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AbSTRACT

Total	 hip	 replacement	 (THR)	 is	 an	 efficacious,	 reliable,	 and	 cost	 effective	
procedure	for	reconstruction	of	hip	joints	afflicted	by	end	stage	arthritis.	Aseptic	
loosening	is	one	of	the	most	significant	long-term	complications	of	THR	and	the	
major cause for clinical failure of the procedure. The aetiology is multifactorial. 
Both biological and mechanical factors seem to play important roles in aseptic 
loosening. The formation of a synovial-like membrane between prosthesis or 
cement	and	bone	is	a	common	pathologic	finding	during	revision	THR	performed	
for aseptic loosening. The hypothesis in this study was that cytokines, which 
stimulate bone formation, are decreased in interface tissue (IT) in patients with 
loose THR compared to control synovial membranes.

In this study, the histopathological features of IT were found to be very similar 
to synovial tissue from OA. However, particulate debris and macrophages/
foreign body giant cells were found in most ITs. Immunohistochemical staining 
showed up-regulated expression of bFGF, PDGF, TGF-ß1 and TGF-ß2 in interface 
and pseudocapsular tissues but down-regulated expression of IGF-I in the same 
areas. IGF-II was down-regulated in pseudocapsular tissues. Expression of BMP-
2, -4, -6 and 7 as well as VEGF and its receptors 1 and 2 was similar in ITs when 
compared to control samples in general, but expression of BMP-4 and VEGF 
receptor 1 was up-regulated in IT macrophage-like cells and VEGF receptor 1 
and	2	also	in	IT	fibroblast-like	cells.	The	cells	of	origin	of	these	cytokines	were	
macrophages,	fibroblasts,	and	endothelial	cells.		

This study clarified the cytokine spectrum found in interface and 
pseudocapsular tissue in loose THR. The results do not support the hypothesis 
that these cytokines, which are able to stimulate bone formation, would be 
consistently decreased in these tissues. All of the studied cytokines can induce 
scar tissue development and many of them also blood vessel formation, tissue 
inflammation	and	some	even	enhance	osteoclastic	bone	resorption.	They	most	
probably	have	mixed	positive	and	negative	effects	on	implant-bone	fixation	in	
the course of aseptic loosening of THR, depending on multiple factors like local 
concentration of different cytokines, cell-cell contact modulation, periprosthetic 
tissue (PT) hypoxia and pH, implant micromotion, and systemic factors such 
as hormones.

Despite technological improvements, such as the introduction of highly 
cross-linked UHMWPE, ceramic heads and cups or diamond-like coatings, it 
is unlikely that particulate debris and loosening can be completely eliminated. 
Therefore, additional studies are necessary to improve our understanding of 
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the complex cytokine network in these tissues in aseptic loosening of THR. 
Through further understanding of these aseptic loosening processes, it may 
be possible in the future to modulate or prevent cytokine expression or their 
effects immunologically or pharmacologically.
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1 INTRODUCTION

The total hip replacement (THR) procedure has advanced steadily after the 
pioneering work of Sir John Charnley (1961). THR is now a well-accepted treatment 
of	patients	with	end-stage	hip	disorders	caused	by	degenerative	or	inflammatory	
diseases, aseptic vascular necrosis or hip dysplasia providing marked symptomatic 
relief and improved function. Approximately 835,000 primary and 125,000 revision 
THR operations are performed annually worldwide (Kurtz et al., 2010).

As improvements in prosthetic design and surgical technique have reduced 
the incidence of prosthetic breakage and infection, aseptic loosening is the major 
cause of failure of THR at the present time. Despite intense interest and study, 
the pathological mechanisms leading to bone resorption around the implant and 
eventual aseptic loosening are not fully understood. Factors that interact to produce 
aseptic	 loosening	can	be	classified	into	several	processes,	 including	mechanical	
factors, material properties of the implants, and biological and host factors.

Much of the research regarding THR currently focuses on biological mechanisms 
of aseptic loosening. Wear debris generated on articulating surfaces is phagocytosed 
by macrophages and can subsequently activate macrophages to release a variety of 
cytokines and proteolytic enzymes that stimulate osteoclastic bone resorption and 
degrade extracellular matrix to provoke a cascade leading to osteolysis, extension 
of the effective joint space and aseptic loosening (Howie et al., 1993; Maloney and 
Smith, 1995; Konttinen et al, 1997a; Goodman et al., 1998; Konttinen et al., 2005; 
Purdue et al., 2007; Tuan et al., 2008; Brown et al., 2009; Hallab et al., 2009). It 
seems	that	the	macrophage	is	the	key	cell	in	this	process.	In	addition,	fibroblasts	
and osteoblasts may also be actively involved in the pathogenesis of loosening via 
formation	of	fibrous	 implant	capsule	disturbing	osseointegration	(direct	contact	
between implant/cement and bone) and via diminished de novo bone formation 
around the implant (with net loss of bone when the rate of the osteolytic process 
exceeds that of the formation of new bone).

The cytokine research in aseptic loosening has shifted during the course of this 
study towards the mechanisms of macrophage and osteoclast activation, function 
and	regulation	through	the	receptor	activator	of	nuclear	factor	κB	ligand	(RANKL)	
-system (Mandelin et al., 2003; Tuan et al., 2008; Wang et al., 2013).

Bone is continuously remodelled through combined and usually balanced 
bone resorption and bone formation. Bone remodelling is regulated by systemic 
hormones, local factors and cytokines. Local factors may be more important than 
systemic hormones for the initiation of physiologic bone resorption and normal 
bone remodelling sequence to satisfy the local biomechanical needs. Because bone 
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remodelling occurs in discrete and distinct packets throughout the skeleton, it 
seems probable that the cellular events are controlled by factors generated in the 
microenvironment of bone. Cytokines as local factors have important effects on 
normal and diseased bone as regulators of cell behaviour. 

In the remodelling of normal adult bone, resorption of old or injured bone and 
formation of new bone are balanced and coupled together and there is a balance 
between osteoclast stimulating/osteolytic and osteoblast stimulating/osteogenetic 
cytokines.  In most diseases of the skeleton there is an increased remodelling of 
the bone, in which osteoclastic resorption precedes and exceeds osteoblastic bone 
formation, resulting in systemic (osteopenia, osteoporosis, osteomalacia) or local 
(osteolytic lesions) bone loss or impairment.

Our hypothesis is that particulate debris produced as a result of wear of joint 
prostheses	induces	a	chronic	inflammatory	response	in	the	periprosthetic	tissues	and	
that	cytokines	(the	inflammatory	functio	laesa)	secreted	by	activated	macrophages	
play an important role in the development of osteolysis and aseptic loosening. 
The	chronic	foreign-body	type	inflammatory	reaction	in	the	synovial	membrane-
like interface tissue (IT) seems to activate predominantly synthesis of osteoclast 
stimulating, ‘osteolytic’ cytokines and too little, or at inappropriate sites, of those 
able to stimulate osteoblasts and new bone formation.

The aim of the present study was to investigate the presence, cellular localization 
and extent of expression of osteoblast stimulating cytokines in the IT between 
bone, cement and implants and in pseudocapsular tissues of aseptically loosened 
prosthetic hip joints.

THR	is	an	efficacious,	reliable,	and	cost	effective	procedure	for	reconstruction	
of	hip	joints	afflicted	by	end	stage	arthritis.	Aseptic	loosening	is	one	of	the	most	
significant	 long-term	 complications	 of	 THR	 and	 for	 the	 clinical	 failure	 of	 the	
procedure. The aetiology is multifactorial. Both biological and mechanical factors 
seem to play important roles in aseptic loosening. Instead of osseointegration and 
implant capsule formation, an increase in the volume of the effective joint space 
and formation of a synovial-like membrane between prosthesis or cement and 
bone	is	a	common	pathological	finding	found	during	revision	THR	performed	for	
aseptic loosening. The hypothesis in this study was that bone formation stimulating 
cytokines are decreased in ITs in patients with loose THR compared to control 
synovial membranes.

In this study, the histopathological features of IT were found to be very similar 
to synovial tissue from OA. However, particulate debris and macrophages/foreign 
body giant cells were also found in ITs. Immunohistochemical staining showed 
upregulated	expression	of	bFGF	(basic	fibroblast	growth	factor),	TGF-ß1	and	TGF-ß2	
(transforming growth factors) and PDGF (platelet derived growth factor). IGF-I 
(insulin like growth factor I) was down-regulated in IT and pseudocapsular tissue. 
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IGF-II was down-regulated in pseudocapsular tissue. IGF-II was up-regulated in 
pseudocapsular tissue. Expression of BMP-2, -4, -6 and 7 (bone morphogenetic 
proteins) as well as VEGF (vascular endothelial growth factor) and its receptors 1 and 
2 was similar in ITs when compared to control samples in general, but expression 
of BMP-4 and VEGF receptor 1 was up-regulated in IT macrophage-like cells and 
VEGF	receptor	1	and	2	also	in	IT	fibroblast-like	cells.	The	cells	of	origin	of	these	
cytokines	were	macrophages,	fibroblasts,	and	endothelial	cells	(EC).		

All the studied cytokines share an ability to stimulate bone formation. Their 
spectrum	in	IT	and	pseudocapsular	tissue	in	loose	THR	was	clarified	in	this	study.	
The results do not support the hypothesis that the studied cytokines would all 
be decreased in these tissues. In addition to their bone formation stimulating 
properties, all of the studied cytokines can also induce scar tissue development 
and	many	of	 them	also	blood	vessel	 formation,	 tissue	 inflammation	and	some	
even enhance osteoclastic bone resorption. They most probably have positive and 
negative	effects	on	implant-bone	fixation	in	the	course	of	aseptic	loosening	of	THR,	
depending on multiple factors like local concentration of different cytokines, cell-cell 
contact modulation, periprosthetic tissue hypoxia and pH, implant micromotion, 
and systemic factors such as hormones.

Despite technological improvements, such as the introduction of highly cross-
linked, radical free UHMWPE, ceramic heads and cups or diamond-like coatings, it 
is unlikely that particulate debris and aseptic loosening can be completely eliminated. 
Therefore, additional studies are necessary to improve our understanding of the 
complex cytokine network in these tissues in aseptic loosening of THR. Through 
further understanding of these aseptic loosening processes, it may be possible in the 
future to modulate or prevent cytokine expression or their effects immunologically 
or pharmacologically.
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2 REVIEW OF THE LITERATURE

Bone tissue and Bone cells

Bone is a specialized connective tissue that  serves four main functions: 1) mechanical: 
support and location of muscle attachment for locomotion; 2) protection of vital 
organs and bone marrow; 3) metabolic: as a reserve of ions, especially calcium 
(Ca) and phosphate (PO4), for the maintenance of serum homeostasis, which is 
essential to life (Baron, 1996) and 4) cellular: by providing niches for the formation 
of haematopoietic cells and bone marrow derived mesenchymal stem (stromal) 
cells (MSC). Bone tissue contains various types of dynamic structural cells, of which 
the bone-forming osteoblast (OB) and bone-resorbing osteoclast (OC) are mainly 
responsible for bone remodelling (Figure 1.).

OBs are thought to be derived from undifferentiated MSCs, which further 
differentiate	into	osteocytes	when	embedded	in	calcified	bone	tissue	or	to	bone	lining	
cells (Bonewald, 2011). The external bone surface is covered by richly innervated 
periosteum, the deeper layer of which contains the Cambium (osteogenic) cell 
layer	as	an	important	source	of	MSCs	for	fracture	repair,	protected	by	a	fibrous	
periosteum. Similarly, the inner surface of the bone is covered by endosteum (Dwek, 
2010). Actually, 90-95% of human bone cells are osteocytes, which can live decades 
(Bonewald, 2011). Osteocytes have long and slender cellular dendritic processes 
located	in	bone	canaliculi	bathed	by	periosteocytic	interstitial	(canalicular)	fluid.	
Processes form a network through which osteocytes can communicate with each 
other, with OBs and with terminally differentiated OBs on bone surfaces, the above 
mentioned	bone	lining	cells.	With	the	help	of	the	fluid	shear	stress	and	gap	junctions,	
this intercommunicating cellular network may be an important stress and damage 
sensor (Bonewald, 2011).

OCs are multinucleated cells present only in bone. It is believed that OC 
progenitors are recruited from haematopoietic tissues, formed in and released from 
the bone marrow into blood and recruited then from blood back to bone marrow, 
regulated by chemorepulsive and chemokinetic stimuli (Ishii et al., 2011; Yu et al., 
2003; Koizumi et al., 2009). OC and also foreign body giant cell progenitors then 
proliferate and differentiate into mononuclear preosteoclasts and fuse with each other 
to form multinucleated OCs or, alternatively, to foreign body giant cells. Osteoclasts 
have	a	unique	morphology	and	function	being	able	to	resorb	calcified	bone	by	making	
Howship’s lacunae and resorption pits. Recently discovered CD68 positive tissue 
macrophages in bone, osteomacs, reside on bone surfaces between or on top of 
bone lining cells. Osteomacs cover the sites where bone remodelling takes place as a 
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canopy, forming a protective bone remodelling compartment or microenvironment 
and probably regulate the process (Pettit et al., 2008; Raggatt et al., 2010).

Bone	extracellular	matrix	 (ECM)	 contains	fibrinous	 components:	 collagens	
(main component of the ECM) and proteoglycans. It also contains more than 160 
non-collagenous,	non-fibrinous	proteins	and	polypeptides:	for	example	γ-carboxy	
glycoproteins,	osteonectin,	fibronectin,	 thrombospondin,	bone	sialoprotein	and	
osteopontin. There are cross-links between the collagen and the proteoglycan 
network and/or attachment sites for various bone cells, and enzymes like alkaline 
phosphatase and matrix metalloproteinases (MMP) participating in the formation 
and remodelling of bone and bone-related soft tissues. Minerals, mainly impure 
hydroxyapatite ([Ca10[PO4]6][OH]2), are precipitated in newly synthesized osteoid 
bone ECM in a mineralization process requiring collagen and active 1,25(OH)2-
vitamine D3 and regulated by hormones, like sex steroids, and by osteocytes that 
have been embedded in osteoid (Bonewald, 2011). ECM molecules play critical roles 
in bone formation and remodelling. ECM assists in bone cell mobilization, adhesion, 
mechanochemical regulation, differentiation, proliferation, growth, functional 
change and apoptosis. Furthermore, ECM sequester and modulate growth factors 
enabling their storage in bone tissue as well as their release and activation during 
the so called coupling of OC and OB function (Allori et al., 2008). Other molecules 
supposed to play a role in coupling (repression of OCs and stimulation of OBs at 
the reversal) include sphingosine-1-phosphate, Wnt10b and BMP-6 produced and 
secreted by mature osteoclasts, leading to recruitment and/or differentiation of 
osteoblast precursors/MSCs (Pederson et al., 2008), and bidirectional signalling 
between Ephrin-B2 on osteoclast surface and EphB4 tyrosine kinase on osteoblast 
surface (Zhao et al., 2006).

When bone remodelling is not needed, osteocytes secrete sclerostin (van 
Bezooijen et al., 2004), which inhibits the stimulation of bone lining cells and 
initiation of bone remodelling. At the same time, osteocytes secrete TGF-ß, which 
inhibits osteoclastogenesis (Heino et al., 2002). Osteocytes are able to sense 
mechanical	stimuli,	which	produce	interstitial	fluid	shifts	in	canalicular	network	
and turn them into chemical signals involving cyclo-oxygenase 2, prostaglandin E2 
(PGE2), various kinases, Runx2, and nitrous oxide (Clarke, 2008; Allori et al., 2008). 
Parathyroid hormone and local bone overloading causes cyclic bone deformation, 
which inhibits sclerostin secretion by osteocytes. This leads to apposition of new 
bone. The resulting thicker bone resists bone deformation and osteocyte sclerostin 
secretion starts again completing the negative feedback loop (Bonewald, 2011).

Bone is remodelled continuously during adulthood as OCs resorb old bone and 
OBs subsequently form new bone in a in a basic multicellular unit (BMU, see Figure 
1). These two closely coupled events are responsible for renewing the skeleton while 
maintaining its anatomical and structural integrity.
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Figure 1.  BMU and bone remodelling (modified from Raggatt et al., 2010).

Under normal conditions, bone remodelling proceeds in activation-reversal-
formation cycles (Allori et al., 2008; Raggatt et al., 2010). Remodelling sites are 
thought to develop mainly randomly but can also be targeted to areas that require 
repair as signalled by osteocyte apoptosis (Eriksen, 2010).

Bone lining cells sense the signals mentioned above and recruit OC precursors 
to the remodelling site by secreting chemokines, which also stimulate cellular 
fusion and expression of tartrate-resistant acid phosphatise (TRAP) and calcitonin 
receptor, but cannot alone activate the bone resorbing function. Bone lining cells, 
OBs and other local cells produce macrophage colony-stimulating factor (M-CSF) 
and	receptor	activator	of	nuclear	factor	κB	ligand	(RANKL),	which	together	maintain	
and induce OC precursors and later assist in OC differentiation, activation and 
function. At the same time, the production of RANKL inhibiting osteoprotegerin 
(OPG) by the same cells is reduced (Allori et al., 2008; Raggatt et al., 2010), which 
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tilts the RANKL/OPG balance in favour for osteolysis. Apoptotic and necrotic 
osteocytes are also able to recruit and activate OCs through the RANK/RANKL/
OPG system in sites of bone damage (Bonewald, 2011). Local cytokines and systemic 
hormones regulate the RANK/RANKL/OPG system in a complex way (see later 
descriptions). Megakaryocytes are located in bone marrow and produce platelets. 
Interestingly, in vitro megakaryocytes have been found to express RANKL, OPG and 
a yet unknown soluble anti-osteoclastic factor as well as to enhance OB proliferation 
and differentiation (Lorenzo et al., 2008). 

OBs produce MMPs, which digest bone surface and uncover anchoring sites 
where activated OCs can adhere. Subsequently, OCs form a sealed erosion cavity 
called Howship's lacuna between the OC and the bone surface. Proton pumps acidify 
the lacuna and hydrochlorid acid dissolves minerals, followed by collagenolysis 
mediated by cathepsin K and acidic endoproteinases. At the same time OC is 
activated to transcytotic transport of bone pieces from the Howship’s lacuna to 
the apical OC domain and to release them there for further processing mainly by 
macrophages (Salo et al., 1997; Caetano-Lopes 2011). Shortly after the OCs have left 
the resorption site its surface is processed by reversal cells which are mononuclear 
cells or derived from osteoblast lineage. They form a cement line, marking the 
outer border of the osteon in cortical compact and hemiosteon in trabecular porous 
bone, before OBs invade the area and begin to build new bone. Osteon refers 
to the basic structural unit of bone. The bone defect formed by the osteoclasts 
in	 the	cutting	cone	 is	filled	with	osteoid	 (a	matrix	of	 collagen	and	other	non-
collagenous proteins) in the closing cone. This organic bone matrix is eventually 
mineralised in a process which can be measured in bone biopsies using dynamic 
bone histomorphometry. Bone surface becomes again covered by bone lining cells 
after the bone formation has ceased. Some of the OBs have become embedded in 
the bone matrix in lacunae and have thus become networking osteocytes. At, or 
shortly after osteoid mineralization the osteocytes start again to secrete sclerostin. 
This	inhibits	overfilling	of	the	BMU	with	new	bone	and	keeps	bone	lining	cells	
quiescent, which inhibits further remodelling. Exact mechanisms of mineralization 
and termination of the remodelling cycle are not clear (Clarke, 2008; Moester et 
al., 2010; Raggatt et al., 2010).

Bone remodelling is a coupled process in which bone resorption is normally 
followed by new bone formation. The coupling is not fully understood, but probably 
involves	release	of	bone-bound	anabolic	growth	factors		(e.g.	TGF-β,	IGF-I,	IGF-II,	
BMPs, PDGF and bFGF) during osteoclastic resorption. These factors are activated 
(released from their storage sites) by the acidic pH. Coupling factors released 
or expressed by OCs, strain gradient in Howship’s lacuna and other coupling 
mechanisms have also been proposed (Martin and Sims, 2005; Clarke, 2008; 
Caetano-Lopez, 2011). Osteomacs cover the resorption site where they are in close 
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proximity with OCs and OBs. They have a broad range of effects on OCs and OBs 
and therefore are also important coupling candidates (Pettit et al., 2008).

Bone remodelling is regulated by systemic hormones and local factors which 
affect cells of OC or OB (including osteocytes and lining cells) lineage and exert 
their effects on 1) the replication of undifferentiated cells, 2) the recruitment of 
cells, 3) the differentiation of cells and 4) the differentiated function of cells. The 
regulatory mechanisms are complex and incompletely understood. Systemic 
hormones modulate this activity throughout the skeleton. Parathyroid hormone 
(PTH), calcitonin and active vitamin D3 affect levels of serum calcium, partially 
through	their	 influence	on	bone	cells.	Other	hormones	that	 influence	bone	cell	
function include thyroxin, glucocorticosteroids, androgens and estrogens. Systemic 
signals	 like	 estrogen	 deficiency	 and	 corticosteroid	 treatment	 can	 also	 induce	
osteocyte apoptosis and activate BMUs (Clarke, 2008). 

