetheless these observations provide evidence that short-term 

exposure to activated PMNs can lead to oxidative injury of chondrocytes, it is arguable 

that in clinical situations of haemarthrosis, PMNs and ROS may also contribute to 

cartilage damage.  

 



 53

5. ARE THE PMNS ACTIVATED DURING CLINICAL 
PRESENTATIONS OF ACUTE HAEMARTHROSIS? 

 

 

Interest with haemarthrosis studies has so far been directed on the pathogenesis of 

haemophilic arthropathy. In this chronic condition, the consistent presence of blood is 

believed to induce hyperthropy of synoviocytes with intense neovascularisation and 

inflammation of synovial membrane, the latter resulting in the production of catabolic 

enzymes and cytokines by inflammatory cells (5,23). 

On the other hand intraarticular haemorrhage usually occurs as an acute single 

episode that caused by trauma. Although several mechanisms have been suggested, 

currently little is known about the pathogenesis of acute blood-induced cartilage damage. 

Similar to the chronic form, different inflammatory mediators, lysosomal enzymes and 

catabolic cytokines produced by the inflamed synovium are thought to damage cartilage 

in acute form as well. However, a number of studies have suggested that cartilage injury 

may occur before the onset of synovial inflammation (17). In vitro investigations have 

proven that single or a limited number of bleeding episodes result in cartilage damage, in 

which cytotoxic oxygen metabolites derived from the interaction between mononuclear 

cells and red blood cells are supposed to play a role (32,34). These results support the 

importance of the impact of a single haemarthrotic episode. Similarly our previous in 

vitro investigations suggest a key role of activated PMNs in the pathomechanism, yet the 

question whether leukocytes are activated during acute, clinical haemarthrosis remains 

unanswered.  

This study aimed to assess the leukocyte activation and the production of 

leukocyte-derived reactive oxygen species (ROS) during acute haemarthrosis. Enhanced 

expression of various surface antigens is a known characteristic of leukocyte activation, 
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especially polymorphonuclear granulocytes (PMN), which are reported to produce highly 

toxic ROS. Paired samples of knee effusions and peripheral blood were obtained from 

patients with knee injury and analysed for adhesion surface antigens and other markers of 

PMN activation. Subsequent to identifying PMN activation and ROS production we 

intended to gain data regarding the impact of leukocyte activation and its place in the 

hierarchy of pathogenic events in acute haemarthrosis.  
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5.1. Materials and methods 

 

Subjects. Twenty-two patients admitted to the Department of Traumatology and 

Hand Surgery (affiliated to the Medical Faculty of University of Pécs) with acute 

traumatic knee injury were included in this study (Table 3.). There consisted 18 males and 

4 female ranging from 18 to 75 (mean 44) years in age. All patients underwent a physical 

examination and X-ray imaging before their articular effusions were evacuated under 

sterile conditions as a part of their treatment. The mean duration between the knee injury 

and joint aspiration was 18 hours with a range of 1 to 60 hours. Corresponding venous 

blood samples were obtained from the cubital veins from all patients and all samples were 

placed in ice and immediately sent to the laboratory for fluorescent flow cytometric 

analysis and chemiluminometry.  

 

Preparation of leukocytes and flow cytometric analysis. Blood was treated with 

EDTA and cells sedimented with 6% dextran. Following supernatant aspiration, the 

erythrocytes were removed by hypotonic haemolysis with 0.8% NH4Cl. The white pellet 

obtained after repeated centrifugation was suspended in glucose containing modified 

Dulbecco’s buffer.  

 200 µl of the whole leukocyte fraction diluted to 3 x 106 cell/ml was used for 

immunofluorescence staining. Leukocytes were incubated with 10 µl of fluorescein 

isothiocyanate (FITC)-conjugated mouse anti-human CD11a, CD18 and CD97 mAbs 

(Pharmingen, Becton Dickinson, San Diego, CA, USA) for 25 minutes on ice, and 

washed twice before analysis. Mouse IgG1,κ izotype control was used to determine the 

non-specific background fluorescence. Cell immunofluorescence and light scatter data 

were acquired on a FACSCalibur (Becton Dickinson) flow cytometer. Ten thousand 
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events were acquired for each sample. Binding of FITC-labelled CD11a antibody to 

leukocytes was quantified both as the percentage of cells exhibiting specific FITC 

fluorescence and the mean channel fluorescence in arbitrary unit that exceeded non-

specific background fluorescence. (Fig. 14.) 