Local factors such as cytokines may have the most direct effect on bone 
remodelling. Reduced bone loading leads to increased osteocyte apoptosis and thus 
to local TGF-ß depletion initiating osteoclastogenesis and the bone remodelling cycle 
through activation of RANK/RANKL/OPG –system (Allori et al., 2008; Raggatt et 
al., 2010). The role of nerves innervating bone is incompletely understood but may 
also play an important role in bone remodelling (Konttinen et al., 1996a). 

cytokines and their regulatory role in 
Bone metaBolism

Cytokines are important as local mediators of intercellular communication in normal 
or diseased tissues. Immunologists used previously the term “cytokine” to describe 
molecules which are released by macrophages or lymphocytes and modulate cellular 
activities. Cell biologists used the term “growth factor” for peptides and proteins 
which stimulate or inhibit cell division or differentiation. Cytokines and growth 
factors are similar in their general biological actions and mechanisms. For example, 
they are secreted by cells and modulate the activity of these or other cells. The term 
cytokine	is	less	restrictive	and	more	accurately	reflects	the	biologic	activities	of	these	
factors	and	includes	also	proteins	originally	classified	as	growth	and	differentiation	
factors (Nathan and Sporn, 1991).

Mechanisms of cytokine influence on cellular activities

Intracrine effect: cytokines can function intracellularly in the cell that synthesized 
them	without	surface	expression	or	secretion	to	the	extracellular	fluid.	They	can	
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be released by the cytokine producing cells in microvesicles, which are internalized 
by target cells, in which the microvesicles fuse with the extracellular membranes of 
those cells. Intracrine cytokine effects have been described by Re and Cook (2009) 
in a review article with references for intracrine action of bFGF, IGF-I, PDGF, 
TGF-ß and VEGF.

Autocrine effect: a mechanism involving the synthesis of a cytokine by a cell 
that	influences	the	growth	and	function	of	the	same	cell	via	a	specific	receptor	on	
its surface. For example, autocrine BMP is required for OB differentiation (van der 
Horst et al., 2002).

Juxtacrine	 effect:	 this	mechanism	 involves	 specific	 cell-to-cell	 contacts.	 It	
occurs via an interaction of a membrane-bound form of a cytokine with a receptor 
on a surface of an adjacent cell. Another mode of juxtacrine interaction involves 
extracellular matrix-associated (rather than membrane-anchored) forms of a 
cytokine produced by one cell and affecting the neighbouring cell via the juxtacrine 
matrix. VEGF produced by microvessel pericytes are thought to assist in EC survival 
in a juxtacrine manner (Darland et al., 2003).

Paracrine	effect:	synthesis	of	a	cytokine	by	one	cell	that	influences	the	growth	and	
functional activities of nearby cells expressing the receptor for the secreted cytokine. 
Within tissues, cytokines exert their effects most often in a paracrine fashion. For 
example, VEGF can have a paracrine effect in the communication between ECs and 
OBs as it couples angiogenesis with bone formation (Clarkin et al., 2008).

Endocrine effect: Cytokines can also have endocrine actions. As an example, 
circulating IGF-I produced by liver can enhance skeletal tissue growth (Ohlsson 
et al., 1998).

Cytokines can act via trans-signalling. IL-6 can bind to IL-6 receptor A, forming 
a complex that can then activate interleukin-6 receptor B positive, but IL-6 receptor 
A negative cells. IL-6 receptor A is the ligand binding component and IL-6 receptor 
B is the signalling component of the complete IL-6 receptor. Via trans-signalling 
soluble IL-6/IL-6 receptor A complex can regulate cells which cannot directly bind 
IL-6 (Youinou and Jamin 2009). Cytokines may also act via trans-presentation. 
Interleukin-15	binds	with	high	affinity	to	intracellular	IL-15	receptor	A.	This	IL-
15/interleukin-15 receptor A complex is translocated to the cell surface and there 
IL-15 receptor A-bound IL-15 can stimulate neighbouring IL-15 receptor beta and 
common gamma (gamma C) chain positive cells (Castillo and Schluns, 2012).

Based on their cellular origin and principal biologic activities, cytokine families 
can be divided into:

1. interleukins
2. tumour necrosis factors
3. growth factors
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4. colony stimulating factors
5. interferons
6. chemokines

An important general principle is that each cytokine exhibits multiple effects, 
opposing and antagonizing or supplementing and synergizing with other cytokines 
in a context dependent manner. Thus, a biologic response observed in cell culture 
in vitro and especially in tissue in vivo represents the net effects of multiple factors. 
Cytokines	bind	to	specific	receptors	on	target	cells	and	induce	intracellular	signal	
transduction. The resultant biologic responses to soluble, membrane-bound 
or receptor-associated intracellular cytokines are caused by changes in gene 
transcription, messenger ribonucleic acid (mRNA) translation, and protein synthesis 
and secretion or by other means, such as by changes in protein kinase activities.

Cytokines play critical roles in mediating cellular interactions within skeletal 
tissues.	Most	of	the	cytokines	have	effects	on	bone,	but	the	existence	of	bone-specific	
cytokines is still questioned. The regulatory functions of the cytokines are performed 
throughout life, beginning with embryogenesis, bone growth and development, in 
the mature organism with balanced bone remodelling, and in the aging skeleton 
with senile osteopenia and osteoporosis. Mechanisms by which cytokine networks 
regulate local tissue and cellular processes in bone can be listed as:

1. effects on cell proliferation, differentiation, and death
2. up- or down-regulation of cell products, proteinases, other cytokines,  

 cytokine-binding proteins, and soluble receptors or small molecular   
 weight molecules, such as prostaglandins, leukotrienes, and products  
 of oxygen metabolism

3. effects on production of extracellular reactive oxygen and nitrous species
4. modulation of expression of cell-surface constituents, including   

 receptors and adhesion molecules (Goldring and Goldring, 1996) and
5. modulation of ion channels

In vitro studies seem to indicate that cytokines may be divided into those that 
cause primarily either resorption or formation of bone. Some cytokines have been 
reported to be clearly able to do both. For example, TGF- ß and PDGF in different 
concentrations and conditions can cause either resorption or formation (Konttinen 
et al., 1997a).
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osteoarthritis

Osteoarthritis (OA) is the most common form of arthritis and one of the leading 
causes of pain and disability worldwide. It can be divided into primary or secondary 
OA and to a radiographic and/or clinically symptomatic OA, with the primary and/
or radiographic forms representing the most common changes. Primary OA affects 
most commonly knee, hip and small hand joints. The symptoms include joint pain, 
tenderness, stiffness, locking and sometimes effusion. Prevalence of radiographic 
OA with symptoms in adults over age 50 varies from 5% (hip) to 13% (knee). 
OA has multiple risk factors: genetic factors, aging, female sex, obesity, high bone 
density, joint injury, occupational and recreational joint usage, reduced muscle 
strength, joint laxity and joint malalignment (National Collaborating Centre for 
Chronic Conditions, 2008).

Different types of joint injuries may trigger repair processes where all tissues 
of the joint tissues play a role, showing increased cell activity with tissue trauma, 
degradation and new tissue production. This results in a structurally altered joint. 
Sometimes either the original insult or the sum of continuing injuries is too great or 
repair potential is compromised. In those individuals the continuing tissue damage 
leads eventually to symptomatic OA. Accordingly, there is great variability in clinical 
presentation and outcome, both between individuals and at different joint sites.

Today,	more	emphasis	has	been	given	to	inflammatory	and	host	changes	in	
OA pathophysiology. OA is a metabolically active, dynamic process. It involves all 
joint tissues: in addition to cartilage, subchondral bone (Burr and Gallant 2012), 
synovium (Saito et al., 2002), joint capsule and ligaments (Madry et al., 2012) and 
even extra-articular tissues, such as the nervous system (e.g. gate disturbances 
and impairment of the efferent and afferent motor programs; Konttinen et al., 
2006). Even regional muscles may atrophy. Main pathological changes include 
loss of articular cartilage and remodelling of subchondral bone (thickening and 
stiffening)	with	synovial	proliferation/inflammation	(secondary	synovitis)	and	
new bone formation at the joint margins (osteophytes). Pain in OA is probably 
caused secondarily by osteoarthritic synovitis or perhaps in part by bone marrow 
oedema and increased intramedullary pressure (Felson et al., 2001, Kiaer et al. 
1988). Synovial lining of all joints, tendon sheats and bursae is composed of 
macrophage-like	type	A	lining	cells	and	fibroblast-like	type	B	cells.	Beneath	the	
synovial lining is a vascularized sublining, connective tissue stroma. Both areas 
produce	sensitizing,	algogenic	and	pro-inflammatory	mediators	in	OA	synovitis	
and	secrete	them	to	synovial	fluid.	Chondrocytes	and	degenerating	cartilage	matrix	
are also able to produce the mediators, such as endogenous damage-associated 
molecular patterns (alarmins) and may even start the whole pathologic cascade, 
with	the	chondrocyte	as	the	primary	inflammatory	cell	(Konttinen	et	al.,	2012).	
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For	a	more	specific	pathobiology	description	see	 the	review	by	Abramson	and	
Attur	(2009).	Briefly,	OA	joint	tissues	produce	numerous	chemokines,	cytokines,	
prostaglandins, proteases, free radicals and nitrous oxide capable to mediate 
cartilage	 destruction,	 inflammation	 and	 disease	 progression.	 Local	 anabolic,	
tissue reparative cytokines/ growth factors like BMPs, IGF-I, bFGF and TGF-ß 
are	produced	in	insufficient	amounts	to	counteract	cartilage	destruction	and	to	
stimulate cartilage repair. The repair potential of cartilage tissue is poor due to the 
low cellularity (a low cell-to-matrix ratio) and lack of blood and lymphatic vessels 
and nerves. However, these cytokines probably take part in osteophyte formation 
and sclerosis of subchondral bone.

Recently,	 inflammatory	complement	cascade	dysregulation	in	synovial	 joints	
has been shown to play a central role in the late phases of the pathogenesis of 
osteoarthritis (Wang Q et al., 2011). Cartilage oligomeric matrix protein (COMP) is 
a	structural	component	of	cartilage,	where	it	facilitates	collagen	fibrillogenesis	and	
cross-linking.	It	has	got	an	active	role	in	OA	inflammation	since	it	can	modulate	
complement	activation.	Elevated	amounts	of	COMP	are	found	in	synovial	fluid	
during increased turnover of cartilage associated with active joint disease, such as 
rheumatoid arthritis (RA) and OA (Happonen et al., 2010).

Treatment of OA generally involves a combination of exercise, physical 
therapy,	 lifestyle	modification,	analgesics,	oral	glucosamine	and	 intra-articular	
use of corticosteroids and hyaluronan. So far, no drug has been proven to be 
chondroprotective or –reconstructive. If pain becomes debilitating, joint replacement 
surgery may be used to improve the quality of life by relieving pain and improving 
movement and functions.

total hip replacement 

THR is now entering its sixth decade of clinical success since the introduction of 
polymethylmethacrylate (PMMA) cemented low-friction arthroplasty by Sir John 
Charnley (Charnley, 1961). THR has become well accepted throughout the world as 
a means of correcting a variety of hip disorders, including those caused by severe 
rheumatoid arthritis (RA), OA, severe traumatic arthritis, aseptic necrosis of the 
femoral head and congenital dysplasia or dislocation of the hip joint. Approximately 
835,000 primary and 125,000 revision THR operations are performed worldwide 
with an annual growth rate of 3.2% (Kurtz et al., 2010).

Modern THRs consist of a femoral stem usually made of titanium or chromium-
cobalt alloy, a separate head typically made of chromium-cobalt alloy and an 
acetabular cup component. This can be a monoblock type i.e. consisting of only 
chromium-cobalt alloy or ultra-high molecular weight polyethylene (UHMPWE) 
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coated with titanium, hydroxyapatite or tantalum. It can also be a modular type 
cup consisting of metal alloy outer shell and an UHMWPE liner. Accordingly, these 
bearings are metal-on-metal and metal-on-polyethylene. The femoral head can also 
be ceramic if the acetabular liner is ceramic or polyethylene. Highly crosslinked 
UHMWPE has been developed to increase polyethylene wear resistance. Fixation 
between	the	components	and	bone	can	be	achieved	either	with	immediate	press	fit	
(friction	fit,	interference	fit)	followed	by	a	direct	bone	ingrowth	into	porous	metal	or	
hydroxyapatite coating of the implant surface, or with “bone cement”, PMMA, which 
adheres into the implant surface and interlocks with surrounding bone trabeculae 
and	endocortex.	Cement	fixed	implants	may	have	a	shape	closed	design	and	are	
meant to be contained by the cement mantle. An alternative is a force closed implant 
design, relying on subsidence under load as a method of maintaining stability of the 
cemented implant (Huiskes et al., 1998). A recent review describes the evolution of 
hip replacement biomaterials from the late 19th century to near future (Wang W et 
al., 2011). Hip resurfacing is generally not considered to be total hip replacement 
since in this method only the destructed femoral articular surface is replaced on 
femoral side. Hip resurfacing replacement and metal-on-metal THR patients were 
not included in this thesis work. According to recent research, they suffer from 
early metal debris and ion problems with pseudotumour formation and aseptic 
loosening (Huo et al., 2011; Matthies et al., 2012; Konttinen and Pajarinen, 2012).

THR complication rate is generally low and most patients experience a marked 
improvement in quality of life. Long-term survival of the THR above 80% at 20 
years has been reported in many series. Comorbid diseases affect the survival of 
THR (Jämsen et al., 2013). Aseptic loosening of the components has been the most 
common cause of clinical failure in about 75% of revision operations. Next most 
common reasons for revision operation are infection (7%), recurrent dislocation 
(6%), periprosthetic fracture (5%) and technical errors during the primary operation 
(3%) (Holt et al., 2007). There seems to be a shift in these numbers due to better 
surgical and cementing techniques and improved implant design and manufacturing. 
Currently, about 50% of revisions are made because of osteolysis and component 
loosening, or periprosthetic femoral fractures that are often related to osteolysis 
and femoral component loosening (Marshall et al., 2008; STAKES, 2013). Swedish 
and Finnish implant registers show that problems leading to revision operations 
are often related to certain implant models and technical errors during the primary 
operation may well be over 3% (SHPR, 2012; STAKES, 2013). 
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aseptic loosening

Osteolysis and aseptic loosening appear to refer to distinct clinical entities. However, 
they actually represent similar processes with the same basic mechanisms. Osteolysis 
is in part the result of a particle-induced biologic process at the metal-bone or 
cement-bone interface, resulting in bone loss. Manifestations of this type of bone 
loss in patients range from slowly progressing radiolucencies around previously 
well-fixed	implants,	which	may	eventually	result	in	mechanical	instability,	to	rapidly	
expanding focal lesions that may or may not result in loosening. In orthopaedic 
vernacular, the former process is generally termed “aseptic loosening” and the latter 
as “osteolysis”. At the early stage aseptic loosening may be symptomless, but with 
mechanical instability pain arises. Radiographic appearance shows the development 
of a ‘lucent line’ around the implant (Figure 2.) 

Figure 2. THR with cemented stem and sementless cup 5 years after the implantation (A) and 10 years 
after the implantation (B). In Figure 1B radiolucent lines are visible especially around the cement mantle. 
Both components were discovered to be loosened in revision operation.
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PMMA fragments were described in 1974 in periprosthetic tissues in wear-
mediated osteolysis (Willert et al., 1974). Later, particulate PMMA was described 
around both stable and loose prostheses, in specimens from focal areas of osteolysis 
and in areas of more linear and uniform bone resorption, giving rise to the concept 
of “cement disease” (Jones and Hungerford, 1987). In response to this, cementless 
fixation	was	introduced.	Cementless	fixation	seems	to	work	well	 for	example	 in	
young RA patients (Mäkelä et al., 2011a) but it does not eliminate aseptic loosening 
and osteolysis (Santavirta et al., 1991; Maloney et al., 1993) and sometimes it is 
associated with increased aseptic loosening (Eskelinen et al., 2006; Mäkelä et al., 
2011b). Subsequently, the term “cement disease” has been replaced by the more 
accurate “particle disease”. Osteolysis and aseptic loosening is now largely attributed 
to	inflammation	induced	by	the	local	accumulation	of	polyethylene	and	metal	wear	
particles and occurs with all materials and in all prosthetic systems that have been 
used to date (Revell, 2008). Particulate wear debris is especially produced from 
soft polyethylene, but also metal, bone cement and ceramic materials can produce 
particles causing foreign body reactions which lead to osteolysis and aseptic 
loosening (Willert et al., 1990; Buly et al., 1992; Harris, 1995).

The exact causes of aseptic loosening of THR are still somewhat unclear. Surgical 
technique, implant materials and design clearly affect the risk. There is no clear 
evidence	of	 the	superiority	of	either	cemented	or	cementless	fixation	(Pakvis	et	
al., 2011). In the Swedish hip arthroplasty register cemented stems seem more 
vulnerable to aseptic loosening compared to uncemented stems but cemented cups 
resist aseptic loosening compared to uncemented cups (Hailer et al., 2010). Aseptic 
loosening is associated with male sex and young age, possibly due to higher level 
of physical activity and load. Short stature is a protective factor but risk ratios 
related to body weight are somewhat controversial. Genetic factors, such as single 
nucleotide	polymorphism,	related	to	e.g.	pro-inflammatory	cascades	can	affect	the	
risk. Perhaps multi-joint OA increases loosening risk this way (Beck et al., 2011). 
Following factors also contribute to THR aseptic loosening: localized mechanical 
stresses and cyclic loading (Carlsson et al., 1983; McEvoy et al., 2002); micromotion 
between the cement or implant and bone (Scott et al., 1985); abrasion particles 
from	artificial	joint	surfaces	(Revell,	2008);	fragmentation	of	cement	(Maloney	et	
al., 1990); hypersensitivity and other adverse effects (like the lipopolysaccharide-
like effect of cobalt Co2+ ions and lysosomal stress and rupture) to metal (Evans 
et al., 1974; Jacobs et al., 2006; Konttinen and Pajarinen, 2012). Wear particle 
generation	is	undoubtedly	a	significant	factor	in	the	stimulation	of	periprosthetic	
inflammation	and	subsequent	bone	loss.	It	can	be	responsible	also	for	 localized	
osteolysis	even	in	well-fixed	prostheses	(Wan	et	al.,	1996;	Stulberg	et	al.,	2002).
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Histopathology in aseptic loosening

During function of THRs wear particles are generated as a result of the relative 
motion and shear between two opposing surfaces under load, as a result of 
adhesion, abrasion, third body wear, fatigue and corrosion. The following types of 
particles	have	been	identified:	bone	cement	debris,	consisting	primarily	of	PMMA	
and x-ray contrast medium (barium sulphate or zirconium oxide), polyethylene 
particles (conventional or highly cross-linked), zirconia or alumina ceramic wear 
particles and metal particles. Particles smaller than 150 nm are ingested by endo- 
or	pinocytosis.	Particles	ranging	from	150	nm	to	10	μm	can	be	phagocytosed	by	
osteoblasts,	fibroblasts,	ECs	and	in	particular	by	macrophages,	while	larger	particles	
are surrounded by multinucleated giant cells and foreign body granulomas. 

The	cells	are	unable	 to	degrade	wear	particles.	Resulting	pro-inflammatory	
response is dependent on chemical reactivity of the particles, on their morphology 
(fibres	are	more	pro-inflammatory	than	round	particles),	concentration	and	size,	
with	0.24	 to	7.2	μm	particles	being	most	pro-inflammatory.	Metal	 ion	 release	
particularly from metal-on-metal bearings is well documented. It can cause for 
example metal hypersensitivity, aseptic loosening and formation of pseudotumours 
(Purdue et al., 2007; Tuan et al., 2008; Hallab et al., 2009; Matthies et al., 2012; 
Konttinen and Pajarinen, 2012).

Wear debris problem was recognized early by Charnley (1979), when the 
polytetrafluoroethylene	(TeflonR) acetabular components he used required revision 
within 1 to 3 years in spite of the low friction. After switching to polyethylene cups, 
Charnley (1968) noticed a dramatic decrease in the amount of wear debris generated 
and also in the need for revision. In those cases that did require revision, Charnley 
found	invariably	fibrous	tissues,	including	macrophages,	surrounding	the	implant	
at the cement-bone interface (Charnley et al., 1964; 1968). Initially, this interfacial 
membrane was believed to form in response to the curing of acrylic cement, e.g. 
toxic effects on non-polymerized methacrylate monomers and damage caused by 
high temperature due to the exotermic polymerization. However, after evaluating 
tissues around failed prostheses, Willert and Semlitsch (1976; 1977) proposed that 
loosening results from the macrophage response to wear debris. Their additional 
studies suggest that this foreign body-type reaction may contribute to loosening 
(Willert	et	al.,	1974).	Since	that	numerous	clinical	reports	have	verified	their	concept	
(Jasty et al., 1986; Santavirta et al., 1990; Maloney and Smith, 1995). 

A special synovial-like membrane develops at the bone-cement or bone-
implant interface in aseptic loosening, possibly as a result of a surface contact of 
the	connective	tissue	implant	capsule	with	synovial	fluid	upon	expansion	of	the	
effective synovial space (Goldring et al., 1983; Lennox et al., 1987; Konttinen et al., 
2005). The pathology of the interfacial membrane has been studied extensively. 
Numerous studies have been reported on:
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1. Histopathological evaluation of the cellular/stromal makeup. Tissue  
	 macrophages,	fibroblasts,	foreign	body	giant	cells,	and	ECs	of	blood			
 vessels and lymph vessels are frequently observed at the IT    
 while lymphocytes, plasma cells, and polymorphonuclear neutrophilic  
 leukocytes are only occasionally present. The most dominant cell types  
	 are	fibroblasts	and	macrophages	(Mirra	et	al.,	1982;	Goldring	et	al.,			
 1983; Lennox et al., 1987; Schmalzried et al., 1992a).

2. Analytic characterization of particulate debris and metal ion burden  
 (Huo et al., 1992; Betts et al., 1992; Cook et al., 1994; Bloebaum et al.,  
 1996; Kadoya et al., 1998).

3. Biochemical analysis of cellular mediators secreted (Goldring et al.,   
 1983; Dorr et al., 1990; Jiranek et al., 1993; Kim et al., 1993; Santavirta  
 et al., 1993; Chiba et al., 1994; Shanbhag et al., 1995; Konttinen et al.,  
 1996b; Hukkanen et al., 1997; Holt et al., 2007).

Goldring et al. (1983) described the histological characteristics of the interface 
membrane as “synovial-like”. They recognized three distinct zones in the membrane: 
1)	 the	synovial-like	 lining	that	 forms	papillary	folds	supported	by	fibrovascular	
tissue;	2)	containing	a	layer	infiltrated	by	histiocytes,	giant	cells	and	particles	of	
UHMWPE	and	PMMA;	and	3)	a	fibrocartilaginous	layer	that	blends	into	adjacent	
bone.	They	confirmed	the	association	of	histiocytes	and	giant	cells	with	PMMA	
particles at the site of bone lysis.

The joint capsule, which is usually almost completely removed during prosthesis 
implantation, restores itself within 6 months as a pseudocapsule with a synovial 
lining, resembling the original. Willert and Semlitsch reported in 1977 their classic 
observations after removal of failed joint prostheses. They suggested that the whole 
environment	of	the	artificial	joint	participates	in	the	clearance	of	prosthetic	wear	
debris. The pseudocapsule appears to be the primary location for phagocytosis of 
particles. This process results in the development of foreign-body granulomas with 
areas	of	necrosis	and	fibrosis	that	are	somewhat	proportional	 to	the	amount	of	
particles. Willert and Semlitsch also found that capsular tissue has some capacity 
to transport particles through the lymphatic system by means of perivascular 
lymph spaces, leading to regional and systemic distribution of wear debris. 
Particles accumulate in the periprosthetic tissue if the capacity for elimination by 
this mechanism is exceeded.

Morphological studies have revealed several similarities between the 
pseudocapsule and interfacial membrane (Willert et al., 1974; Goldring et al., 
1983). In agreement with these observations, both the interfacial membrane 
and the pseudocapsule have been shown to produce factors that stimulate bone 
resorption in vitro (Goldring et al., 1983; 1986; Appel et al., 1990; Ohlin et al., 1990; 
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Jiranek et al., 1993). Ohlin and Lerner (1993) have shown that bone resorbing 
activity	 is	 significantly	higher	 in	 the	pseudocapsules	compared	with	 interfacial	
membranes. Consequently, they have suggested that the pseudocapsule may be 
the most important tissue involved in periprosthetic bone resorption. Pseudocapsule 
seems to produce osteolytic factors that reach the implant/cement–bone interface 
in	synovial	fluid	via	the	expanded	effective	synovial	space.	Sub-sequentially,	localized	
bone	resorption	is	initiated	as	the	first	step	in	prosthetic	loosening.	Later	in	this	
thesis a term “periprosthetic tissue” (PT) is used to cover both pseudocapsule and 
interfacial membranes. 

Schmalzried et al. (1992a) explained that particulate wear debris present in the 
joint	fluid	is	carried	to	all	periprosthetic	regions	that	are	accessible	to	the	fluid.	
Variations	in	the	pressure	of	the	fluid	and	the	flow	pattern	determine	whether	wear	
debris is linearly dispersed along the component or accumulates in focal areas. The 
pattern of debris deposition and subsequent biological response would determine 
whether bone loss is linear or focal. In addition to wear particles, also soluble factors 
in	the	joint	fluid	can	directly	or	indirectly	effect	bone	resorption.	Cytokine	and	MMP	
levels	are	elevated	in	the	fluid	around	THRs	and	could	affect	bone	resorption	and	
tissue destruction at distant sites from the articulating surfaces (Dorr et al., 1990; 
Takagi, 1996).

Macrophage and fibroblast activation and their role in aseptic loosening

Macrophages are mononuclear cells derived from haematopoietic stem cells along 
the myeloid lineage. Macrophage survival and proliferation and differentiation 
of monocytes to macrophages are dependent on M-CSF. The two main cell types 
in PT are monocyte/macrophages (containing CD68 and CD163 surface marker) 
and	 fibroblasts	 (containing	 vimentin).	Monocyte/macrophages	 are	 recruited	
from the blood stream by the induction of chemokines produced in PTs, while 
fibroblasts	proliferate	in	situ	(Ishiguro	et	al.,	1997).	They	both	can	be	activated	
by	wear	particle	phagocytosis	 to	produce	 inflammatory	mediators	 like	 tumour	
necrosis	factor-α	(TNF-α),	interleukin	1β	(IL-1β),	IL-6,	PGE2,	M-CSF	etc.	(Xu	et	
al., 1997; Purdue et al., 2007; Koreny et al., 2006). Those, as well as numerous 
similar cytokines produced by activated monocyte/macrophages affect not only 
macrophages	and	fibroblasts,	but	also	OBs	and/or	OCs	in	PTs	(see	references	a	few	
paragraphs above and the literature review of growth factors). A positive feedback 
cycle develops as the activated cells produce more of the very same chemokines 
and	pro-inflammatory	substances	(Beck	et	al.,	2011).	Activated	macrophages	and	
fibroblasts	assist	in	OC	formation	and	activation	with	subsequent	bone	resorption.	
Also, activated, debris-related macrophages are capable of direct low-grade bone 
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resorption in vitro (Athanasou et al., 1992). This may be relevant in implant 
loosening since macrophages seem to cover a larger (19%) surface area than 
osteoclasts (8%) around of the bone surface surrounding aseptically loosened 
THRs	(Kadoya	et	al.,	1998).	Also	fibroblasts	activated	by	titanium	particles	have	
been found to produce bone resorbing metalloproteinases (Yao et al., 1995).

In a monocyte culture model where granuloma formation was induced by added 
particulate material, alkaline phosphatase (AP) activity was found together with 
cytoplasmic TRAP in CD68+ macrophages (Heinemann et al., 2000). Furthermore, 
in explants from granulomas obtained from endoprosthetic revisions the major 
cell type was somewhat surprisingly AP+ cell co-expressing CD68 (Heinemann 
et al., 2000). AP is a marker for osteoblast and TRAP for osteoclast. In another 
study, osteoblastic proteins like osteocalcin and osteopontin were produced by 
macrophages	but	also	by	spindle	shaped	fibroblast-like	cells	derived	from	PT	around	
loosened	THRs	(Zreiqat	et	al.,	2003).	The	findings	suggest	that	there	may	be	some	
attempt to transdifferentiation or overlap between tissue macrophage, OC and OB 
functions in aseptic loosening. 

Recently discovered stellate periosteal and endosteal tissue macrophages 
(osteomacs, see Figure 1.) constitute one sixth of total cells in bone tissues. They 
are capable of phagocytosis, support OB function, participate in bone remodelling 
and are involved in bone healing (Pettit et al., 2008; Alexander et al., 2011). They 
have been suggested to be OC precursors in pathological conditions, to produce 
pro- and anti-osteoclastic cytokines regulating OC generation and function, and to 
participate in bone remodelling. Osteomacs may be bone anabolic under physiologic 
conditions	and	catabolic	under	 inflammatory/	 infective	conditions	(Pettit	et	al.,	
2008). Their role in aseptic loosening has not been studied so far.

Osteoclast formation, activation and role in aseptic loosening

After activation, macrophages take part in OC formation. PT-derived chemokines, 
such	as	macrophage	 inflammatory	proteins	CLL2,	CCL5	and	CCL3	are	needed	
to recruit mononuclear OC precursor cells from blood stream and to initiate 
their fusion into giant multinucleated cells, foreign body giant cells or OCs. Local 
macrophages already present in interface tissues are also able to differentiate into 
OCs (Sabokbar et al., 1997). RANK is part of the TNF receptor family and acts as 
RANKL receptor on monocyte/macrophages/OC precursor cells. In the presence 
of M-CSF (Yoshida et al., 1990) it initiates osteoclastogenic signal transduction 
after	ligation	with	RANKL	expressed	by	OBs,	fibroblasts	and	bone	marrow	stromal	
cells or present in soluble form (Yasuda et al., 1998; Nakagawa et al., 1998). In 
addition to macrophages, OCs are also capable of wear particle phagocytosis (Wang 
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W et al., 1997). Eventually, activated OCs resorb periprosthetic bone leading to 
implant loosening.

A	 combination	 on	M-CSF	 and	 RANKL	 is	 sufficient	 for	 osteoclastogenesis	
(Quinn et al., 1998). However, even without RANKL, OC precursors are capable 
of	differentiating	into	OCs	in	the	presence	of	M-CSF	and	TNF-α,	TGF-β,	IGF-I,	
IGF-II, IL-6, IL-8 and IL-11 (Kudo et al., 2003; Knowles and Athanasou, 2009; 
Hemingway et al., 2011). Without M-CSF, OCs can differentiate in the presence of 
RANKL and HGF, PlGF, VEGF, and Flt3 ligand (Kudo et al., 2003; Knowles and 
Athanasou,	2009;	Hemingway	et	al.,	2011).	M-CSF,	RANKL,	TNF-α,	TGF-β,	IGF-I,	
IGF-II, IL-6, IL-8, IL-11 and VEGF are all present in PT tissues (Chiba et al., 1994; 
Shanbhag et al., 1995; Konttinen et al., 1997a; 1997b; Xu et al., 1997; 1998, Haynes 
et al., 2001; Jell et al. 2001; Waris et al., 2004).

M-CSF	and	RANKL,	produced	by	PTs,	are	abundant	also	in	pseudosynovial	fluid	
which penetrates between the implant or PMMA cement mantle and bone perhaps 
as a result of and during cyclical loading of aseptic loosening THR (Schmalzried 
et al., 1992b; Xu et al., 1997; Takei et al., 2000; Mandelin et al., 2005a).  OBs and 
IT	fibroblasts	can	assist	 in	OC	differentiation	(Haynes	et	al.,	2001;	Sakai	et	al.,	
2002; Mandelin et al., 2005b). Systemic and local factors like active vitamin D3, 
parathyroid	hormone,	prostaglandin	E2,	TNF-α,	IL-1,	IL-6	and	IL-11	assist	in	OC	
differentiation by inducing RANKL production in OBs and stromal cells also in 
aseptic loosening (Hallab et al., 2009).

Osteoprotegerin (OPG) is a soluble decoy receptor for RANKL and a physiological 
negative regulator of osteoclastogenesis by blocking the RANK-RANKL interaction 
between OC progenitor and RANKL+ cells (Simonet et al., 1997). It is produced 
by OBs, stromal cells and vascular ECs and inhibits OC formation induced by 
pseudosynovial	fluid	from	aseptically	loosened	hip	implants	(Itonaga	et	al.,	2000).	
RANK-RANKL-OPG system is up-regulated in aseptic loosening (Mandelin et al., 
2003)	and	IT	fibroblasts	are	capable	of	producing	both	RANKL	and	OPG	(Mandelin	
et al., 2005b).

Osteoblasts in aseptic loosening

The role of osteoblasts (OBs) in aseptic loosening has not been studied as well as 
that of OCs. Osteoclastic bone resorption is always coupled to osteoblastic bone 
formation in vivo. Particulate wear debris can induce human mesenchymal stem cell 
(hMSC) apoptosis and disrupt the differentiation process of hMSC into OBs (Wang 
M et al., 2004; Tuan et al., 2008). Debris can also be phagocytosed by OBs, induce 
their apoptosis and reduce their proliferation and bone forming activity (Purdue 
et al., 2006). However, OBs are present in high numbers in aseptically loosened 
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THR IT samples with adjacent bone where they covered 33% of total bone surface 
as OCs covered only 8% and macrophages 19% (Kadoya et al., 1998). 

Studies on periprosthetic bone around loose prostheses have shown an 
accelerated turnover with abundant osteoclastic surface but also signs of increased 
bone formation. This results in immature and bad quality bone near monocyte/
macrophage cell sheets in the granulomatous tissues. High bone turnover together 
with cyclic loading of the implant interface probably contributes to weakening and 
loss	of	osseointegration	(Takagi	et	al.,	2001).	Synovial	fluid	from	aseptically	loosened	
THRs has been found to inhibit the proliferation of OBs (Andersson et al., 2000) 
but can stimulate OB function (Tsai et al., 2009). The overall effect of cytokines 
in	synovial	fluid	regulating	bone	OBs	in	synovial	fluid	may	change	according	to	
their relative concentration (Andersson et al., 2000). OBs are able to produce bone 
resorption stimulating cytokines (Wang CT et al., 2010). Furthermore, expression of 
RANKL by OBs is increased and the OPG/RANKL ratio is decreased in the synovial 
fluid	in	aseptic	loosening	compared	to	control	samples,	suggesting	an	important	
role for OBs in OC activation in aseptic loosening (Wang CT et al., 2010).

Angiogenesis in aseptic loosening

Angiogenesis is important in bone formation, wound healing and in tissue 
regeneration and maintenance. It is a complex process where new capillaries 
form from the pre-existing vasculature. First, in response to angiogenic stimuli, 
ECs become activated and penetrate through the basement membrane around an 
existing vessel and invade the surrounding ECM. Then the ECs proliferate and 
migrate towards chemotactic and angiogenic stimuli and form sprouts. Next, the 
ECs form tubular structures with a lumen and at the end the new capillary stabilizes 
by	recruitment	of	pericytes	and	deposition	of	basement	membrane.	bFGF,	TGF-β	
and VEGF are involved in the regulation of angiogenesis (Ucuzian et al., 2010).

Stimulated angiogenesis provides nutrition for the developing and remodelling 
PTs, which suffer from loss of branches of arteries of the femoral head and neck 
and of the intramedullary femoral capillaries as a result of the surgical THR 
procedure. Circulating monocytes and OC precursors are able to reach the PT and 
the periprosthetic bone mainly through post-capillary venules. The vascular ECs 
take actively part in these processes as well as in the differentiation and activation 
of	the	IT	fibroblasts,	monocyte/macrophages	and	OCs	(see	above).	High	degree	of	
vascularisation was described in the PTs by Jell and Al-Saffar (2001). However, the 
authors reported poor vascularisation in areas with high levels of wear debris and 
inflammation.	Accordingly,	our	group	has	found	irregular,	reduced	and	damaged	
microvasculature in the PTs, possibly in part via ischemia-reperfusion (Santavirta 
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et	al.,	1996).	It	seems	likely	that	wear	debris	and	foreign	body	inflammation	disturb	
the angiogenesis in PT, which is characteristic for periprosthetic osteolysis (Collin-
Osdoby et al., 2002; Ren W et al., 2006; 2007; Tunyogi-Csapo et al., 2007).

Table 1. Summary of the effects of osteogenic growth factors on bone formation/resorption, angiogenesis 
and wound/tendon/ligament healing.

effect on bone formation effect on bone 
resorption

effect on angiogenesis effect on wound / tendon / 
ligament healing

bFgF

OB proliferation 
OB differentiation 
survival of immature OBs 
chemotactic for OBs
bone mineralization 

induces osteocyte 
apoptosis
OB differentiation 
OC formation 
OC recruitment 
OC activation 

EC migration 
EC proliferation
tube formation 
ECM remodelation 
ECM protein synthesis 

progenitor cell recruitment 
migration of fibroblasts 
differentiation of fibroblasts 
fibroblast proliferation 
collagen synthesis 

tgF-β

OC proliferation 
(high concentration)
OC differentiation and 
activation  
chemotactic for 
osteoprogenitor cells 
OB proliferation 
OB survival 
ECM protein formation 

OC differentiation 
OC proliferation 
(low concentration)

inflammatory cell 
recruitment 
EC proliferation
EC migration 
tube formation 
vessel stabilization 

inflammatory cell 
recruitment 
collagen synthesis 
tissue debridement by 
macrophages
ECM protein formation 

pdgF

OB progenitor migration 
OB proliferation 
OB differentiation 
chemotactic for OBs
OB survival 

bone resorption 
OC proliferation 
OC differentiation 

pericyte recruitment  
pericyte proliferation 
EC proliferation 
vessel stabilization 

chemotactic for mesenchymal 
stem cells
mesenchymal stem cell 
proliferation 
tissue debridement by 
macrophages 
ECM protein formation 

igF-i

OB proliferation 
bone matrix synthesis 
OB survival 

OC differentiation 
bone resorption 

EC migration 
neovascularization 

fibroblast migration
ECM protein formation 

igF-ii

OB proliferation 
OB differentiation 
OB survival 

OC differentiation 
OC activation 

EC migration 
neovascularization 

ECM protein formation 

Bmp-
2,-4,-
6,-7

chemotactic for OBs
OB proliferation 
OB differentiation 
bone matrix synthesis 

OC survival 
OC activation 
OC function 

vascular homeostasis 
vascular remodelation 
angiogenesis 

chemotactic for 
mesenchymal cells
collagen synthesis 
keratinocyte differentiation  
(BMP-6)

VegF

chemotactic for OBs
OB proliferation 
OB differentiation 
OB survival 
OB function 
endochondral ossification 

chemotatic for OC 
precursors
OC precursor 
proliferation 
chemotactic for OCs
OC differentiation 
bone resorption 

chemotactic for ECs
EC proliferation
EC activation 
EC survival 
tube formation 
acts as a key regulator

coordinates ECM degradation
acts via angiogenesis 
regulation
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Bone Formation enhancing growth Factors 

Basic	FGF,	TGF-β1	and	-β2,	BMP-2,	-4,	-6,	and	-7,	PDGF,	IGF	I	and	II	and	VEGF	
were selected in this thesis work. Their effects on bone formation and resorption, 
angiogenesis and wound, ligament and tendon healing are presented in Table 1. 
They all have osteogenetic potential and thus probably play a role in osseointegration 
of THRs. Much more attention in aseptic loosening has been paid to osteolysis 
although it is known that the net loss or gain of bone is dependent on the balance 
between osteolysis and bone formation. In the simplest scenario it might be so 
that cytokines and growth factors able to stimulate bone formation are decreased 
compared to control samples, suggesting a failure of bone formation as an important 
contributor to peri-implant bone loss. However, the real situation is like to be much 
more complicated because all these cytokines have also other important effects on 
bone and on peri-implant tissues. Second, if the osteolysis indeed would be the 
primary force driving aseptic loosening, it is possible that due to the coupling of OC 
and OB function, also bone formation would be secondarily (reactively) activated.

Interface membrane development can be regarded as a special type of “internal” 
wound healing or tissue regeneration process and it is closely associated with 
periprosthetic osteolysis. Wound healing and tissue regeneration can be divided 
into	1)	an	initial	inflammatory	phase	(protection	and	cleaning	of	tissues)	followed	
by 2) a cellular and vascular proliferative phase and synthesis and deposition of 
ECM	(filling	of	the	void	in	tissues)	and	3)	a	remodelling	phase	with	restructuring	
of the ECM and restoration of the tissue function (maturation of the scar or true 
regeneration of the wounded tissue). The complex sequential steps in this process 
include migration of cells into the wound / damaged tissue site, proliferation of 
different cell types, maturation and secretory activities of the cells in which process 
both the resident and immigrant cells participate (Wang JS, 1996). 