 

Table 3. Knee traumas and associated injuries in 22 patients with haemarthrosis 
*Lesions were not revealed by physical examination and X-ray imaging at the time of first 

treatment. 

 

 

Luminol dependent whole blood chemiluminometry. Respiratory burst activity of 

leukocytes in corresponding samples of peripheral blood and joint effusion was measured 

by detection of ROS via modified chemiluminescence method published by Dandona et 

al (97). 1400 µl of Medium 199 (Sigma, USA) was delivered into plastic flat-bottom 

cuvettes to which a spin bar was added. 50ml of 0.56mM Luminol (Loba Feinchemie, 

Austria) was then added, followed by 20 µl of whole blood or effusion. Background 

chemiluminscence was recorded for 3 minutes using CHRONO-LOG 560-VS dual 

channel, whole blood lumi-aggregometer (Chrono-log, USA). Finally, 30µl of 0.16mM 

Laesion/injury No.

No specific diagnosis * 11

Laesion of ACL 5

Meniscal tear 1

Intraarticular fractures

Patella

Intercondylar tubercle

Femur condyle

5

3

2

1
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phorbol 12-myrsistate 13-acetate (PMA) as stimulator agent (Sigma, USA) was added to 

each cuvette and the production of ROS was recorded for 15 minutes. Lagtime and ROS 

producing capacity were calculated on the basis of the curve. (Fig.15.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Representative forward and side scatter dot plot of leukocytes. 

PMN=granulocytes, MO=monocytes, LY=lymphocytes. 



 58

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Representative curve of oxidative burst recorded by CHRONO-LOG 560-VS 

dual channel, whole blood lumi-aggregometer. 

 

Statistical evaluation. Results were expressed as means ± SD. Two-tailed Students 

paired t-test was used to compare differences between venous blood and joint-fluid 

leukocyte samples. A p-value of less than 0.05 was considered statistically significant. 
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5.2. Results 

 

Flow cytometry 

 

Monocytes. Flow cytometric analysis of leukocyte populations derived from 

venous blood and joint aspirate failed to reveal any significant differences between the 

joint and venous samples with regards to the expression of the CD97 on monocytes or the 

proportion of CD11a, CD18 and CD97 positive cells. There was an enhanced expression 

of CD18 on these cells but it did not reach significant levels (p=0.094). (Fig.16., Table 4. 

and 5.) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16. CD11a expression on monocytes derived from joint effusion (E) and venous 

blood (B). “I” peak represents the isotype control. 
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However a significant decline was found in case of CD11a expression in the 

articular monocytes compared to peripheral cells (p=0.00167). (Fig. 17.,Table 4. and 5.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. CD18 expression on monocytes derived from joint effusion (E) and venous 

blood (B). “I” peak represents the isotype control. 

 

 

Polymorphonuclear Granulocytes (PMN). Investigations on the expression of 

CD18 and CD97 surface antigens showed significantly increased mean density (CD18: 

p=0.00945; CD97: p=0.00338) of these markers on the joint-derived PMNs comparing to 

the venous samples. On the other hand there were no marked difference between effusion 

and peripheral populations either in case of CD11a expression or the proportion of mAb 

positive PMNs regarding each antigen. (Fig.18. and 19.,Table 4. and 5.)  
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Figure 18. CD18 expression on PMNs derived from joint effusion (E) and venous blood (B). 

“I” peak represents the isotype control. 
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Figure 19. CD97 expression on PMNs derived from joint effusion (E) and venous blood (B). 

“I” peak represents the isotype control. 

 

 

Lymphocytes. Paired analysis of peripheral blood and synovial effusion samples 

demonstrated a significant increase in the number of CD97 positive lymphocytes in the 

joint derived group (p=0.000149). There was no significant alteration regarding other 

measured parameters. (Table 4. and 5.) 
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Table 4. Mean channel fluorescence intensity 

 

 

 

 

 

 

 

 

 

 

 

 

 