Basic FiBroBlast growth Factor

Fibroblast	 growth	 factor	 (FGF)	was	 initially	 identified	 and	purified	 1973	 from	
pituitary	gland	as	a	protein	 that	was	mitogenic	 for	fibroblasts	 (Armelin,	 1973;	
Gospodarowicz, 1974). Since then, altogether 23 different human FGF subtypes 
have	been	identified	(Barrientos	et	al.,	2008).	The	first	discovered	and	most	studied	
FGFs are acidic FGF (aFGF or FGF-1) and basic FGF (bFGF or FGF-2). Basic FGF 
is	produced	 in	most	human	 tissues.	Cells	producing	bFGF	 include	fibroblasts,	
monocytes, macrophages, bone marrow stromal cells, chondrocytes, osteoblasts 
and endothelial cells (Cook et al., 1990; Devescovi et al., 2008). Usually FGFs bind 
to cell surface (e.g. syndecan and glypican) or ECM (perlecan and agrin) heparan 
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sulphate proteoglycans, which localise and protect them so that they can be released 
and activated from these storage sites upon tissue degradation (Barrientos et al., 
2008; Yun et al., 2010). Basic FGF absorbed to ECM can be released by various 
enzymes, like heparinases (Wang JS, 1996). FGFs in a complex with heparin and 
heparin-like poly- or oligosaccharides act by binding to target cell tyrosine kinase 
FGF receptors, four of which have been described in humans (Barrientos et al., 
2008; Yun et al., 2010). FGFs have multiple functions in embryogenesis and tissue 
regeneration affecting target cell proliferation, migration and differentiation. Target 
cells are, depending on the FGF subtype, endothelial, epithelial and neural cells, 
fibroblasts,	OBs,	osteocytes,	OCs,	keratinocytes	and	different	types	of	stem	cells.	
Basic FGF enhances the regeneration of bone, vessels, tendon, and cartilage as 
well as neural and periodontal tissues in both in vitro and in vivo animal models. 
Human experiments have not been documented so far. Free FGFs have a short 
half-life and thus bFGF is usually delivered within different types of matrices in 
animal experiments (Yun et al., 2010). 

Effects on bone

Acidic FGF, bFGF, FGF-8, FGF-9 and FGF-18 are all osteogenic, but bFGF is by 
far the most studied of them in skeletal development, bone physiology and fracture 
healing (Shimoaka et al., 2002; Kelpke et al., 2004; Lin et al., 2009; Yun et al., 2010; 
Behr et al., 2010). Osteoblast derived bFGF is stored in particular in bone matrix 
and can be released from there. Basic FGF assists in recruitment and proliferation 
of OB progenitor cells and affects bone remodelling by inducing OB proliferation 
and differentiation and promoting their survival (Hill et al., 1997; Collin-Osdoby et 
al., 2002; Park, 2011). It has been shown to exhibit in vitro chemotactic activities 
towards primary osteoblasts (Mayr-Wohlfart et al., 2002). Depending on the 
circumstances, it is able to either stimulate or inhibit OB differentiation (Collin-
Osdoby et al., 2002). Basic FGF has been found to have positive effects on bone 
mineralization and regeneration, fracture healing and implant osseointegration 
both in vitro and in vivo in numerous animal models (Wang JY 1996a; Yun et al., 
2010; Kaigler et al., 2011).

Also clear bone formation inhibiting effects have been found. Namely, bFGF 
appears to inhibit the differentiated function of OBs for example by suppressing 
IGF-I synthesis (Canalis, 2009). Furthermore, bFGF stimulates OC recruitment 
and is able to induce osteoclastogenesis and OC activation via RANKL leading to 
resorption pit formation (Collin-Osdoby et al., 2002; Shimoaka et al., 2002).
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Effects on angiogenesis

Angiogenesis	has	an	important	role	in	inflammation	and	tissue	repair	and	in	bone	
formation. In addition to bone matrix, bFGF is also stored in the ECM of the 
vascular basement membrane. It promotes early phase of angiogenesis by mediating 
proteolysis of ECM components enabling EC migration. Later, it induces endothelial 
cell proliferation and the organization of endothelial cells into tubular structures. 
Furthermore, it affects ECM remodelling during angiogenesis by inducing ECs to 
synthesize	collagen,	fibronectin	and	proteoglycans.	Basic	FGF	binds	to	ECM	proteins,	
which further potentiate its effects locally upon progress of the angiogenesis. It is 
a stronger angiogenic factor than VEGF or PDGF, but they all act synergistically 
modulating effects of each other on angiogenesis (Ucuzian et al., 2010; Yun et al., 
2010). Basic FGF has positive effects on angiogenesis in vitro and in vivo in animal 
models (Yun et al., 2010).

Effects on wound, ligament and tendon healing

Basic FGF is also heavily involved in wound, ligament and tendon healing with its 
expression peaking approximately one week after injury (Isaac et al., 2012). It is 
released by endothelial cells and macrophages at wound/injury sites (Yun et al., 
2010). If bFGF activity is blocked, wound angiogenesis fails almost completely. 
It has proangiogenic effects in wound healing, induces recruitment of progenitor 
cells	and	migration	and	differentiation	of	multiple	cell	types	like	fibroblasts.	It	also	
induces	fibroblast	proliferation	and	collagen	synthesis	required	in	wound	healing	
and	fibrous	tissue	regeneration	(Molloy	et	al.,	2003;	Yun	et	al.,	2010).	Basic	FGF	
is	produced	by	inflammatory	cells	and	fibroblasts	necessary	in	wound	healing	and	
connective tissue development (Chang et al., 1998; Cool et al., 2004; Barrientos et 
al., 2008; Longo et al., 2011). Basic FGF has been found to have positive effects on 
wound and tendon/ligament healing in vitro and in vivo in animal models (Yun et 
al., 2010; Isaac et al., 2011; Longo et al., 2011; Pastides and Khan, 2012).

transForming growth Factor-βs

The	 three	 known	 TGF-β	 isoforms	 TGF-β1,	 TGF-β2	 and	 TGF-β3	 are	 secreted	
proteins	that	belong	to	the	TGF-β	superfamily.	This	 is	a	 large	family	of	growth	
and differentiation factors with over 40 members, including bone morphogenetic 
proteins	 (Chen	et	 al.,	 2012).	TGF-βs	are	 synthesized	and	 secreted	by	multiple	
cell	 types	 like	 fibroblasts,	 endothelial	 cells,	 keratinocytes,	 platelets,	 OBs	 and	
macrophages	(Barrientos	et	al.,	2008).	TGF-β	is	produced	as	an	inactive	precursor	
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molecule containing a propeptide region. It is homodimerised and after furin-
mediated	cleavage	of	the	propeptide	(which	remains	bound	to	TGF-β)	complexed	
with a latency associated peptide. After further complex formation with a latent 
TGF-β-binding	protein,	it	is	secreted	as	a	large	latent	complex.	This	precursor	form	
of	TGF-β	is	stored	in	ECM.	The	largest	reservoirs	of	TGF-βs	are	bone	and	platelets	
(Allori	et	al.,	2008).	TGF-βs	and	IGF-II	are	the	most	abundant	growth	factors	present	
in	human	bone	(Mohan	et	al.,	1990).	TGF-β	can	be	activated	(released)	by	serum	
proteinases, low pH and reactive oxygen species (Allori et al., 2008). Active and free 
TGF-β	dimers	transmit	signals	across	the	plasma	membrane	through	binding	to	type	
II receptors, which homodimerise, and then form heterotetrameric complexes with 
type	I	(ALK5)	receptor	dimers.	Both	type	I	and	II	TGF-β-R	are	serine/threonine	
kinases. Activated receptors initiate intracellular signalling through phosphorylation 
of receptor regulated SMAD proteins, which form a complex with a co-SMAD, e.g. 
SMAD4. Such complexes then translocate into the nucleus to direct transcriptional 
responses	(Chen	et	al.,	2012).	TGF-βs	play	role	 for	example	 in	embryogenesis,	
connective tissue development and healing, vascular development, immunity, 
cancer	and	diabetes.	TGF-βs	are	pleiotropic	cytokines	with	well-known	pro-	and	
anti-inflammatory	properties	(Sanjabi	et	al.,	2009).	

Effects on bone

Depending	 on	 local	 and	 systemic	 circumstances,	 TGF-βs	may	 be	 anabolic	 or	
catabolic	for	bone.	All	TGF-β	isoforms	appear	capable	of	induce	the	same	effects	
on bone but their potency varies according to receptor binding capacity (Allori et 
al.,	2008).	OB-derived	TGF-β1	and	-β2	are	stored	in	the	ECM	as	a	 latent	 form	
in large latent complexes linked to proteoglycans and glycoproteins during the 
formation	of	ECM.	Bone	resorption	by	OCs	can	release	active	TGF-β	to	assist	for	
example	in	fracture	healing.	In	addition	to	the	stored	and	released	TGF-β,	 it	 is	
also highly expressed by many cell types during new bone formation in fracture 
healing (Allori et al., 2008).

The	effects	of	TGF-β	change	during	the	different	phases	of	bone	formation.	
Initially, it is chemotactic for osteoprogenitor cells. At the same time it inhibits 
the proliferation, differentiation and activation of OC precursors and OCs (Allori 
et al., 2008). Later it increases OB proliferation and survival while being a potent 
promoter of collagen production and early differentiation of osteoblast-like cells 
(Bonewald, 1996; Jilka et al., 1998; Ogino et al., 2006; Allori et al., 2008). In a 
later phase, it is involved in the regulation of mineralization via up-regulation 
of non-collagenous ECM proteins (Allori et al., 2008). During bone remodelling 
phase	TGF-β	acts	as	a	promoter	of	osteoclastogenesis	and	OC	activation	whereby	
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more	 ECM-bound	TGF-β	 is	 released	 (Allori	 et	 al.,	 2008).	 It	 is	 also	 a	 potent	
chemoattractant for OCs (Pilkington et al., 2001).

In	some	circumstances,	TGF-β1	inhibits	bone	resorption	(Takai	et	al.,	1998)	and	
also	TGF-β2	has	been	found	to	decrease	RANKL	levels	and	to	increase	OPG	levels,	
thus interrupting the main osteolytic pathomechanism (Holt et al., 2007, Mandelin 
et	al.,	2005b).	On	the	other	hand,	over-expression	of	TGF-β2	has	been	found	to	
contribute to bone loss and to associate with defective bone mineralization and 
remodelling in mice (Erlebacher et al., 1996).

The	role	of	TGF-β	in	OC	formation	is	complex	and	insufficiently	understood.	
It may increase OC formation via action on OC precursors. Since it has both 
positive and negative effects on OC differentiation, it probably acts via more than 
one	mechanism.	TGF-β	is	a	powerful	modifier	of	osteoclastogenic	stimulation	
by	RANKL	and	TNF-α,	which	are	essential	 for	OC	 formation	and	activation	
(Quinn et al., 2001; Lorenzo et al., 2008; Knowles and Athanasou, 2009). An 
example	of	the	complex	roles	of	TGF-β1	in	osteolysis	is	the	finding	that	it	inhibits	
OC formation in rat bone marrow cultures, but those OCs that form become 
activated	by	TGF-β1	and	show	increased	bone	resorbing	activity	(Hattersley	et	
al.,	1991).	However,	most	in	vivo	animal	studies	with	TGF-βs	have	registered	
enhancement of bone formation for example in fracture healing, distraction 
osteogenesis and around metal implants (Allori et al., 2008; Lamberg et al., 
2009; Kaigler et al., 2011).

Effects on angiogenesis

TGF-β	 is	 able	 to	 affect	 angiogenesis	 indirectly	 by	 recruiting	 proangiogenic	
inflammatory	cells	to	the	site	of	capillary	formation	and	by	modulating	angiogenesis	
pathways (Ucuzian et al., 2010). It also regulates directly EC proliferation, migration 
and capillary tube formation (Li et al., 2003). Migration of smooth muscle cells 
and pericytes surrounding newly formed capillaries and EC-pericyte interactions 
in	vessel	stabilization	phase	are	also	regulated	by	TGF-β	together	with	PDGF	and	
VEGF (Ucuzian et al., 2010).

Effects on wound, ligament and tendon healing

During	wound	healing,	TGF-β1	is	important	in	early	inflammation,	angiogenesis,	
connective tissue regeneration and re-epithelialisation. It assists in recruiting 
inflammatory	cells	and	later	in	tissue	debridement	by	macrophages.	Subsequently,	
it enhances ECM formation and up-regulates VEGF. Later, it is involved in 
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collagen	production,	fibronectin	binding	interactions	and	is	capable	to	 inhibit	
collagen breakdown by MMPs (Molloy et al., 2003; Barrientos et al., 2008).

TGF-β1	and	-β2	have	been	found	to	have	positive	effects	in	tendon/ligament	
healing in vitro and in vivo in animal models (Longo et al., 2011; Isaac et al., 2012; 
Pastides	and	Khan,	2012;	Yilgor	 et	 al.,	2012).	TGF-β1	has	 improved	meniscus	
tissue engineering (Yang, 2009) but is over expressed also in harmful processes 
like tendinopathy and hypertrophic scarring (Longo et al., 2011).

platelet deriVed growth Factor

PDGF	 was	 originally	 identified	 as	 a	 disulfide-linked	 dimer	 of	 two	 different	
glycoprotein chains, A and B, which could be separated using reversed phase 
chromatography (Johnsson et al., 1982). Since then, various homo- or heterodimeric 
PDGF isoforms have been found, namely AA, AB, BB, CC, and DD. They belong to the 
same growth factor family with VEGF (Fredriksson et al., 2004). These isoforms bind 
with	different	affinities	to	and	signal	through	two	distinct	homo-	or	heterodimerising	
receptor	tyrosine	kinases	(α	and	β)	expressed	on	the	surfaces	of	various	cell	types	
(Caplan and Correa, 2011). PDGF-BB is thought to be the universal PDGF because 
of its ability to bind to all known receptor isotypes (Hollinger et al., 2008) and due 
to its physiological functions (Caplan and Correa, 2011). PDGFR effects are mediated 
mainly via phosphoinositide-3-kinase–protein kinase B/Akt pathway (Hemmings 
and Restuccia, 2012) and Ras/Raf - MEK1/2 - ERK1/2 -pathway (Avruch et al., 
2001), but also via phospholipase C gamma (Morrison et al., 1990).

During embryogenesis, PDGFs assist in the formation of multiple tissues/organs 
like hair, alveoli, glomeruli, cardiovascular system and skeleton by inducing cell 
replication and directing cell migration. Their role in normal physiology remains 
unclear, but they are heavily involved in various pathologic conditions like cancer, 
vascular	diseases	and	fibroses	(Andrae	et	al.,	2008).	PDGF-BB	seems	to	have	a	
central role in bone formation and regeneration because it regulates pericyte, MSC 
and ECM functions in angiogenesis. It is able to couple angiogenesis and bone 
formation for example via VEGF and BMPs (Caplan and Correa, 2011). The main 
source of PDGF are platelets in blood stream, which synthesize, store and burst 
release it in a regulated manner. However, PDGF is produced also by cells like 
activated macrophages. Bone and ECM of other tissues contain some protein-bound 
PDGF. PDGF, as well as many other growth factors, can be released from platelets 
after their aggregation for example in a fracture site, where it rapidly increases OB 
proliferation (Canalis, 2009).
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Effects on bone

PDGF is found in a variety of tissues, including bone, where it acts as a regulator 
of skeletal remodelling. PDGFs are potent bone cell mitogens that stimulate 
proliferation of osteoblastic cells similarly to bFGF (Canalis, 2009). PDGF isoforms 
are powerful chemoattractants for MSCs and OBs (Fiedler et al., 2004; Allori et al., 
2008). In vitro, PDGF stimulates OB and OC precursor proliferation but appears 
to inhibit bone matrix apposition (Hock et al., 1994). It can potentiate the effect of 
IGF-I and -II on OB survival (Hill et al., 1997). 

On the other hand, PDGF-BB has been found to modulate OC differentiation 
and to promote adult osteoclastic bone resorption directly through PDGF receptor 
beta (Zhang et al., 1998). PDGF-BB promotes adult osteoclastic bone resorption 
directly through PDGF receptor beta and plays important roles in bone healing 
and reconstruction (Zhang et al., 1998). In addition, PDGF-BB probably plays a 
role in coupling of bone resorption and formation, since OC-derived PDGF-BB has 
been found to be chemotactic for OBs (Sanchez-Fernandez et al., 2008). PDGF has 
positive effects on bone formation in a number of in vivo animal studies (Nash et 
al., 1994; Allori et al., 2008; Kaigler et al., 2011) as well as in prospective human 
clinical trials to treat periodontal bony defects (Kaigler et al., 2011).

Effects on angiogenesis

PDGF seems to be critical in the recruitment and proliferation of pericytes during 
angiogenesis.	PDGF	produced	by	ECs	is	chemotactic	and	mitogenic	for	fibroblasts,	
smooth muscle cells and other mesenchymal cells that gather around endothelial 
cells and stabilize and support them. PDGF is known to induce EC proliferation 
indirectly for example by up-regulating VEGF expression by ECs and may be one 
on the key molecules to link angiogenesis and bone formation (Ucuzian et al., 
2010;	Caplan	and	Correa,	2011).	Knockout	of	PDGF	has	led	to	significant	vascular	
abnormalities in animal studies (Ucuzian et al., 2010).

Effects on wound, ligament and tendon healing

PDGF plays a role in every phase of wound healing. First, it serves as a chemokine 
and	mitogen	for	neutrophils,	macrophages	and	fibroblasts.	Subsequently,	it	assists	
in	 tissue	 debridement	 by	 macrophages,	 fibroblastic	 ECM	 production,	 tissue	
remodelling and granulation tissue growth (Barrientos et al., 2008). In tendon 
healing, PDGF is typically produced in early phase after tendon damage, the 
expression peaking between 1 and 2 weeks after injury. It acts as a chemokine and 
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mitogen and stimulates the production of other growth factors and has in a later 
phase a role in tissue remodelling (Molloy et al., 2003; Isaac et al., 2012). It has 
been found to have positive effects in wound and tendon/ligament healing in vitro 
and in vivo in animal models (Barrientos et al., 2008; Longo et al., 2011; Isaac et 
al., 2012; Pastides and Khan, 2012; Yilgor et al., 2012). Recombinant PDGF has 
been introduced to clinical use to improve human wound healing (Andrae et al., 
2008; Barrientos et al., 2008).

insulin-like growth Factors

IGF-I (somatomedin-C) and -II, two highly similar anabolic peptides, are synthesized 
in	multiple	tissues	by	many	cell	types,	including	connective	tissue	fibroblasts	and	
stromal cells (Cohick and Clemmons, 1993), bone cells (Mohan and Baylink, 1991) 
and	lymphocytes	(Geffner	et	al.,	1990).		IGF-I,	-II	and	TGF-β	are	the	most	abundant	
growth factors present in skeletal tissue, the concentration of IGF-II being higher 
than that of IGF-I (Mohan et al., 1990; Canalis, 2009). Systemic IGF-I is synthesized 
by liver under the control of growth hormone (GH) but also in local tissues like 
muscle and bone. It is mostly bound to an IGF-binding complex formed by IGF-I, 
IGF-binding protein (IGFBP)-3, the predominant circulating binding protein, or 
IGFBP-5 and the acid labile subunit (ALS). The concentration of IGFBPs is higher 
than that of IGF-I. Therefore, IGF-I circulates mostly bound to the complex and less 
than 1% of total serum IGF-I circulates as a free, active hormone (Allori et al., 2008; 
Giustina et al., 2008; Canalis, 2009). IGFBPs and proteases degrading them regulate 
the bioavailability of IGFs. Bound IGF-I is inactive and thus the local production of 
IGF-I is often considered to be more important for regulation of growth at tissue 
level (Cohick and Clemmons, 1993). Local IGF production is regulated by many 
trophic hormones and nutrition, but also locally by an array of growth factors and 
other cytokines. The availability and activity of IGF-I is regulated by six IGFBPs 
(Canalis, 2009). There are two receptors for IGFs. Both IGF-I and IGF-II bind to 
the IGF1-receptor, which is a tyrosine kinase, while only IGF-II binds to the non-
signalling IGF2-receptor sequestering IGF-II. IGF1-receptor signalling pathways 
overlap to an extent with those of the PDGF, involving e.g. phosphoinositide-3-
kinase and mitogen activated kinase pathways. 

IGFs have mitogenic and differentiation promoting effects on multiple cell 
types,	including	fibroblasts,	muscle	cells,	osteoblasts	and	chondroblasts	(Cohick	and	
Clemmons, 1993; Sara and Hall, 1990; Giustina et al., 2008). IGF-I has an important 
role in the regulation of cell metabolism in many tissues, including cartilage and 
bone. In addition to their role in normal tissue development, the IGFs play important 
roles in diseases like diabetes and cancer (Maki, 2010).
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Effects on bone

IGF-I	does	not	influence	the	differentiation	of	MSCs	into	OBs	and	cell	proliferation,	
which instead is stimulated by IGF-II (Tsiridis et al., 2007). IGF-I enhances bone 
matrix type I collagen production (Canalis, 2009). It is mitogenic for OBs and 
stimulates them to form bone at both systemic and local level. IGF-II can also 
stimulate bone formation but IGF-I is a more potent stimulator at least in vitro 
(McCarthy et al., 2009). Both IGFs promote OB survival and the effect is potentiated 
by PDGF and bFGF (Hill et al., 1997). Interestingly, IGF-I seems to play a role in 
bone resorption since it can induce RANKL and thus osteoclastogenesis, modulate 
OC differentiation and enhance OC function (Mochizuki et al., 1992). Both IGFs are 
able to substitute RANKL for OC differentiation and activation in vitro (Hemingway 
et al., 2011).

IGFs are speculated to couple bone formation and resorption by the following 
mechanisms (Hayden et al., 1995): 1) OB derived IGFs incorporated into bone 
matrix are released during osteoclastic bone resorption and cause osteoblastic, 
site-specific	bone	replacement;	2)	OC	derived	IGFs	(Mochizuki	et	al.,	1992)	act	on	
neighbouring	OBs	and	stromal	cells	enabling	them	to	fill	the	resorption	cavities	with	
bone; 3) OB derived IGFs act as autocrine agents. IGF-I may couple angiogenesis 
to bone formation since it induces VEGF expression in OBs (Akeno et al., 2002). 
It has positive effects for bone formation in vitro and in vivo in animal models 
including peri-implant bone, but also in an early clinical trial for human periodontal 
regeneration in combination with PDGF (Giustina et al., 2008; Lamberg et al., 
2009; Kaigler et al., 2011).

Effects on angiogenesis

IGF-I and -II have been found to be strong enhancers of EC migration and 
neovascularisation (Su et al., 2003; Grant et al., 1987; 1993). The effects may 
be partially indirect, since at least IGF-I was found to induce several genes that 
positively regulate angiogenesis (including VEGF), while repressing many genes 
that inhibit angiogenesis (Oh et al., 2002).

Effects on wound, ligament and tendon healing

IGF-I	is	highly	expressed	during	the	early	inflammatory	phase	in	animal	tendon	
healing	models,	and	appears	to	aid	in	the	proliferation	and	migration	of	fibroblasts	
and, together with IGF-II, to subsequently increase proteoglycan and collagen 
production (Molloy et al., 2003; Longo et al., 2011). As anabolic growth factors, 
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both IGFs have active roles in the healing of different types of wounds (Ching et al., 
2011). They have been found to have positive effects in wound and tendon/ligament 
healing in vitro and/or in vivo in animal models (Ching et al., 2011; Longo et al., 
2011; Pastides and Khan, 2012; Yilgor et al., 2012).

Bone morphogenetic proteins

BMPs	belong	to	the	TGF-β	superfamily	of	growth	factors	and	are	expressed	as	
long precursor proteins with an N-terminal signal peptide, a prodomain and a 
C-terminal mature peptide. Endoproteases cleave the proprotein and produce the 
mature protein that is subsequently secreted (Cui et al., 1998). Secreted BMPs can 
bind to cell surface and ECM heparan sulphate proteoglycan storage sites, which can 
also restrict receptor interactions. BMPs interact with BMP receptors composed of 
either 1A or 1B in a heterodimeric complex with BMP receptor 2, which receptors 
are located on the cell surface. Signal transduction through BMP receptors results in 
mobilization and activation of receptor activated SMADs, which then heterodimerise 
with common partner (mediator) SMADs to regulate transcription factors in the 
nucleus.	BMPs	can	also	activate	MAPK	pathway	via	TGF-β1	activated	tyrosine	kinase	
1. The signalling pathways involving BMPs, BMPRs and SMADs are important in the 
development of the heart, central nervous system and cartilage, as well as in post-
natal	connective	tissue	development.	Local	effects	of	BMPs	are	modified	by	a	number	
of different antagonists and modulators. BMPs have an important role for example 
during embryonic development, skeletal formation, bone homeostasis, fracture 
healing and bone tumour development (Laitinen et al., 1997; Chen et al., 2012). They 
are synthesized in skeletal tissues by OBs and OCs, but also in many extraskeletal 
tissues	by	other	cells,	including	fibroblasts,	macrophages	and	ECs.	They	act	as	growth	
factors, morphogens or pleiotropic cytokines depending on their spatio-temporal 
expression and target cells. In addition, they can affect cell motility and apoptosis. 
BMPs drive differentiation of MSCs to bone cells and subsequent bone formation. 
BMP-2, -4, -5, -6, -7 (OP-1), -8, -9 and -10 have osteogenic properties (Lissenberg-
Thunnissen et al., 2011). The same BMPs seem to inhibit OC differentiation and 
activation. BMPs are often regulated by local feedback mechanisms maintaining 
tissue homeostasis (Rosen and Wozney, 2002; Canalis et al., 2003; Lories et al., 
2005; Garimella et al., 2008).
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Effects on bone

BMPs are the most osteoinductive of all growth factors with BMP-2, -4, -6, -7 and 
-9 being most osteogenic isoforms. At low concentrations they are chemotactic 
and mitogenic for MSCs and OBs (Mayr-Wohlfart et al., 2002; Fiedler et al., 2004; 
Allori et al., 2008). At high concentrations they are capable of inducing osteoblastic 
differentiation	in	several	cell	types	like	MSCs	and	fibroblasts.	Important	functions	
of BMPs are the induction of OCs and inhibition of OB maturation (Allori et al., 
2008; Canalis, 2009). These functions are needed in bone remodelling which is 
partly regulated by BMPs. They induce osteoclastogenesis by increasing RANKL 
production by OBs, promote OC survival and have been found to stimulate OC 
activation and function (Mishina et al., 2004; Canalis, 2009). However, they are 
also capable of inducing OPG production by OBs. OPG binds RANKL and thus 
reduces osteoclastogenesis (Canalis, 2009).

Finnish researchers, together with Marshall R. Urist, “the father of BMP” (Urist, 
1965), have reported enhanced bone healing with BMP in the 1980's (Lindholm 
et al.,1988). Since then, BMP-2, -4, -6 and -7 have shown positive effects on bone 
formation, fracture healing and implant osseointegration in vitro and in vivo in 
numerous animal models (Lissenberg-Thunnissen et al., 2011; Wang W et al., 2011; 
Thorey et al., 2011). BMP-2 improves the healing of human open tibial fractures 
treated	with	unreamed	intramedullary	nail	fixation	(Govender	et	al.,	2002)	but	the	
effect disappears with reaming (Aro et al., 2011). BMP-2 and -7 are currently in 
clinical use to enhance bone formation in delayed bone repair and in spinal fusion 
surgery where BMP performs better than cancellous bone autografts (Agarwal et 
al., 2009; Lissenberg-Thunnissen et al., 2011). 

Effects on angiogenesis

BMPs and their signalling systems play important roles in the development the 
embryonic vasculature, but also in adult vascular homeostasis, tissue remodelling, 
injury and various diseases like general and pulmonary hypertension and 
atherosclerosis (Lowery et al., 2010). At least BMP-2, -4, -6 and -7 have been found 
to be clearly angiogenic in vitro (Shao et al., 2009; Ren et al., 2007; Ramoshebi et 
al., 2000). BMP- 2, -4 and -6 have been found to stimulate the expression of VEGF 
by OB-like cells (Deckers et al., 2002) suggesting that BMPs and VEGF play a role 
in coupling of angiogenesis and bone formation (Beamer et al., 2010). 
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Effects on wound, ligament and tendon healing

BMP-2, -4, -6 and -7 are all expressed in wound tissue where BMP-6 has a role 
in keratinocyte differentiation, but their other functions in wound healing are still 
unclear (Barrientos et al., 2008). BMP-2 and -7 increase the collagen production 
of tenocyte-like cells in vitro (Pauly et al., 2012). BMP-2, -6 and -7 have positive 
effects in tendon/ligament healing in vitro and/or in vivo in a few animal models 
(Bobacz et al., 2006; Pastides and Khan, 2012). In addition, they have been found 
to improve osseointegration between ACL and bone tunnel in at least three studies 
(Yilgor et al., 2012) and, together with BMP-7, it improved tendon/bone junction 
strength in a sheep infraspinatus repair model (Rodeo, 2007). Furthermore, BMP-4 
has showed promising results in meniscus tissue engineering (Yang et al., 2009).

Vascular endothelial growth Factor

Vascular endothelial growth factor family consists of seven secreted members, 
VEGF-A (also referred as VEGF), VEGF-B, -C, -D, -E and -F and placenta growth 
factor. Of these growth factors, VEGF-A is the most important angiogenic cytokine 
and is also able to enhance bone formation (Dai and Rabie, 2007). It is produced 
by	macrophages,	fibroblasts,	ECs	and	other	cell	types	(Ferrara	et	al.,	2003,	Berse	
et al., 1999, Seghezzi et al., 1998). VEGF binds to VEGF receptor-1 (VEGFR1/Flt-
1) and receptor -2 (VEGFR2/KDR/Flk-1). These receptors are mainly produced 
by	endothelium	but	also	by	monocyte/macrophages,	fibroblasts,	myofibroblasts,	
synovial lining cells, OCs and OBs (Neufeld et al., 1999; Ikeda et al., 2000; Sawano 
et al., 2001; Giatromanolaki et al., 2001; Sato et al., 2003; Chintalgattu et al., 2003; 
Itoh et al., 2006; Dai and Rabie 2007). VEGF can also bind to neuropilin-2 and to 
heparan sulfate proteoglycans thus inducing angiogenesis (Dai and Rabie, 2007). 
VEGF is important during embryogenesis as well as in the development and repair 
of normal tissue including skeletal tissue. It also has an important role in cancer, 
diabetic	retinopathy	and	inflammatory	diseases	like	rheumatoid	arthritis	(Parikh	
and Ellis, 2004; Dai and Rabie, 2007). The expression of VEGF and its receptors 
can be regulated by hypoxia, hormones like thyroid hormone, MMP-9, BMP-2, -4, 
-6	and	-7,	TGF-β1,	PDGFs,	IGF-I	and	other	cytokines	like	IL-1β,	IL-6,	IL-10,	IL-11	
and TNF-α (Neufeld et al., 1999; Parikh and Ellis, 2004; Dai and Rabie, 2007).

Effects on bone

VEGF/VEGFR system plays an important role in the regulation of bone biology. 
It	is	involved	in	intramembranous	and	endochondral	ossification,	fracture	healing	
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and bone metastasis (Street et al., 2002; Aldridge et al., 2005; Dai and Rabie 2007; 
Allori et al., 2008). It affects bone remodelling by attracting ECs and OBs and by 
stimulating OB differentiation and inhibiting OB apoptosis (Mayr-Wohlfart et al., 
2002; Deckers et al., 2000; Street and Lenehan, 2009). VEGF can stimulate OB 
activity directly and independent of a prevailing vasculature (Street and Lenehan, 
2009). Experimental studies suggest that VEGF may couple angiogenesis and bone 
formation by manipulating the angiogenic response to osteoblastic activity (Beamer 
et al., 2010). Furthermore, VEGF may act as an autocrine regulator of osteoblastic 
differentiation and activity. By expressing VEGF, OBs may induce nearby cells to 
express factors that regulate osteoblastic activity (Dai and Rabie, 2007; Zelzer and 
Olsen, 2005). According to a knockout mouse study, VEGFR1 signalling seems to be 
important in OB activity (Niida et al., 2005). VEGF has been found to have positive 
effects for bone formation in vitro and in vivo in many animal studies (Allori et al., 
2008; Beamer et al., 2010).

Interestingly,	VEGF	has	also	significant	effects	on	osteoclastic	bone	resorption	
and stimulates chemotaxis and cell proliferation in OC precursor cells (Nakagawa 
et al., 2000; Niida et al., 1999). Monocyte and OC precursor cells chemotaxis is 
mediated through VEGFR1 and -2. VEGF is known to act on OC differentiation 
via VEGFR1, whereas VEGF-induced osteoclastic bone resorption is mediated by 
VEGFR2 (Knowles and Athanasou, 2009; Aldridge et al., 2005; Niida et al., 2005).

To sum up, VEGF can mediate either bone formation or resorption, the ultimate 
balance depending on cell receptor expression, differentiation state, and the cytokine, 
biophysical and biochemical milieu. 

Effects on angiogenesis

VEGF is a powerful angiogenic growth factor that has numerous inductive effects 
on proliferation, permeability, invasion, migration, survival and activation of ECs 
and acts as a key regulator of physiological and pathological angiogenesis (Parikh 
et al., 2004). VEGF, bFGF and PDGF act synergistically modulating effects of each 
other in angiogenesis (Seghezzi et al., 1998; Yun et al., 2010; Ucuzian et al., 2010).

VEGFR1 and VEGFR2 are predominantly located on the surfaces of endothelial 
cells (Neufeld et al., 1999). VEGFR2 seems to be the major mediator of the mitogenic, 
angiogenic and permeability-enhancing effects of VEGF. VEGFR1 can act as a decoy 
receptor preventing VEGF binding to VEGFR2. It can also modulate the effect of 
VEGF on endothelial cell invasion and ECM degradation (Ferrara et al., 2003).

The effects of VEGF on EC invasion as well as its ability to coordinate ECM 
degradation result from VEGF-based induction of MMPs, urokinase-type 
plasminogen activator (uPA), urokinase-type plasminogen activator receptor and 
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tissue-type plasminogen activator (Parikh et al., 2004). VEGF induces EC migration, 
mitogenesis, sprouting and tube formation. It increases vascular fenestration and 
permeability and acts synergistically with many other angiogenic mediators in 
different phases of angiogenesis (Ucuzian et al., 2010). VEGF can affect EC migration 
by activating focal adhesion kinase and the p38 pathway (Parikh et al., 2004). 
VEGF-induced NO synthesis contributes both to EC migration and permeability 
(Neufeld et al., 1999; Parikh et al., 2004).

VEGF seems to have an important role in modulating angiogenic effects of 
RANKL under physiological and pathological conditions mainly through VEGFR2 
pathway (Min et al., 2003). Similarly to bFGF, binding of VEGF to ECM proteins 
enhances its effects (Steffens et al., 2004). As with many other angiogenic mediators, 
complex interactions between VEGF, ECs, pericytes and ECM proteins are crucial 
for proper vessel formation (Ucuzian et al., 2010). 

Neovascularisation is essential in tumour growth, wound healing, tissue repair 
and	remodelling	and	plays	an	important	role	in	acute	and	chronic	inflammatory	
conditions. Abundant research has been and is being done with VEGF and its 
receptors in pro- and especially in antiangiogenic therapies. VEGF antibodies are 
in clinical use in the treatment of cancer and age-related macular degeneration 
(Goel et al., 2011).

Effects on wound, ligament and tendon healing

Angiogenic properties of VEGF make it crucial in acute and chronic wound 
healing.	In	these	settings,	it	is	derived	from	platelets,	neutrophils,	fibroblasts	and	
macrophages	and	is	up-regulated	by	hypoxia	and	by	cytokines	like	bFGF,	TGF-β1	
and PDGF (Barrientos et al., 2008). Similarly, VEGF is a powerful stimulator of 
angiogenesis	in	tendon	healing	after	the	early	inflammatory	phase	(Molloy	et	al.,	
2003; Yilgor et al., 2012). Peak levels of VEGF appear at 7-10 days after tendon 
trauma with majority of cells expressing it at the repair site (Longo et al., 2011). 
VEGF has positive effects in wound and tendon/ligament healing in vitro and in 
vivo in animal models and in human ischemic skin ulcer patients (Barrientos et 
al., 2008; Longo et al., 2011).
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3  AIMS OF THE STUDY

Current work regarding THR is focused mainly on the cytokines and growth factors, 
which stimulate bone formation and the failure of which might contribute to a net 
loss of bone in aseptic loosening. It has been assumed that an implant capsule 
and later a layer or membrane of synovial-like tissue develops at the implant-
to-bone interface almost invariably in aseptic implant loosening and, with time, 
leads to loosening of the components from the surrounding bone. Researchers 
have found that this membrane produces various mediators, especially cytokines, 
which contribute to OC formation and bone resorption in aseptic loosening. During 
the course of this study the importance of RANK/RANKL/OPG -system has been 
emphasized	in	the	field	of	aseptic	loosening	research	whereas	cytokines	stimulating	
OBs and bone formation have received less attention.

A bulk of knowledge has accumulated on cytokines acting on bone tissue. It 
is now clear that these cytokines act mainly as autocrine or paracrine factors on 
proliferation or differentiation of bone cells. They are involved in the physiologic 
and pathological coupling of resorption and formation. When we planned this study 
our research group and others had already found that the expression of osteolytic 
cytokines	like	TNF-α,	M-CSF,	GM-CSF,	IL-8,	IL-11	and	TGF-α	is	up-regulated	in	the	
aseptic loosening. Because less attention has been paid on the expression of bone 
formation enhancing factors in aseptic loosening, we wanted to focus  on cytokines 
that	are	able	to	stimulate	bone	formation.		At	the	same	time	in	the	research	field	
of another bone destruction type, osteoporosis research, it was found that skeletal 
content	of	TGF-β1	and	IGF-I	is	diminished	with	increasing	age	(Nicolas	et	al.,	1994).	
This led to our hypothesis that bone formation enhancing cytokines are decreased 
in ITs in patients with loose THR compared to control synovial membranes. 

Outlines of the study

I. To study the eventual presence, cellular localization and extent of expression of 
bFGF,	TGF-β1	and	-β2,	BMP-2,	-4,	-6,	and	-7,	PDGF,	IGF-I	and	-II	and	VEGF	in	
the interface and pseudocapsular membranes retrieved from loose hip prostheses 
using immunohistochemistry and image analysis.

II. To analyse the presence of IGF-I and -II mRNA in IT using reverse transcription 
polymerase chain reaction (RT-PCR).



47

III. To study BMP-production by mesenchymal stromal/stem cells and osteoblasts 
using immunostaining.

IV. To study the regulation of VEGF/VEGR receptor system by hypoxia and cytokines 
in	cultured	fibroblasts	using	quantitative	real-time	reverse	transcription	polymerase	
chain reaction (qRT-PCR).
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4 MATERIALS AND METHODS

patients and samples

Study design was approved by the ethical committee of Helsinki University Central 
Hospital according to the Declaration of Helsinki. Multiple samples from each 
patient were collected and then embedded and frozen in OCT compound (Lab-Tek 
Products) and stored at –20°C until used in immunohistochemistry (studies I-IV) 
or	in	RT-PCR	(study	IV).	The	samples	for	studies	V-VI	were	fixed	in	formalin	and	
embedded	in	paraffin	until	used	in	immunohistochemistry.

Patients with aseptically loose total hip replacements

IT samples surrounding aseptically loosened femoral stem or acetabular components 
or their PMMA mantle (studies I-VI) and pseudocapsule (studies I-IV) tissue 
samples were collected in revision THR operations. All patients had hip pain and 
radiolucent line between prosthesis components or PMMA mantle and bone. There 
was no clinical or laboratory evidence of infection as a cause for loosening. Data 
for the revision THR patients analysed in the studies I-VI is detailed in Table 2.
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Table 2.  Data for the rTHR patients in the studies I-VI. Cases 1-10 were included in the studies I-III. Cases 
1, 3, 5, 6 and 8-18 were included in the study IV (cases 11-15 were analysed with RT-PCR and 1, 3, 5, 6, 8-10 
and 16-18 with immunostaining). Cases 19-27 were included in the study V. Cases 19, 20 and 22 -29 were 
included in the study VI.

OA=primary osteoarthritis; CDH=secondary osteoarthritis due to congenital dislocation of the hip; 
RA=rheumatoid arthritis;  Fx=fracture; A=both components; B=only acetabular cup; C=only prosthesis 
stem; CoCrMo=cobalt-chromium-molybdenum alloy; TiAlV=titanium-aluminum-vanadium alloy; NR=not 
registered

case diagnosis age sex time to
revision

revised
site

type of 
prosthesis alloy Fixation

1 
OA 79 M 8 B Mathys cup/ 

Bimetric stem
CoCrMo Cementless 

2 OA 72 M 4 A Biomet Head-
Neck 

TiAlV Cementless

3 OA 65 F 9 B Lord CoCrMo Cementless

4 OA 74 F 1 C Wagner CoCrMo Cementless

5 OA 70 M 7 C Müller CoCrMo Cemented

6 OA 74 F 1 C Wagner CoCrMo Cementless

7 OA 66 M 6 B Biomet TiAlV Cementles

8 OA 63 M 3 C Lubinus CoCrMo Cemented

9 RA 78 F 20 A Brunswik CoCrMo Cemented

10 CDH 37 F 4 C Biomet CDH TiAlV Cementless

11 OA 74 F 4 A Brunswik CoCrMo Cemented

12 OA 78 M 9 A Lubinus TiAlV Cemented

13 OA/RA 54 F 10 A Brunswik CoCrMo Cemented

14 OA 73 F 4 A Biomet TiAlV Cementles

15 OA 79 F 14 C McKee-Arden CoCrMo Cemented

16 OA 71 M 4 A Biomet Head-
Neck 

TiAlV Cementless

17 OA 76 F 23 A McKee-Farrar CoCrMo Cemented

18 OA 80 M 4 A Charnley CoCrMo Cemented

19 OA 79 F 13 C NR NR Cemented

20 Fx 75 M 6 A NR NR Hybrid

21 OA 88 M 16 C NR NR Cementless

22 OA 68 F 16 A NR NR Cemented

23 OA 78 M 6 A NR NR Cemented

24 OA 78 F 5 B NR NR Cemented

25 OA 75 F 7 C NR NR Cementless

26 OA 73 F 4 C NR NR Cementless

27 RA 68 F 17 B NR NR Cemented

28 RA 64 M 12 C NR NR Cementless

29 OA 65 M 16 C NR NR Cemented
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Control sample patients

Variable control connective tissue samples were used in studies I-VI. In studies I, II 
and	IV	non-inflamed	synovial	membrane	biopsies	were	taken	from	areas	without	
macroscopic	inflammation	during	knee	trauma	arthroscopy	operations.	In	studies	
I and II, samples from ten patients were used. Seven patients were women and 
three were men and their mean age was 41 years (range 13-70 years). In the study 
IV, samples from ten patients were used for immunostaining. Six patients were 
women and four men and their mean age was 31 years (15-57 years). For RT-
PCR,	samples	from	five	different	control	patients	were	used.	Two	were	women	and	
three were men. Their mean age was 52 years (14-70 years). In study III, control 
connective tissue samples were obtained from 9 patients who had mandibular or 
maxillary	fractures	fixed	with	plates.	The	samples	were	taken	from	around	the	plate	
during removal of the plates after fracture healing. Five patients were women and 
four were men. Their mean age was 38 years (16-63 years). In studies V and VI, 
control synovial membrane samples were collected from 11 OA patients undergoing 
primary THR. Eight patients were women and three men and their mean age was 
73 years (58-82 years).