PMN

Lymphocyte

Monocyte

Blood Effusion Blood Effusion EffusionBlood 

CD11a CD97CD18

75.25±12.76

137.85±32.57

224.20±54.23 188.4±56.8**

128.56±34.21

74.78±14.8 285.41±52.45

115.13±30.84

476.18±114.6

345.98±53.3**

162.99±116.3

592.92±159.4

65.53±10.99

59.08±15.85

171.16±44.91

76.6±19.15**

49.18±16.54

173.65±67
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Table 5. Percentage of mAb positive cells (* p< 0.05, ** p<0.01, *** p<0.001.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

94.17±8.42

94.39±3.67

99.09±1.69

PMN

Lymphocyte

Monocyte

Blood Effusion Blood Effusion EffusionBlood

CD11a CD97CD18

86.79±21.20

92.59±6.68

99.57±0.90

94.73±6.86

95.85±2.95

99.82±0.36

93.34±7.76

92.77±8.77

99.80±0.61

94.81.±5.58

22.69±16.34

98.60±1.82

87.1±19.31

38.9±20.5***

98.78±2.22
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Chemiluminometry 

 

Comparative assessments of corresponding samples derived from cubital vein and 

articular cavity revealed a significantly enhanced production of ROS (p= 0,0146) and 

markedly decreased lag time (p= 0,00272) in case of leukocytes from the latter group. 

(Table 6.) 

 

 

Table 6. Mean values of ROS producing capacity (RPC) and Lag time derived from 

chemiluminescence analysis of corresponding samples of peripheral blood and joint 

effusion. 

 

 

 

 

 

 

 

 

 

 

 

Blood

Effusion

p

RPC
(mm/sec/103 wbc)

0,01461

0,0308±0,004

0,05913±0,01

Lag time
(sec)

238,7±26,1

178,0±17,07

0,00272
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5.3. Discussion 

 

Currently it is believed that the inflammatory changes of synovial tissue lead to 

cartilage damage. However more recent studies have shown that changes in the articular 

cartilage which precede synovitis may initiate the joint destruction. Moreover such 

changes occur almost immediately after a brief exposure to blood, suggesting that even a 

single intraarticular bleeding event may be harmful (17,32,34). 

In spite of the numerous studies detailing the importance of different cellular and 

non-cellular mediators in the pathogenesis of haemarthrosis, the initiating factor remains 

unclear. The normal synovial fluid contains only few leukocytes, less than 200-300 

cells/mm3 (42). This population is dramatically altered during haemarthrosis and there is 

an obvious increase in the number of leukocytes. These cells have the ability to produce 

catabolic enyzmes, cytokines and reactive oxygen species following activation by 

different proinflammatory mediators such as platelet activating factor (PAF), 

thromboxan-A2 and leukotriens (LTB4) (90,91). These activators are released from the 

endothelial cells and from the locally recruited platelets as a consequence of the intra-

articular vascular injury (92). The role of platelets as a factor causing increased vascular 

permeabilty during haemarthrosis has been proved experimentally by Bignold in 1980 

(98). However the effect of the supposed inflammatory mediators on leukocytes has not 

been investigated so far. 

Integrins are a superfamily of transmembrane glycoproteins found predominantly 

on the surface of leukocytes that mediate cell-cell and cell-substratum interactions. The β-

2 integrin subfamily consists of leukocyte receptors LFA-1, Mac-1, p150,95 and αdβ2. 

There are several studies indicating enhanced expression of such β-2 integrins on 

leukocytes following activation in vitro and in vivo (99,100,101,102).  
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Previously it has been shown that members of the seven transmembrane receptor 

family are important in the processes of chemotaxis and immune cell activation (103). 

One of these receptors is the activation antigen CD97 that is constitutively expressed on 

myelo-monocytic cells, but its weakly expressed on unstimulated lymphocytes (104). On 

the other hand it has been proved that CD97 is induced on most leukocytes upon 

activation in vitro (105). The membrane-spanning region of this receptor is related to the 

secretin receptor superfamily, which suggests that CD97 might be involved in 

intracellular signal processes (106). Recent studies have shown the presence of decay-

accelerating factor (CD55) on synovial tissue cells, which can act as a ligand for CD97 

(106,107). On the basis of all above it is suggested that CD97 might also have an 

important role in the inflammatory processes during haemarthrosis, although its function 

remains to be defined. 

In this clinical study we aimed to explore the importance of leukocytes as 

mediator in the inflammatory reactions and the activation of cartilage destruction during 

acute haemarthrosis. Hence a comparison was made in the expression of alpha-chain of 

LFA-1 (CD11a), the common beta-chain of β-2 integrins (CD18) and in the leukocyte 

activation antigen (CD97) between leukocytes derived from traumatic knee effusion and 

those derived from the peripheral blood.  

The significantly decreased expression of CD11a on joint-derived monocytes 

suggests a subordinate role of LFA-1 during haemarthrosis-associated leukocyte 

activation. Similar results have been reported by Jones et al., who compared the CD11a 

and CD11b/CD18 expression on PMNs derived from synovial fluid and systemic 

circulation in patients with rheumatoid arthritis (108). The significant increase of CD18 

and CD97 expression on PMNs derived from haemarthrosis compared to corresponding 

venous blood samples provides good evidence of PMN activation. The elevation in the 
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proportion of CD97 positive lymphocytes in the articular cavity as compared with 

systemic blood suggests that lymphocytes also might have an important role in the early 

inflammatory reactions in acute haemarthrosis. Since ligand binding to CD97 leads to 

activation of adenylate cyclase and increase of intracellular cAMP level (104), it is 

possible that such process leading to a higher metabolic activity, augmenting the cellular 

inflammatory response at the binding site. Moreover the increased expression of CD18, as 

opposed to unchanged density of CD11a on PMNs suggest an upregulation of integrins 

that is most likely Mac-1 as it found in rheumatoid arthritis (101). Several studies have 

proven that chondrocytes are able to present ICAM-1 especially following cytokine 

activation (109). Thus chondrocytes in concert with synovial cells give opportunity for 

activated PMNs to bind and modulate the inflammatory processes or cause injury by free 

radicals and enzymatic pathways.  

Production of ROS following activation is characteristic of several immune cells, 

especially of PMNs. Whole blood chemiluminescence assay has proven to be a rapid, 

simple and reliable technique for estimation of ROS generating capacity of leukocytes 

(110,111). Our investigations revealed that joint-derived leukocytes required significantly 

less time to generate ROS, and at higher rate than the corresponding peripheral white 

blood cells, in other words leukocytes from the articular cavity had been sensitised. These 

results correspond to the fact that there is synergism between receptor agonists (PAF, 

LTB4) and protein kinase C activators (PMA) (112,113) Moreover our hypothesis 

regarding the mechanism of intraarticular leukocyte activation via pro-inflammatory 

mediators seems plausible in this way. 

In summary, our findings demonstrate enhanced expression of CD18 and CD97 

on PMNs and increased number of CD97 positive lymphocytes in articular effusions of 

patients with acute traumatic haemarthrosis. On the other hand, leukocytes from the same 
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samples showed significantly higher ROS production with shortened lag time. All these 

suggest marked leukocyte activation as part of the clinical process. Since the earliest 

synovial changes are recorded by 4 days following single haemarthrosis (5), it is likely 

that leukocyte activation precedes it. The importance of PMNs and lymphocytes in the 

regulation of inflammatory mechanisms and in cytotoxicity is well recognised. Therefore 

it is believed that these cells provide the missing link in the chain of events leading to the 

onset of degenerative events following acute haemarthrosis. 



 70

6. CONCLUSIONS AND CLINICAL RELEVANCE 

 

 

Articular disorders are amongst the most common causes of severe long-term pain 

and physical disability affecting hundreds of millions of people around the world. They 

also pose a huge burden on the societies and health care systems. Despite the enormous 

impact of such diseases, they do not receive the notice they deserve and appropriate 

research is inadequately funded. Having realised this lack of attention, one such articular 

disorder, namely the clinical condition following posttraumatic intraarticular bleeding has 

been the subject of recent investigations. 

The link between excessive bleeding and arthritis has been recognised since the 

17th century. Since than numerous experiments have been conducted, modelling 

haemophilic arthropathy, in other words the chronic haemarthrosis. In conclusion the 

consequently evolving synovitis has been proposed as the main contributor of joint 

destruction.  

However the question now facing the traumatologists, is the frequently 

encountered acute form of articular bleeding. Recent studies have suggested that single 

bleeding episodes are detrimental to the cartilage and the direct effect of blood itself 

precedes that of synovitis. Moreover mononuclear cells and reactive oxygen species are 

probable culprits in this acute process. 