Extending the study over multiple years beyond the end of 1990's enabled our 
research group to use also more sophisticated research methods in addition to 
immunohistochemistry. For example methods like reverse transcription polymerase 
chain reaction (RT-PCR) and quantitative real-time reverse transcription polymerase 
chain reaction (qRT-PCR) were not available to our research group in the beginning 
of this study.

immunohistochemistry and immunoFluorescence 
staining

Monoclonal antibodies (MAb) recognizing epitopes of intracellular molecules or 
cell-surface molecules were used to characterize cells using immunohistochemical 
staining. Such markers enable the recognition of not only cell type but also 
the functional activity, e.g. production of activation associated cytokines. The 
MAbs are categorized according to the epitopes that they recognize according 
to CD numbers. CD refers to ‘cluster of differentiation’. For example, CD68 is 
an 110kDa transmembrane glycoprotein present in circulating monocytes and 
tissue macrophages, which is also present in multinucleated giant cells (MNGCs). 
Different immunohistochemical staining methods were used in studies I-VI. Primary 
antibodies used in studies I-VI are listed in Table 3.
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Table 3. Primary antibodies of the studies I-VI.

antibody source manufacturer

anti-human bFGF, affinity purified IgG rabbit Beckton Dickinson Labware

anti-human TGF-β1, IgG rabbit British Bio-Technology

anti-human TGF-β2, IgG rabbit British Bio-Technology

anti-human PDGF A-chain, IgG rabbit Genzyme

anti-human PDGF B-chain, IgG rabbit Genzyme

anti-human CD68, IgG1 mouse DAKO

anti-human IGF-I, affinity purified IgG mouse Cymbus Bioscience

anti-human IGF-II, affinity purified IgG mouse Cymbus Bioscience

anti-human fibroblast, IgG1 mouse DAKO

anti-human BMP-2, affinity purified IgG goat Santa Cruz

anti-human BMP-4, affinity purified IgG goat Santa Cruz

anti-human BMP-6, affinity purified IgG goat Santa Cruz

anti-human BMP-7, affinity purified IgG goat Santa Cruz

anti-human VEGF, IgG rabbit RDI Research Diagnostics 

anti-human VEGF-receptor1, IgG rabbit RDI Research Diagnostics 

anti-human VEGF-receptor2, IgG rabbit RDI Research Diagnostics 

Avidin-biotin-peroxidase complex (ABC) staining (I-V; for TGF-β1 in study II)

	Frozen	samples	of	rTHR	and	control	tissue	were	cut	to	6	μm	thick	sections,	mounted	
on	gelatine	coated	slides	and	fixed	in	10%	buffered	formaldehyde	(II)	or	acetone	
(I,	III-V)	for	5	min	at	4º	C	(I-IV).	In	study	V,	5	μm	thick	paraffin	tissue	sections	
were	deparaffinized	in	xylene,	rehydrated	in	a	graded	ethanol	series	and	distilled	
water followed by treatment with 0.4% pepsin in phosphate buffered saline (PBS) 
in 0.01 N HCl for 30 min at 37º C for antigen retrieval and 3 x 5 min washes in 
tap water, in 0.01% Triton X-100 surfactant (Sigma-Aldrich Co., St. Louis, USA) 
in PBS at 22º C and in Tris-HCl buffered saline (TBS). In studies I-IV the antigen 
retrieval step was not necessary. Endogenous peroxidase activity was blocked with 
0.3% hydrogen peroxide (H2O2) in absolute methanol for 30 min at 22º C. 

The sections were then incubated in 1) relevant normal serum for 30 min at 22º 
C; 2) primary antibodies overnight at 4º C; 3) relevant biotinylated IgG for 30 min 
at 22º C; 4) avidin-biotin-peroxidase complex (ABC) for 30 min at 22º C. TBS or 
PBS (in study IV) or Triton X-100 in PBS (in study V) was used as diluents. Finally, 
the sites of peroxidase binding were revealed with a combination of 0.006% H2O2 
and 3,3'-diaminobenzidine (DAB). Between two steps the sections were washed 3 
x 5 min in TBS or PBS or Triton X-100 in PBS. All sections containing consecutive 



52

sections were processed further with and without counterstaining with hematoxylin 
before dehydration in a graded ethanol series, clearing in xylene and mounting in 
Diatex (Sigma-Aldrich). Omission of the primary antibody and use of normal serum 
or isotype matched IgG at the same concentration as and instead of the primary 
specific	antibodies	served	as	negative	staining	controls	(I-V).

ABC - alkaline phosphatase-anti-alkaline phosphatase (APAAP)  
double staining (III and IV)

The ABC staining was performed as described above (except that in study III, 
the primary antibody incubation was performed for only 45 min at 22ºC instead 
of overnight). After treatment of the sections with the H2O2 substrate and DAB 
chromogen, they were rinsed with tap water and incubated with 1) monoclonal 
mouse	anti-human	fibroblast	or	macrophage	(CD68)	antibodies	for	30	min	at	22º	C;	
2) rabbit anti-mouse IgG for 30 min at 22 ºC; 3) alkaline phosphatase-anti-alkaline 
phosphatase complex (APAAP) for 30 min at 22º C; 4) bromchloroindolyl phosphate 
(BCIP) and nitro blue tetrazolium (NBT) for 30-45 min at 22º C in darkness. The 
bluish colour signal from BCIP/NBT of the APAAP staining clearly differed from 
the brown colour produced by H2O2/DAB in the ABC staining. Sections were 
dehydrated in a rising ethanol series, cleared in xylene and mounted in Diatex. 
Between incubation steps, sections were washed 3 times with TBS.

Peroxidase-antiperoxidase (PAP) staining (for TGF-β2 in study II)

Signal-noise	ratio	was	better	for	TGF-β2	when	PAP	staining	was	used	instead	of	
ABC staining. Incubation times and temperatures were as for ABC staining for 
TGF-β1,	but	normal	swine	instead	of	goat	serum	was	used	to	diminish	non-specific	
binding.	Rabbit	anti-human	TGF-β2	IgG	was	used	as	primary	antibodies	followed	
by incubations with swine anti-rabbit IgG antibodies and rabbit anti-horseradish 
peroxidase-horseradish peroxidase (PAP) complexes. Peroxidase binding was 
revealed with 0.006% H2O2 and DAB as in ABC staining and the rest of the protocol 
followed ABC staining protocol.

PAP-APAAP (for TGF-β2 in study II)

The PAP staining was performed as described above. After treatment of the sections 
with H2O2 and DAB, they were rinsed with tap water and incubated with 1) normal 
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rabbit serum for 60 min at 22º C; 2) mouse anti-human macrophage (CD68) IgG 
for 60 min at 22º C; 3) APAAP solution for 60 min at 22º C. Between incubation 
steps, sections were washed 3 times with TBS. The rest of the protocol was similar 
with ABC-APAAP staining.

Streptavidin immunoperoxidase staining (VI)

5	μm	thick	paraffin	tissue	sections	were	deparaffinized	in	xylene	and	rehydrated	
in a graded ethanol series and distilled water and washed 3 x 5 min in Triton 
X-100 in PBS at 22º C. Then they were treated with 0.4% pepsin in PBS in 0.01 N 
HCl for 30 min at 37º C for antigen retrieval, followed by 3 x 5 min washes in tap 
water, in 0.01% Triton X-100 in PBS at 22º C and in TBS. Then the sections were 
installed in the TechMate Horizon immunostainer (Dako) and stained automatically 
at 22º C using the following streptavidin immunoperoxidase protocol:  1) polyclonal 
rabbit anti-human IgG against VEGF; VEGFR1 and VEGFR2 for 90 min at 37º C, 
diluted in ChemMate antibody diluent (Dako); 2) biotinylated secondary antibody 
for 25 min; 3) block peroxidase for 25 min; 4) peroxidase-conjugated streptavidine 
3 x 3 min; 5) horseradish peroxidase substrate buffer; and 6) substrate working 
solution containing DAB tetrahydrochloride (ChemMate detection kit) for 5 min. 
Between steps the sections were washed with ChemMate washing buffers 3 x 5 
min. The sections were removed from the machine and one of two sections on each 
microscope glass slide was counterstained with hematoxylin before mounting. As 
negative	staining	control,	the	primary	specific	rabbit	IgG	antibodies	were	replaced	
with non-immune rabbit IgG.

Immunofluorescence staining of cultured cells (V)

Cells	were	fixed	in	4%	paraformaldehyde	for	20	min	at	22º	C,	washed	with	Triton-X	
in PBS for 2 x 10 min, followed by incubations in 1) 5% normal donkey serum in 
PBS	containing	0.1%	bovine	serum	albumin,	for	60	min;	2)	affinity-purified	primary	
polyclonal goat anti-human BMP-2, BMP-4, BMP-6, or BMP-7 IgG antibodies (Santa 
Cruz Biotechnology) for 60 min; and 3) Alexa Fluor 568-labeled donkey anti-goat 
antibodies (Molecular Probes, Eugene, OR) for 60 min. Before mounting, the nuclei 
were stained with 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories) for 
5 min. As negative staining control, non-immune goat IgG was used at the same 
concentration as but instead of the primary antibodies. The cells were observed 
under	an	immunofluorescence	microscope	using	appropriate	filters	and	coupled	
to a digital camera.
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cell cultures and stimulations

Mesenchymal stem cell culture (V)

Human passage-4 Poietics MSCs (Lot number 6F4392; Lonza, Walkersville 
Inc., Walkersville, MD) were cultured in Poietics mesenchymal stem cell growth 
medium according to the instructions of the provider (Lonza). The cells were seeded 
onto 6-well plates containing cover slips, at 3,500 cells per cm2. For osteogenic 
differentiation, cells were grown for 14 days in low-glucose DMEM containing 0.1 
μM	dexamethasone,	50	μM	ascorbic	acid-2-phosphate,	10	mM	β-glycerophosphate	
(Sigma-Aldrich), and 10% foetal calf serum. Differentiation of the MSCs to OBs was 
checked using AP staining, osteocalcin staining, and staining of the bone mineral 
as described in detail elsewhere (Myllymaa et al., 2010).

Fibroblast culture and stimulations (VI)

Tissue samples were cut into 3–5 mm3 pieces and explanted onto 25 cm2 tissue 
culture	flasks	(Nunclon	Delta)	 in	RPMI-1640	medium	(BioWhittaker®,	Lonza)	
supplemented	with	10%	FCS	(BioWhittaker®,	Lonza)	and	10x	antibiotics	(1,000	
IU/ml	penicillin	G	and	1	mg/ml	streptomycin	sulphate)	and	kept	in	a	humidified	5%	
CO2 in air. Next day the medium was changed and the concentration of antibiotics 
was decreased to 1x. The media was changed twice a week and when 60% of the 
dish area was covered with a monolayer of cells, the tissue pieces were removed 
and	the	cultures	were	allowed	to	grow	to	confluence.	The	cell	 lines	used	in	the	
experiments	had	been	passaged	four	to	five	times	by	detaching	the	fibroblasts	with	
0.5% trypsin in Hank’s balanced salt solution (HBSS) without Ca2+ and Mg2+. The 
cultures were free of mycoplasma contamination as screened with Hoechst 33258 
fluorochrome.	In	hypoxia	studies	cells	from	three	different	fibroblast	cell	lines	were	
cultured	on	six-well	plates	to	confluence	and	then	kept	for	8	h	in	either	regular	
(95% air, 5% CO2) or (N2 controlled) hypoxic (1% O2, 5% CO2) conditions. For 
cytokine	stimulations,	cells	from	three	different	fibroblast	cell	lines	were	seeded	in	
12-well	plates,	grown	to	confluence	and	stimulated	in	respective	media	without	or	
with	interferon-γ	(IFNγ,	10	ng/ml),	interleukin-1β	(IL-1β,	10	ng/ml),	interleukin-4	
(IL-4,	10	ng/ml),	 tumour	necrosis	 factor-α	(TNF-α,	10	ng/ml),	or	 interleukin-6	
(IL-6, 10 ng/ml) for 24 h. All stimulations were conducted in duplicate samples. 
The cytokines were purchased from R&D Systems.
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reVerse transcription polymerase  
chain reaction, rt-pcr (iV)

IGF-I	and	IGF-II	mRNA	was	 isolated	 from	6	μm	thick	cryostat	 sections	using	
oligo(dT)25 covalently attached to superparamagnetic polystyrene microbeads via 
5' linker group (Dynabeads mRNA DIRECT kit; Life Technologies, Gaithersburg, 
MD). Cryostat sections from both sides of the sample sections were stained with 
hematoxylin for histologic examination. Recombinant Thermus thermophilus 
polymerase (rTth) reverse transcription (Perkin Elmer, Waltham, MA) reaction 
was	performed	using	5.0	U	of	rTth	DNA	polymerase	in	a	total	volume	of	20	μl	(90	
mM	KCl,	10	mM	Tris-HCl,	pH	8.3,	1	mM	MnCl2,	200	μM	of	dATP,	dCTP,	dGTP	and	
dTTP) on a thermal cycler (Pharmacia, Gene ATAQ Controller, Sollentuna, Sweden). 
The reaction was run for 1 min at 22º C, 1 min at 37º C, 5 min at 55º C and 10 min 
at	70º	C	with	mixing	at	1-min	intervals	after	which	the	Dynabead	associated	first	
strand was collected using a magnet. The primer design was based on published 
cDNA sequences and the primer sequences are provided in the original publication 
V. The second-strand synthesis was performed in PCR buffer containing 5' primer 
(0.17	μM	final)	and	100	μM	of	dATP,	dCTP,	dGTP	and	dTTP	in	a	total	volume	of	
30	μl.	0.5	U	of	the	thermostable	DNA	polymerase	(Finnzymes	Oy,	Espoo,	Finland)	
was added, samples were denatured at 95º C for 2 min and annealed at 55º C / 58º 
C (IGF-I / IGF-II) for 1 min followed by 5 min extension at 72º C. After melting the 
strands for 2 min at 95º C, the beads were collected with a magnet and the second-
strand cDNA supernatant was transferred to a new PCR tube, where the 3' primer 
(0.17	μM	final)	was	pipetted.	45	cycles	of	1	min	at	95º	C,	1	min	at	55º	C	/	58º	C	
(IGF-I	/	IGF-II)	and	1	min	at	72º	C	were	performed.	Amplified	DNA	was	run	on	a	
1%	modified	agarose	gel	(FMC	Bioproducts)	for	size	verification.	Messenger	RNA	
extraction	was	controlled	using	primers	for	β-actin.	A	negative	RT-PCR	method	
control was run using controls without templates.

QuantitatiVe real-time reVerse transcription  
polymerase chain reaction, Qrt-pcr (Vi)

The	expression	levels	of	VEGF	and	its	receptors	1	and	2	in	fibroblast	cultures	in	
normoxic and hypoxic conditions and after stimulation by various cytokines was 
measured using qRT-PCR. Total RNA from the cultured cells was isolated using 
RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instructions. 500 ng 
of total RNA was reverse transcribed using iScript cDNA Synthesis Kit (BioRad 
Laboratories).	Quantitative	RT-PCR	was	run	using	10	ng	first-strand	cDNA	and	
0.5 mM primers in iQ SYBR Green Supermix (Bio-Rad) in iCycler iQ5 Multicolor 
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Real-Time PCR Detection System (Bio-Rad). Primers were designed with Primer3 
(SourceForge: http://primer3.wi.mit.edu), the sequences were searched using the 
NCBI Entrez search system and sequence similarity search was done using the NCBI 
Blastn program. The primer sequences are provided in the original publication VI. 
The copy numbers of mRNA were determined in duplicates and normalized against 
β-actin	and	porphobilinogen	deaminase	genes.	

QuantiFication oF immunohistochemical staining

Semi-quantitative image analysis (I-IV)

The average number of positive cells from immunohistochemical staining was 
calculated	in	five	different	high-power	fields	(x400)	using	a	low	light	charge-screen	
coupled CCTV camera (Panasonic WV-CD 130L) mounted on an Olympus BH-2 
light microscope linked to a semiautomatic Kontron image analysis and processing 
system (Kontron Bildanalyse) equipped with the VIDAS 2.1 program (Kontron 
Elektronik). The number of positive cells was calculated in three representative 
samples in all study groups to get an estimate for a population mean. Using the 
formula	t	=	(x	-	µ)	/	SEM	it	was	calculated	that	the	mean	of	five	high-power	fields	is	
not	significantly	(p>0.05)	different	from	the	population	mean	(t	refers	to	t-statistics,	
x=the sample mean, µ=the population mean, SEM=standard error of the population 
mean). Results were expressed as the number of positive cells per 1 mm2 of tissue.

Crude visual analysis (V-VI)

Stained	 tissue	 sections	were	 analysed	under	400×	magnification.	Microscopic	
findings	were	graded	as	follows:	0	=	no	immunoreactive	cells;	1	=	only	occasional	
immunoreactive cells (< 10%); 2 = moderate numbers of immunoreactive cells 
(10–50%);	 3	=	many	 immunoreactive	 cells	 (>	 50%).	 Based	 on	 their	 location,	
arrangement,	and	morphology,	 the	 immunoreactive	cells	were	classified	into	1)	
synovial	lining	cells,	2)	spindle-shaped,	stromal	fibroblast-like	cells,	3)	interstitial	
monocyte/macrophage-like cells, and 4) vascular endothelial cells. Intensity of the 
staining was evaluated separately. The evaluation was also based in part on our 
experience	in	the	identification	of	such	cells	through	our	extensive	marker	studies	
of interface tissues (Santavirta et al., 1990a; 1990b; 1998). 
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statistical analysis

In studies I-IV for semi-quantitative image analysis results, statistical BMDP-PC 
7.01 software was used to calculate the mean and standard error of the population 
mean	to	describe	the	dispersion	of	the	data.	The	significance	of	differences	between	
means was analysed using Mann-Whitney U test for skewed or Student’s t-test for 
normally distributed variables. A p value of 0.05 or less was considered statistically 
significant.	