Such findings encouraged us to come up with a working hypothesis for the 

pathomechanism of acute haemarthrosis and perform relative investigation to assess its 

plausibility. According to our theory activated PMNs are key players in the onset of this 

pathogenic process in which ROS are pivotal. Thus in vitro experiments were conducted 

to investigate the cytotoxicity of proposed key participants, namely the PMN-derived 
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ROS and increased concentration of iron as well as the PMNs-evoked oxidative stress on 

chondrocytes. Since DNA frequently targeted by ROS, the histologically detectable DNA 

lesions are also investigated following a short–therm chondrocyte exposure to activated 

PMNs. 

Our results showed marked cytotoxicity on chondrocytes that was impeded by 

antioxidant Trolox. On the other hand activated PMNs increased the lipidperoxidation 

and altered the endogenous scavenger status in chondrocytes. The DNA damaging effect 

of activated PMNs is proved by TUNEL technique.  

Results from in vitro experiments provided bases for the clinical trial, in which the 

leukocyte activation was investigated by flow cytometry and chemiluminometry on 

patients who suffered from acute haemarthrosis. Investigations performed on 

corresponding samples of venous blood and joint effusion revealed significant leukocyte 

activation that preceded the development of severe synovitis as it described in the 

literature. In summary our results provide convincing proof of the pathogenic role of 

PMNs and suggest that reactive oxygen species are indeed implicated in the destructive, 

inflammatory responses during the clinical process of acute haemarthrosis. 

 

The lack of unambiguous data from human investigations proving that single 

intraarticular bleeding episode is responsible for chronic disabilities, brings to question 

whether acute haemarthrosis is really dangerous under clinical conditions. Of course we 

have to beware when drawing direct conclusions from in vitro investigations. However it 

is beyond doubt that blood itself harms the cartilage as verified by several in vitro and in 

vivo studies. Our results also support this concept and draw the attention to the PMNs and 

ROS as important participants in the pathogenic processes. Thus acute haemarthrosis can 

be viewed as a form of stress, which may have long lasting sub-clinical effect on the joint. 
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However combined with other factors (e.g.: abnormal loading, immobilisation or repeated 

episodes) their concerted effects can lead to clinically detectable joint injury. Thus acute 

haemarthrosis may be considered a risk factor for joint damage the elimination of which 

is essential in order to prevent further articular destruction. 

The treatment of acute haemarthrosis is subject of debate and not considered an 

example of evidence-based medicine. Our results point to leukocytes especially PMNs, as 

key factors in the initiation of the pathogenic process, thus the therapeutic interventions 

should aim to abolish or at least limit their effect. 

Arthroscopy is accepted to be the first choice in case of posttraumatic acute 

intraarticular bleeding especially if the knee joint is affected and intraarticular fracture 

can be excluded. Such intervention results in appropriate removal of active leukocytes 

and the pro-inflammatory mediators as well as providing a good opportunity for diagnosis 

and resolution of the concomitant soft tissue injuries. However facilities for arthroscopy 

are only available in regional centres, on the other hand unfavourable settings and staff 

shortages allow only a few prompt interventions in such cases even if it is the most 

suitable option. 

Some controversy exists over prompt joint aspiration with some physicians fearful 

of a possible infection. Furthermore studies have shown that chemotaxins are introduced 

into the joint cavity via a skin puncture. Nevertheless resident skin flora may be 

considered inapt to thrive in deeper tissues, and moreover nowadays-surgical disinfecting 

procedures are considered adequate in eliminating such bacteria and possible chemotaxin 

penetration (114). Holander at al and Fitzgerald et al (115,116) have confirmed these 

assumptions. Thus it is suggested that prompt lege artis joint aspiration is crucial for 

prevention of blood induced cartilage damage following acute haemarthrosis.  
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Although articular immobilisation has shown to be undesirable in several trials, 

plaster cast fixation is a widely accepted and applied method to rest the haemarthrotic 

joint. Apart form contractures and obvious impairment of cartilage nutrition, 

immobilisation causes significant delay in the clearance of blood from the joint. Moreover 

the lack of motion promotes the leukocyte adhesion to the articular surface as well as 

impairs the removal of harmful metabolites and the mechanical destruction of leukocytes 

(117,118). In a word, plaster casts provide optimal condition for the action of destructive 

processes following acute haemarthrosis, seriously jeopardising the joint especially in the 

case of misdiagnosis. 