In studies V-VI for crude visual analysis results, statistical SPSS software for 
Windows version 11.5 was used to calculate the medians and 95% CIs for medians 
of cell density scores. Mann-Whitney U test was used for comparison of paired 
variables between revision THR and OA groups, because the data had an ordinal 
level of measurement and was therefore non-parametric. Wilcoxon signed rank test 
was used for comparison between variables within the rTHR and control groups 
using 2-tailed tests.
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5 RESULTS AND DISCUSSION

General overview of the results in the studies I-VI is presented in Table 4.
table 4. General overview of the results.
* trend with no statistical significance
** statistically significant difference when compared to control synovial tissue

interface
vs. control

pseudocapsule
vs. control macrophages fibroblast-

like cells
endothelial
cells

bFgF   +++ ++ +

tgF-β1   +++ ++ +

tgF-β2   +++ ++ +

pdgF-a   +++ ++ ++

pdgF-B   +++ ++ ++

igF-i   + + +

igF-ii similar  +++ +++ ++

Bmp-2 similar not studied ++ + ++

Bmp-4 * not studied +++** ++ ++

Bmp-6 similar not studied +++ +++ ++

Bmp-7 similar not studied ++ + +

VegF similar not studied + + +

VegFr1 similar not studied ++** ++** ++

VegFr2 * not studied + +** +++

histopathological eValuation oF interFace tissue  
and pseudocapsular tissue 

Sample tissue obtained at the time of the revision of THR was synovial-like 
membrane. It was covered with a synovial lining-like layer, usually one to ten cells in 
thickness. Subsynovial vascularised stroma contained mainly macrophages/foreign 
body	giant	cells,	often	organised	to	granulomas,	and	fibroblasts.	Highly	cellular	areas	
contained	mostly	macrophages	and	fibrous	tissue	consisted	mainly	of	relatively	
dense	collagenous	fibres	and	elongated	fibroblasts.	In	general,	the	fibrous	tissue	
occupied mainly the deeper bone side of the membrane, whereas the macrophage-
rich tissue was located closer to the synovial-like lining layer. Morphologically IT 
and pseudocapsular tissue were very similar. There were no apparent structural 
differences	depending	on	 the	 type	of	fixation	(cemented	versus	cementless)	or	
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prosthetic materials (CoCrMo versus TiAlV). The synovial-like membrane of IT 
and pseudocapsule was very similar to synovial membrane from control hip or 
knee synovial membrane. The main difference was the lack of debris and foreign 
body reaction in the control synovial tissue.

wear particulate deBris 

Particulate debris in IT and pseudocapsular tissue included UHMWPE, PMMA, and 
metal	wear	debris.	Large	UHMWPE	particles	were	identified	as	highly	birefringent	
fine	fragments	when	viewed	under	polarized	 light.	PMMA	particles	are	usually	
dissolved by solvents (xylene) used for sample processing. PMMA particles were 
usually “seen” as large and round empty spaces surrounded by connective tissue 
and macrophages / foreign body giant cells. Occasional undissolved PMMA-like 
particles	were	also	seen.	Metal	particles	were	identified	as	irregularly	shaped,	fine	
black particles. Varying numbers of small metal particles had been phagocytosed by 
macrophages / foreign body giant cells, but particulate debris was also frequently 
seen in the extracellular tissue. However, the chemical nature of these particles could 
not be ascertained. Perhaps some of these particles represent radiocontrast agents 
like BaSO4, ZrO3	or	bone.	Identification	and	systematic	classification	of	individual	
particles as UHMWPE, PMMA, and metal debris was not done in this study.

Basic FgF in aseptic loosening

In	study	I,	bFGF	was	first	time	reported	to	be	present	in	the	IT	and	pseudocapsular	
tissue samples which were obtained at revisions performed for aseptic loosening 
of	THR.	It	was	found	particularly	 in	 interstitial	fibroblasts	and	in	macrophages,	
which were the predominant cells in these patient samples. Weaker immunostaining 
was found in less numerous vascular endothelial cells of capillary blood vessels 
and post-capillary venules. Basic FGF positive macrophages seemed to be located 
predominantly in cell-rich areas, which coincided with implant derived debris, either 
UHMWPE,	PMMA	or	metal	particles.	Basic	FGF	positive	fibroblast-like	cells	were	
more evenly scattered. The number of bFGF positive cells was relatively similar in 
IT and pseudocapsular tissues, cemented and cementless hips and CoCrMo and 
TiVlA alloy implants. However, patient numbers were too low for proper statistical 
comparison. 

Control samples of synovial membrane obtained at the time of the knee 
arthroscopies were structurally very similar with a layer of synovial lining cells and 
vascularised sublining connective tissue. The main difference in the control tissue 
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samples	(I)	was	the	lack	of	debris	and	infiltrating	monocyte/macrophage-like	cells	
granulomas. Image analysis showed that the numbers of bFGF positive cells were 
higher both in the IT (1693 ± 291 cells/mm2 tissue) and pseudocapsular tissues 
(1954 ± 256 cells/mm2 tissue) than in the control synovial membranes (1009  ± 
133 cells/mm2 tissue, p<0.05 and p<0.01, respectively).

Concurrently with study I, an in vitro cell culture study showed that a low 
concentration	of	TiAlV	particles	stimulated	human	foreskin	fibroblasts	to	produce	
more	bFGF	than	higher	concentrations	(Manlapaz	et	al.,	1996).	Later,	our	finding	was	
confirmed	and	bFGF	expression	was	found	to	be	elevated	in	PT	samples	compared	
with normal synovial tissue samples (Koreny et al., 2006). The same group described 
also that similar amounts of bFGF were produced by IT and normal synovial tissue 
explants samples in vitro as analysed by RNase protection assay (Tunyogi-Csapo 
et	al.,	2007).	This	seems	to	be	somewhat	in	conflict	with	their	earlier	(Koreny	et	
al.,	2006)	and	our	findings	(I).	Maybe	this	in	part	relates	to	the	traumatic	tissue	
explants sample collection, because the amount of bFGF in IT samples increased 
significantly	after	tissue	culture	for	one	week.	Furthermore,	IT	fibroblasts	were	
highly induced to produce bFGF, when they were treated with culture media from 
IT,	with	or	without	titanium	particles	or	treated	with	an	inflammatory	cytokine	
cocktail.	This	is	in	concordance	with	our	findings	(I).

 To sum up, bFGF has been studied only in a few studies in aseptic loosening 
so	far.	Wear	particles	seem	to	induce	bFGF	production	especially	by	fibroblasts	
and macrophages. The expression of bFGF in PTs is at least not diminished but 
most	probably	increased	in	aseptic	loosening.	The	findings,	together	with	current	
knowledge of the many roles of bFGF, suggest that it helps in the growth and 
maintenance of periprosthetic connective tissue and its vasculature as a response to 
wear debris. Increased amount of bFGF could have positive effects on periprosthetic 
bone.	This	may	however	be	insufficient	to	compensate	for	the	even	more	increased	
osteolysis. Furthermore, the effects of bFGF are pleiotropic and it has also been 
shown to inhibit OB differentiation and function and to be able to stimulate 
OC recruitment and activation via RANKL, in association with physiologic and 
pathologic bone remodelling (Collin-Osdoby et al., 2002; Shimoaka et al., 2002). 
Finally, the increased number of bFGF+ cells per tissue area might also be explained 
by	the	higher	cell	numbers	in	the	inflamed	PTs	compared	to	control	tissues.	These	
three explanations can also be applied to some of the other cytokines described 
below.
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tgF-β1 and tgF-β2 in aseptic loosening

TGF-β	mRNA	was	first	detected	in	PTs	by	in	situ	hybridization	while	study	II	was	
under	way,	but	the	cellular	sources	of	TGF-β	were	not	determined	(Goodman	et	al.,	
1996).	At	about	the	same	time,	TGF-β1	was	found	in	conditioned	media	from	24	h	
cultured tissue explants samples of periprosthetic pseudosynovial membranes, but 
the	amount	of	TGF-β1	was	not	related	to	radiological	findings	of	failed	implants.	
Furthermore,	no	significant	correlations	were	found	between	levels	of	TGF-β1	and	
IL-1β,	IL-6,	TNF-α	or	PGE2	(Perry	et	al.,	1997).	Study	II	confirmed	these	findings	
and	extended	the	results	to	TGF-β1	and	TGF-β2	isoforms	by	immunohistochemical	
staining	with	PAP-APAAP	double	staining	and	verified	macrophages	as	the	main	
cellular	source	of	TGF-βs	in	PTs.

In	study	II,	TGF-β1	and	TGF-β2	staining	pattern	was	strikingly	similar	to	that	of	
the	bFGF	(I).	Positively	stained	macrophages	and	fibroblasts	were	most	numerous	of	
the	TGF-β+	cells	and	also	displayed	the	highest	staining	intensity,	while	the	number	
and	staining	intensity	of	ECs	was	clearly	lower.	A	few	TGF-β+	lymphocytes	were	
also	noticed.	PAP-APAAP	double	staining	confirmed	that	macrophages	were	the	
main	source	of	TGF-β1	and	TGF-β2	positive	cells	(II).	As	with	bFGF	(I),	the	staining	
results	were	similar	regardless	of	implant	alloy,	implant	fixation	type	and	sample	
site.	Even	staining	findings	of	control	synovial	membrane	resembled	those	of	bFGF	
(I).	Image	analysis	showed	that	the	number	of	TGF-β1	and	–β2	positive	cells	were	
higher both in ITs (2327 ± 212 and 2292 ± 594 cells/mm2 tissue; respectively) 
and pseudocapsular tissues (1796 ± 214 and 3210 ± 585 cells/mm2 tissue) than in 
the control synovial membranes (946 ± 136 cells/mm2 and 311 ± 113 cells/mm2 
tissue, respectively; all p values <0.01) (II). As with bFGF, the cellular origin was 
similar in all tissues (I,II).

In 1996, slightly before study II was published, it was reported that human 
foreskin	fibroblasts	exposed	to	TiAlV	particles	at	different	concentrations	did	not	
produce	TGF-β	at	all	(Manlapaz	et	al.,	1996).	In	another	study,	TGF-β1	expression	
of human peripheral monocytes was found to be inhibited by titanium, chromium 
and cobalt ions (Wang JY et al., 1996a). Furthermore, PMMA or CoCr particles did 
not	affect	TGF-β1	mRNA	expression	of	murine	macrophages	(Prabhu	et	al.,	1998).	
All	these	in	vitro	findings	seem	clearly	to	be	in	conflict	with	our	findings	in	study	
II.	We	found	increased	TGF-β1	and	TGF-β2	positive	cell	count	in	PTs	of	aseptically	
loosened hip implants when compared to control knee synovial membrane samples 
and	the	TGF-β+	cells	were	mainly	macrophages	and	fibroblasts	(II).	This	may	in	part	
relate to the short term stimulation in in vitro studies compared to the often 10-15 
year long process in PT samples before rTHR becomes necessary. Second, these 
types of in vitro studies are biased due to the lack of other cells, tissue architecture 
and lack of multiple cellular interactions, which can occur in vivo, such as continuous 
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recruitment	of	circulating	cells	and	interactions	between	macrophages,	fibroblasts,	
vascular ECs, mast cells and many others. For both of these reasons, processes like 
development	of	fibrotic	implant	capsule	or	synovial-like	lining	cannot	be	seen	in	vitro.

Later,	similar	level	of	TGF-β1	mRNA	was	found	using	densitometrically	analysed	
RT-PCR in ITs retrieved at hip revision arthroplasty as in control samples of OA 
and rheumatoid arthritis patients (Nabae et al., 1999). This may in part relate to 
the	normalisation	of	TGF-β1	mRNA	against	the	housekeeping	gene:	TGF-β	may	be	
increased	in	PTs	due	to	either	increased	production	of	TGF-β	per	cell	or	increased	
numbers	of	TGF-β+	cells	per	tissue	area	(or	volume).	Due	to	the	high	sensitivity	of		
RT-PCR, relatively small sample volumes are used, which may lead to a bias due 
to the tissue sampling area (i.e. where exactly the sample was taken). Finally, it is 
nowadays	well	recognized	that	regulation	of	the	TGF-β	protein	production	may	
also occur at the post-transcriptional level (translation, mRNA stability etc.) so 
that the mRNA and protein level studies do not always agree with each other. At 
the	same	time,	in	line	with	our	work,	TGF-β	immunoreactivity	was	localised	in	PT	
to	fibroblasts	and	macrophages	as	well	as	in	periprosthetic	bone	to	OBs	and	bone	
matrix	(Al-Saffar	et	al.,	1999).	The	authors	did	not	report	TGF-β	immunoreactivity	
in	endothelial	 cells	or	 in	 inflammatory	 cell	 infiltrates	whereas	we	 found	a	 few	
endothelial	cells	and	occasional	lymphocytes	to	be	TGF-β	positive	(II).	However,	
they	 found	that	TGF-β	was	highly	expressed	at	 the	sites	of	osteogenesis	which	
suggests	an	active	role	for	it	in	bone	regeneration	and	transition	from	fibrous	tissue	
to bone (Al-Saffar et al., 1999).

In	accordance	to	study	II,	the	amount	of	TGF-β1	protein,	measured	with	high-
throughput protein chips, has been found to be more than threefold higher in 
homogenized PT samples than in homogenized OA synovial capsular tissue samples 
(Shanbhag	et	al.,	2007).	Higher	amounts	of	TGF-β1	has	been	described	in	fresh	
IT explants samples than in normal synovial tissue samples by RNase protection 
assay	(Tunyogi-Csapo	et	al.,	2007).	The	amount	of	TGF-β1	increased	significantly	
after	 tissue	culture	for	one	week.	Furthermore,	 it	was	found	that	IT	fibroblasts	
were	induced	to	produce	TGF-β1	when	they	were	treated	with	conditioned	culture	
media from interface membrane (CM-IFM), with or without titanium (Ti) particles 
or	treated	with	an	inflammatory	cytokine	cocktail.	Interestingly,	Ti	particles	alone	
induced	higher	TGF-β1	expression	than	treatment	with	CM-IFM	with	or	without	
Ti particles, which differed dramatically from the additive response of Ti particles 
and CM-IFM to bFGF and VEGF expression (Tunyogi-Csapo et al., 2007).

THR	materials	may	affect	TGF-β	 levels	 in	PTs,	 since	 failed	metal-on-metal	
THRs	were	reported	to	be	associated	with	fewer	TGF-β	positive	cells	compared	
with failed metal-on-PE THRs (Campbell et al., 2002), which might in part be due 
to the direct toxic effects of metal ions on cells. In vitro, 0.5 – 3.0 µm HA particles 
inhibited	TGF-β1	production	in	OB/OC	co-cultures	whereas	 larger	particles	did	
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not	have	any	marked	effect	(Sun	et	al.,	1999).	Likewise,	≤	1	µm	sized	UHMWPE	
(Dean et al., 1999) and 1 µm sized Al2O3 (Lohmann et al., 2002) particles decreased 
TGF-β	levels	of	OB	culture	conditioned	media.	Furthermore,	1	–	10	µm	PMMA	
particles	 inhibited	osteoblastic	expression	of	TGF-β1	by	day	4	but	not	by	day	8	
in	a	cell	culture	study	(Ma	et	al.,	2010).	Due	to	matrix	binding,	TGF-β	might	play	
tissue	and	cell	specific	roles	in	different	locations.	Lower	concentrations	of	TGF-β1	
have	been	found	in	the	joint	fluids	from	patients	with	loose	knee	or	hip	implants	
compared	to	patients	undergoing	first	implantation,	but	serum	TGF-β	levels	do	not	
seem	to	change	significantly	in	aseptic	loosening	(Wang	JY	et	al.,	1996b;	Fiorito	
et	al.,	2003).	In	one	study	however,	plasma	level	of	 latent	TGF-β2	was	lower	in	
patients with implant loosening than in patients with stable hip implants. In the 
same	study,	the	levels	of	HCl-activated	TGF-β2	and	latent/activated	TGF-β1	were	
similar in both patient groups (Cenni et al., 2005). It is not known from what 
tissue	compartment	the	joint	fluid	and	serum	TGF-β	is	derived	or	if	the	assays	used	
only	measured	biologically	active	TGF-β	or	also	latent	complexes	and/or	inactive	
degradation	products	of	TGF-β.	Finally,	it	may	be	that	local	activation	of	TGF-β	
leads	to	high	affinity	binding	to	specific	receptors,	preventing	diffusion	away	from	
the site of activation.

In	conclusion,	TGF-β	-related	findings	 in	aseptic	 loosening	seem	to	at	 least	
partially contradictory. However, the majority of the studies since study II show 
the	expression	of	TGF-β	to	be	increased	in	vitro	in	fibroblasts	and	macrophages	
treated	with	wear	particles.	Correspondingly,	the	expression	of	TGF-β	is	increased	in	
fibroblasts	and	macrophages	in	inflamed	tissue	areas	of	the	PTs	in	aseptic	loosening.

TGF-β	 is	most	 likely	necessary	 in	 inflammatory	reactions,	angiogenesis	and	
connective tissue growth and remodelling of PT surrounding loosening implants. 
Even	though	it	has	osteolytic	properties,	TGF-β	probably	has	mainly	positive	effects	
on periprosthetic bone in aseptic loosening since it is highly expressed at the sites 
of bone repair/formation (Al-Saffar et al., 1999).

pdgF in aseptic loosening

PDGF-B	(also	known	as	PDGF-2)	mRNA	was	found	by	in	situ	hybridization	first	
time	in	PT	macrophages	and	fibroblasts	by	Jiranek	et	al.	(1993).	Later,	PDGF-A	
(also	known	as	PDGF-α)	mRNA	was	detected	by	in	situ	hybridization	in	PTs,	but	the	
cellular	sources	were	not	determined	(Goodman	et	al.,	1996).	Study	III	confirmed	
these	findings	by	immunohistochemical	staining	and	provided	more	information	
on	cellular	sources	of	PDGFs	with	quantification	of	positively	stained	cells.

PDGF-A and PDGF-B chain containing cells were found in all interface and 
pseudocapsular tissues from cases of aseptic loosening of THR. Staining pattern 
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resembled	that	of	bFGF	and	TGF-βs	since	PDGF-A	and	PDGF-B	chains	were	found	
in	macrophages,	fibroblasts	and	vascular	endothelial	cells.	As	with	bFGF	and	TGF-
βs,	macrophage	staining	was	strong	and	macrophage	was	clearly	the	most	dominant	
PDGF+	cell	type	in	all	samples.	This	was	also	confirmed	in	an	ABC-APAAP	double	
staining using PDGF and CD68 antibodies. About half of CD68 positive cells were 
PDGF-A and PDGF-B positive, often containing implant debris. The PDGF-A and 
PDGF-B positive cells in similar cell types were also seen in control tissues. Perhaps 
due to small patient numbers, differences of PDGF immunostaining between 
different	implant	alloys	or	fixation	types	did	not	reach	statistical	significance	(III).	
Image analysis showed that the numbers of PDGF A and B chain positive cells around 
loose THR in IT (1881 ± 486 and 1877 ± 214 cells/mm2 tissue) or pseudocapsules 
(1786 ± 236 and 1676 ± 152 cells/mm2 tissue) were higher (p<0.01) than in control 
tissues (821 ± 112 and 467 ± 150 cells/mm2 tissue), respectively (III).

Regarding	the	effect	of	wear	particles	on	fibroblast/macrophage	PDGF	expression,	
it	has	been	reported	that	human	foreskin	fibroblasts	exposed	to	submicron	sized	
TiAlV particles at different concentrations, in an enzyme-linked immunosorbent 
assay	study	(ELISA),	did	not	produce	PDGF-AB	(or	TGF-β),	but	produced	bFGF	
(Manlapaz et al., 1996). In another ELISA study, submicron sized TiAlV particles 
did not increase the PDGF production by cultured human macrophage-like cells 
(Rolf	et	al.,	2005).	These	findings	seem	to	be	in	conflict	with	our	findings	(I),	but	
cells in periprosthetic tissue may behave differently to cultured cells and the nature 
of cytokine response in aseptic loosening is known to depend on the composition, 
size, shape, volume, and surface area of the particulate debris (Purdue et al., 2007). 
Biomechanical	loading,	fluid	shear	stress,	hypoxia,	pH	and	cytokine	network	effects	
may play a role in vivo. Indeed, it is currently believed that particles alone cannot 
explain the so called particle disease, but requires co-stimulation, e.g. particle 
opsonisation with danger associated molecular signals (Gallo et al., 2012). No 
differences have been detected in PDGF-AB or PDGF-BB plasma levels between 
patients with loosened and stable hip implants (Cenni et al., 2003; 2005). It is 
possible that locally released PDGF binds to cell receptors in the PT or is degraded 
by activated proteases and thus does not reach (enter) the blood stream. Our group 
has	proposed	that	there	is	 insufficient	degradation	of	PDGF-receptor	complexes	
in aseptic loosening, which could lead to the accumulation of connective tissue 
(Niissalo et al., 2002).