In summary, adequate therapy of acute haemarthrosis is based on cautious 

examination and correct diagnosis. Intraarticular fractures or meniscal tears as well as 

ligament rupture with instability determine the main direction of therapy. However in the 

absence of fracture, removal of blood from the joint should claim top priority. If the 

situation requires and the circumstances allow it, arthroscopy is highly recommended as 

an effective diagnostic and therapeutic tool. It has been shown that aspiration of 

intraarticular blood contributes to quick restoration of range of motion and return to 

normal activities. Moreover our results in agreement with other relative investigations 

imply that evacuation of blood may prevent subsequent cartilage damage. Thus joint 

aspiration as a minimal invasive option can not be disregarded. On the other hand, brace 

or elastic bandage is recommended instead of plaster cast immobilisation in order to allow 

limited motion for the joint. Since the main argument in favour of plaster fixation is most 

often based on the concept of “there is no pain, if there is no motion”, administration of 

analgesic agents should fulfil such needs. 

Beside blood evacuation and gentle motion of the affected joint, local or systemic 

pharmacological approach may also be beneficial. In this respect, thanks to their analgesic 
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and anti-inflammatory properties, non-steroid anti-inflammatory drugs (NSAID) are first 

line drugs. Amongst the NSAID some having additional benefits, making them especially 

suited for the management of acute haemarthrosis. Mouithys-Mickalad et al and Zheng et 

al (119,120) have reported that nimesulide is protective against oxidative stress, not only 

through scavenging ROS but also by inhibiting their production in chondrocytes. 

Azapropazone has shown to be a potent inhibitor of neutrophil migration, aggregation, 

and degranulation as well as a suppressor of leucocyte superoxide production and 

synovial interleukin-1 (IL-1)-like activity. Moreover it stimulates the proteoglycan 

synthesis of articular cartilage, but is ineffective as an inhibitor of platelet aggregation 

(121,122). Tenoxicam inhibits ROS production and neutrophil chemotaxis at achieved 

clinically concentrations (123,124). Furthermore tenoxicam is reported to significantly 

suppress the proteoglycanase and collagenase activity (125). Flufenamic acid is well 

known as effective local anti-inflammatory agent. Parij et al (126) argues that it has an 

additional inhibitory effect on the respiratory burst, which further augments its 

therapeutic value. 

Symptomatic Slow Acting Drugs against OsteoArthritis (SYSADOA) such as 

chondroitin sulphate (CS) and glucosamine-sulphate (GS) are extensively used in the 

clinical practice. Several studies showed that exogenous CS and GS increase the synthesis 

of glycosaminoglicans and proteoglycans in chondrocytes thus they contribute to 

maintaining the strength, flexibility, and elasticity of cartilage. Besides their metabolic 

effects, they have anti-inflammatory properties too. This property is based on the 

inhibition of leukocyte chemotaxis and ROS generation as well as on repression of the 

release of matrix degrading enzymes (127,128,129).  
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In summary, the mentioned uncertainties highlight the necessity of rethinking the 

current therapeutic protocol. Thus the enumerated therapeutic approaches may serve as a 

guideline in best handling the challenge of acute haemarthrosis.  
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7. NOVELTIES 

 

 

• The first series of experiments highlighted the importance of PMN-derived ROS in 

predisposing chondrocytes to cytotoxic processes and DNA damage upon exposure to 

abundant activated PMN. The applied in vitro conditions such as the cellular ratio and 

the concentration of reacting agents reflected the clinical settings in a certain degree, 

thus our results underline the importance of PMNs and ROS in chondrocyte damage 

as is probably the case in acute haemarthrosis.  

 

• In the second series of experiments we demonstrated for the first time that activated 

PMNs are able to exert oxidative injury on chondrocytes in vitro. Our results confirm 

previous suggestions that PMN-derived ROS contribute to cartilage degradation in 

acute haemarthrosis. Moreover these results support the importance of ROS 

scavenging and PMN-inhibiting drugs as therapeutic alternatives in the treatment of 

this condition. 

 

• The clinical trial provided clear evidence for leukocyte activation during acute 

haemarthrosis, a fact that had remained disclosed so far. Our previous in vitro 

observations regarding the deleterious role of PMNs have also been confirmed by this 

trial. 

 

• Also novel to this work was the review of therapeutic alternatives and its proposed 

revision regarding especially the routinely applied plaster immobilisation in case of 

acute haemarthrosis. 
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