As described above, PDGF has not been studied extensively in aseptic loosening. 
It	 plays	 a	 role	 in	 the	upregulation	of	 tissue	metabolism	both	 in	 inflammation	
and wound / connective tissue healing. Its presence is presumed to precede or 
coincide	with	the	stimulation	of	other	cytokines,	such	as	TGF-β.	It	is	also	known	
that PDGF can stimulate both bone formation and resorption. It is important to 
recognize	that	not	only	macrophages	but	also	fibroblasts	and	vascular	endothelial	
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cells produce PDGF. Because of the variety of cell types present in PT, it seems 
likely that multiple potential mechanisms of PDGF action exist in aseptic loosening. 
It probably assists in periprosthetic connective tissue growth, angiogenesis and 
remodelling. Furthermore, it may act as a chemokine and mitogen for macrophages, 
fibroblasts	and	osteoblasts.	It	may	also	enhance	bone	formation	through	regulation	
of bone remodelling or via direct effects on osteoblasts. Another, completely opposite 
possibility is that PDGF stimulates bone resorption directly or indirectly via, for 
example, stimulation of prostaglandin-E2, which is highly expressed in IT.

igF-i and ii in aseptic loosening

Study	IV	was	the	first	one	to	elucidate	the	role	of	IGF-I	and	-II	in	aseptic	loosening.	
RT-PCR	revealed	that	both	IGFs	were	produced	in	all	five	studied	rTHR	and	five	
control knee synovial samples. IGF-I and -II immunoreactivity was observed in 
all the studied rTHR and control samples. Interestingly, the cellular sources of 
the IGF isotypes were somewhat different. Most of the IGF-I containing cells 
were vascular endothelial cells and monocyte/macrophages. The same cell types 
were	also	IGF-II	positive.	In	addition,	fibroblast-like	cells	showed	strong	IGF-II	
staining.	ABC-APAAP	double	staining	was	used	to	confirm	that	both	fibroblasts	
and macrophages produce both IGF isoforms. Staining pattern was consistent with 
cytoplasmic rather than membrane-bound localization of IGF immunoreactive 
material (IV), perhaps suggesting actively ongoing IGF synthesis. The number of 
IGF-I immunoreactive cells per mm2 was low in the IT samples (295 ± 37) and 
pseudocapsule (339 ± 72) compared to control synovial tissue (866 ± 123; all p 
values <0.01). Likewise, the number of IGF-II immunoreactive cells per mm2 was 
significantly	lower	in	the	pseudocapsule	(296	±	35)	compared	to	controls	(602	±	
108; p<0.01). The IGF-II positivity was similar between the controls and the IT 
(602 ± 108 cells/mm2 vs. 596 ± 97 cells/mm2, NS). Although the numbers were 
too low for proper statistical comparison, there seemed to be no difference in IGF 
expression	between	cases	of	cemented	or	cementless	fixation	or	implants	made	
of TiVAl or CoCrMo alloy.

In addition to study IV, only one study has covered IGF in aseptic loosening: 
lower	levels	of	IGF-I,	measured	by	radioimmunoassay,	were	found	in	synovial	fluid	
and serum of patients with aseptic loosening compared with OA patients. The levels 
of	IGF-II	were	similar	in	the	synovial	fluid	samples	of	both	study	groups	and	the	
serum levels of IGF-II were not studied or reported (Andersson et al., 2005). These 
results	resemble	our	findings	(IV).	A	more	trivial	explanation	could	be	that	IGF	is	
increased in OA, e.g. as a mediator in subchondral bone thickening and formation 
of osteophytes (Middleton et al., 1995). However, the control samples used in study 
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IV were not PTs from primary THR performed for OA but samples of synovial 
membrane taken during arthroscopy of knee trauma patients.

To sum up, IGFs have been studied very little in aseptic loosening. IGFs are the 
only growth factors studied in this thesis work that were clearly down-regulated 
in PTs when compared to the control samples. In contrast, a plethora of locally 
up-regulated	pro-inflammatory	cytokines	have	been	identified	in	PTs.	Probably	
some of these cytokines, local tissue conditions or systemic regulatory mechanisms 
inhibit local IGF production in PTs surrounding aseptically loosened prostheses. 
For	example,	mitogenic	growth	factors	like	bFGF,	TGF-β	and	PDGF	can	decrease	
osteoblastic IGF-I and -II secretion (Canalis et al., 1993; Gabbitas et al., 1994) and 
are up-regulated in aseptic loosening (I-III). 

Down-regulation of local IGF production most probably has negative effects on 
periprosthetic bone formation and on the growth, angiogenesis and remodelling 
of periprosthetic soft tissues in aseptic loosening. IGFs have been found to induce 
and even substitute RANKL and thus to enhance OC differentiation, activation and 
function (Mochizuki et al., 1992; Hemingway et al., 2011), but this effect may not 
be important in aseptic loosening because PTs are characterized by a high RANKL/
OPG  ratio (Mandelin et al., 2003). 

Bmps in aseptic loosening

Localization and distribution of BMPs in PTs of aseptically loosened hip implants 
was	first	described	in	study	V.	Like	in	studies	I-IV	and	VI	periprosthetic	bone	
was not studied. Similarly to growth factors in studies I-IV and VI, BMPs 
were	found	in	synovial	lining	or	lining-like	layers,	fibroblast-like	stromal	cells,	
interstitial monocyte/macrophage-like cells, and endothelial cells in all samples. 
The staining patterns were relatively similar in control OA and rTHR samples, 
but the density of BMP-4 positive monocyte/macrophage-like cells was higher 
in rTHR samples than in OA samples (p<0.05). The staining intensity of the 
BMP-4 positive monocyte/macrophage-like stromal cells was also stronger in 
rTHR samples than in control samples (V).

In rTHR samples BMP-6 positive cells seemed to be generally more frequent 
than cells that were positive for other BMPs. BMP-2 and BMP-4 positive cells 
were usually present at intermediate frequencies and BMP-7 positive cells were the 
least frequent. BMP-6 positive cells were more frequent than BMP-7 positive cells 
among	fibroblast-like	stromal	cells	(mean	2.6	vs.	0.9,	p<0.05),	macrophage-like	
cells (mean 2.9 vs. 1.6, p<0.05) and endothelial cells (mean 2.2 vs. 1.3, p<0.05). 
Furthermore, BMP-4 positive cells were more frequent than BMP-7 positive cells 
among	fibroblast-like	stromal	cells	(mean	1.9	vs.	0.9,	p<0.05)	and	macrophage-like	
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cells (mean 2.4 vs. 1.6, p<0.05). Any other differences between the staining results 
were	not	statistically	significant.

In control OA samples BMP-6 positive cells were more frequent than cells 
positive for BMP-2, BMP-4, and BMP-7 among all cell types (p<0.05) but not in 
synovial lining cells between BMP-6 and BMP-2 expression (p = 0.06). There were 
no	statistically	significant	differences	between	the	frequencies	of	BMP-2,	BMP-4,	
and	BMP-7	positive	cells.	In	conclusion,	the	only	statistically	significant	finding	
between rTHR and control samples was that BMP-4 positive macrophage-like 
cells were more frequent in rTHR than in control samples (V).

Expression of BMP-2, -4, -6, and -7 was detected in human bone marrow-
derived	MSCs	by	immunofluorescence	staining	as	granular,	cytoplasmic	staining.	
The staining diminished during osteogenesis so that osteoblast-rich cell cultures 
contained less cytoplasmic BMP-immunoreactive granules than the undifferentiated 
MSC progenitors. This suggests that in particular OB progenitor cells produce 
BMPs, probably for storage in the bone matrix (V).

Results	of	the	study	V	are	in	accordance	with	a	previous	finding	that	polyethylene-
stimulated human macrophage-like cells produce BMP-4 mRNA, detected with RT-
PCR (Rader et al., 2002). Two other particle studies were published at the same 
time	with	study	V.	In	the	first	one,	1	–	10	µm	PMMA	particles	inhibited	osteogenic	
differentiation of MC3T3-E1 osteoprogenitor cells, but addition of BMP-7 counteracted 
this effect by stimulating the osteogenic differentiation (Kann et al., 2010). In the 
second in vitro study of the same research group, 1 – 10 µm PMMA particles inhibited 
the osteoblastic expression of BMP-2 and -4 (Ma et al., 2010). Causal connections are 
naturally far more complex in real in vivo aseptic loosening situation with mechanical 
loading, local hypoxia and a plethora of interacting cytokines, but the results suggest 
that BMPs may be used to slow or reverse aseptic osteolysis.

In conclusion, increased BMP-4 probably results from particle-induced 
activation of macrophages. It likely affects positively on bone formation but 
clearly not enough to maintain implant osseointegration. Like in studies I-IV, 
other interpretations are also possible: BMPs, including BMP-4 can induce 
osteoclastogenesis by increasing RANKL production by OBs and promote OC 
survival and they have been found to stimulate OC activation and function 
(Mishina et al., 2004; Canalis, 2009), except for BMP-7, which inhibits 
osteoclastogenesis (Maurer et al., 2012). It could be that the relatively high 
degree of BMP-4 expression in revision THR interface samples is in part 
responsible for the enhanced activity of osteoclasts, and in fact stimulates peri-
implant osteolysis rather than osseointegration. BMPs have been implicated 
in many diverse responses and their activity is affected by their concentration, 
other growth factors/ cytokines and mechanical stimuli (for some examples, 
see Cunningham, 1992; Zeisberg et al., 2003; Csiszar et al., 2008; Meynard et 
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al.,	2009).	Therefore,	our	findings	might	also	be	explained	by	connective	tissue	
growth and by BMP-driven formation of interface tissues. Since BMP-2 and -7 are 
the only commercially available growth factors in orthopaedic use at the moment, 
it is surprising that BMPs have not been studied more in aseptic loosening.

VegF and its receptors 1 and 2 in aseptic loosening

First VEGF-related studies in aseptic loosening focused on angiogenesis, macrophages 
and	fibroblasts.	They	described	that	VEGF,	VEGFR1	and	VEGFR2	are	expressed	in	
PTs (Jell and Al-Saffar, 2001; Miyanishi et al., 2003; Spanogle et al., 2006; Koreny 
et al., 2006; Tunyogi-Csapo et al., 2007), but the results for expression of VEGFR2 
were	contradictory.	Furthermore,	VEGF/VEGFR	positive	cells	were	not	quantified	
in the papers. Therefore, we decided to systematically quantify all the main VEGF/
VEGFR positive cells in PTs. Macrophages are considered key players in aseptic 
loosening,	but	also	resident	fibroblasts	can	produce	and	release	VEGF	and	may	be	
active in aseptic loosening, perhaps even in actively resorbing periprosthetic bone 
(Pap et al., 2003; Koreny et al., 2006; Tunyogi-Csapo et al., 2007). That provided 
inspiration	to	clarify	the	VEGF/VEGFR	system	and	its	regulation	in	fibroblasts	by	
hypoxia	and	pro-inflammatory	cytokines,	both	present	in	aseptic	loosening.

VEGF, VEGFR1 and VEGFR2 in rTHR and in OA and in different cells (VI)

The immunostaining of VEGF+ cells was only weak and similar in revision THR 
and OA samples. There were slightly more VEGF+ cells in all the main cell types 
(lining	cells,	macrophage-like	stromal	cells,	fibroblast-like	stromal	cells,	and	ECs)	
in rTHR samples than in OA samples, but the differences were statistically not 
significant.	However,	VEGFR1	was	up-regulated	in	synovial	lining-like	layer	cells,	in	
stromal	macrophage-like	cells	and	especially	in	stromal	fibroblast-like	cells	in	rTHR	
compared to OA samples (p < 0.01; p < 0.05 and p = 0.001; respectively). VEGFR2 
was	slightly	up-regulated	in	stromal	fibroblast-like	cells	(p	<	0.05),	but	not	in	any	
other cell subtypes. Both in OA (p<0.01) and in rTHR samples vascular endothelial 
cells	contained	more	frequently	VEGFR2	than	VEGFR1.	VEGFR1+	fibroblast-like	
cells	were	more	numerous	than	VEGFR2+	fibroblast-like	cells	in	rTHR	(p	<	0.05),	
but not in OA samples (VI).

The results of the study VI strongly point towards up-regulation of VEGF/VEGF-
system in aseptic loosening. Noteworthy, OA synovial samples were used as controls 
and VEGF has been shown to be strongly up-regulated in OA synovium when 
compared to normal synovium (Giatromanolaki et al., 2003).
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Effects of hypoxia and pro-inflammatory cytokines on VEGF,  
VEGFR1 and VEGFR2 (VI)

Synovial	fibroblasts	cultured	 in	humidified	5%	CO2	in	air	expressed	VEGF	and	
upon	8	hour	exposure	of	the	fibroblasts	to	hypoxia	the	expression	level	rouse	2.4-
fold	(p	<	0.01).	In	contrast,	hypoxia	did	not	significantly	change	the	VEGFR1	or	
VEGFR2	expression	levels.	24	hour	culture	with	IFN-γ,	IL-1β,	TNF-α,	and	IL-6	
did	not	affect	VEGF,	VEGFR1	or	VEGFR2	expression	in	fibroblasts.	However,	IL-4	
increased the VEGFR1 expression over 20-fold without affecting VEGF or VEGFR2 
expression (VI).

In	the	first	study	on	VEGF	expression	in	rTHR,	VEGF	and	VEGFR2	positivity	
has been shown in macrophages, synoviocytes, ECs and in multinucleated and 
spindle-shaped cells (Jell and Al-Saffar, 2001). The authors suggested that wear 
debris	and	foreign	body	inflammation	disturb	angiogenesis	in	periprosthetic	tissues,	
since poorest vascularisation was noticed in areas with high levels of wear debris 
(Jell	and	Al-Saffar,	2001).	The	findings	correspond	with	the	results	of	the	study	VI.

Miyanishi et al. (2003) detected expression of VEGF and VEGFR1, but not 
VEGRF2 in monocyte/macrophages of rTHR tissue samples. However, no VEGF, 
VEGFR1 or VEGFR2 was detected in OA synovial tissue samples, which is in 
clear contradiction with the results of earlier studies (Paavonen K et al., 2002; 
Giatromanolaki et al., 2003) and with the study VI. Titanium particles induced in 
vitro VEGF expression in macrophages and induced macrophage chemotaxis, which 
could be inhibited by VEGF antibody (Miyanishi et al., 2003).

Our	findings	confirm	these	earlier	observations	on	the	presence	of	VEGF	and	
VEGFR1 containing macrophage-like cells in the IT around loosened implants, 
and suggest that in particular VEGFR1+ macrophages play a role here (VI). Earlier 
studies focused on monocyte/macrophages and did not describe what other cells, 
e.g.	vascular	endothelial	cells	or	fibroblasts,	expressed	VEGF	or	VEGFR1.	Study	
VI	extends	these	earlier	findings,	describes	VEGF	and	its	type	1	and	2	receptors	in	
various cell types and locations, and compares their presence in PT and OA synovial 
membrane samples (VI).

Higher amount of VEGF coding mRA molecules have been described in fresh 
IT samples than in normal synovial tissue samples by using RNase protection assay 
(RPA) (Spanogle et al., 2006). VEGF expression was higher in PTs than in OA when 
measured	by	immunofluorescence,	but	per-cell	mRNA	production	of	VEGF	was	
similar when measured by RT-PCR. The reason was higher overall and VEGF+ 
macrophage cell density (Spanogle et al., 2006). 

Cultured	PT	fibroblasts	treated	with	conditioned	media	from	interface	membranes	
(CM-IFM) with or without titanium particles, expressed higher amount of VEGF 
compared	to	VEGF	expression	in	untreated	PT	fibroblast	cultures	(Koreny	et	al.,	
2006). In a later study of the same group and with the same RPA method, higher 
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amount of VEGF was noticed in fresh and cultured IT samples than in normal 
synovial tissue samples. When the tissues were cultured for one week, the amount 
of	VEGF	became	even	more	increased	in	IT	samples.	Furthermore,	IT	fibroblasts	
produced VEGF when treated with CM-IFM with or without titanium (Ti) particles 
or	treated	with	an	 inflammatory	cytokine	cocktail.	Similarly	to	bFGF,	CM-IFM	
and Ti particles had an additive effect on VEGF expression. (Tunyogi-Csapo et al., 
2007).	All	these	findings	are	in	accordance	with	the	study	VI.

A couple of wear particle studies have been conducted covering VEGF in aseptic 
loosening. Macrophages treated with either highly cross-linked polyethylene (HXPE) 
or ”conventional” UHMWPE particles secreted increased amounts of VEGF (Illgen 
et al., 2008). Similar results were achieved with human OBs as their expression 
of VEGF was also induced by PMMA, ceramic and metal particles (Lochner et al., 
2011). A mouse osteolysis model has been used in four studies to investigate VEGF 
and	its	receptors	in	aseptic	loosening.	UHMWPE	particles	induced	inflammatory	
osteoclastogenesis by up-regulating the expression of VEGF and its receptors 1 and 
2 as well as RANK and RANKL (Ren et al., 2006). VEGF inhibitor reduced tissue 
inflammation	(cellular	infiltration,	membrane	proliferation,	and	expression	of	IL-
1β	and	TNF-α)	as	well	as	bone	resorption	(Ren	et	al.,	2007).	Antiangiogenic	and	
antiosteolytic erythromycin treatment had the same effects but also reduced VEGF 
and VEGFR1 expression (Markel et al., 2009). Again in the fourth study, exposure 
to	UHMWPE	particles	induced	inflammatory	osteolysis,	which	was	associated	with	
increased expression of VEGF and VEGFR1. Treatment with a VEGF neutralizing 
antibody	significantly	diminished	the	 inflammatory	osteolysis,	and	reduced	the	
expression of VEGF and VEGFR1. However, treatment with a VEGFR2 inhibitor 
showed	no	effect	on	inflammatory	osteolysis	(Ren	et	al.,	2011).	In	a	recent	titanium	
particle	 induced	tissue	 inflammation	mouse	air	pouch	model	study	 local	VEGF	
inhibition	(via	RNA	inhibition)	resulted	in	reduced	expression	of	VEGF,	TNF-α,	
IL-1β	and	RANKL.	Thus,	the	researchers	suggested	that	VEGF	inhibition	might	
be	a	promising	therapeutic	candidate	to	alleviate	particle-induced	inflammation	
(Zhang et al., 2011).

Neovascularisation is essential in wound healing, tissue repair and remodelling 
and	 plays	 an	 important	 role	 in	 chronic	 inflammatory	 conditions	 like	 aseptic	
loosening. VEGF is a powerful proangiogenic growth factor and induces proliferation, 
permeability, invasion, migration, survival and activation of endothelial cells (Parikh 
et al., 2004). VEGF coordinates endothelial cell invasion and extracellular matrix 
degradation by induction of MMPs, uPA, urokinase-type plasminogen activator 
receptor and tissue-type plasminogen activator all of which have been shown to be 
up-regulated around loose THRs (Parikh et al., 2004; Takagi et al., 1994; Nordsletten 
et al., 1996). VEGF modulates endothelial cell activation in part by up-regulating 
integrin expression, which is up-regulated around loose THRs (Parikh et al., 2004; 
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Li et al., 2000). VEGF can affect EC migration by activating focal adhesion kinase 
and the p38 pathway (Parikh et al., 2004). VEGF-induced NO synthesis contributes 
both to EC migration and permeability (Neufeld et al., 1999; Parikh et al., 2004). 
There is strong evidence that NO plays a major role in aseptic loosening (Hukkanen 
et al., 1997). VEGF seems to have an important role in modulating angiogenic effects 
of RANKL under physiological and pathological conditions mainly through VEGFR2 
pathway (Min et al., 2003). RANKL has already been found to be important in 
aseptic loosening and osteolysis (Mandelin et al., 2003).

Based on literature and results of the study VI, it is very likely that the VEGF/
VEGFR	system	is	up-regulated	at	least	by	some	pro-inflammatory	cytokines	and	is	
essential in pathological angiogenesis in aseptic loosening. VEGF-based angiogenesis 
is important also in the development, remodelling and maintenance of PTs 
surrounding the loosening implant. The VEGF/VEGFR system is clearly osteogenic 
and probably important in coupling bone formation with angiogenesis. It is fairly 
safe to assume that it assists in bone formation in periprosthetic tissues of aseptically 
loosened hip implants in an attempt to keep up with the enhanced bone resorption. 
At the same it also may assist in local osteolysis during the aseptic loosening process 
in different PT sites via its known effects on preosteoclasts and OCs.

patient and control sample selection

Synovial joint samples from osteoarthritic joints or traumatized joints have been 
used in almost all immunohistochemical studies of aseptic loosening as control 
samples and were therefore chosen. In study III, we used the thin connective 
tissue	samples	surrounding	well	fixed	metal	plates	to	 imitate	connective	tissue	
surrounding	of	well-fixed	hip	implants.	Unfortunately,	such	samples	are	usually	
tiny and hard to get. Probably the best control material for rTHR samples would be 
hip	pseudocapsule	samples	surrounding	well	fixed	total	hip	replacement	implants.	
Such	samples	are	for	obvious	reasons	very	difficult	to	get,	but	could	be	obtained	
from revision operations performed for implant or peri-prosthetic bone fracture. 
Aseptic loosening, although developing slowly, is a dynamic process and not likely to 
proceed uniformly all around the implant. Due to this topographical heterogeneity, 
various	characteristics	of	inflammation	probably	vary	depending	on	the	site	from	
which the sample was collected. In these studies samples were collected from 
lesions, which included synovial-like lining. Histologically they were found to be 
characterized by a rather uniform chronic foreign body reaction. Cemented and 
uncemented	fixation	and	different	 implant	models	were	used	 in	patients.	The	
number	of	patients	was	too	small	to	discover	differences	between	different	fixation	
methods and implant models. Statistical testing was used to compare patient 
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and control samples, but multiple testing may have produced some false positive 
findings.	Furthermore,	statistical	significance	is	not	necessarily	synonymous	with	
clinical	significance.

releVance oF methods

The basic method used in all publications was indirect immunohistochemistry. 
It is more sensitive than the direct staining method because multiple secondary 
chromogen labelled antibodies are able to attach to primary antibodies, which 
results in improved intensive contrast. Background staining and false positive/
negative staining can be problematic in immunohistochemistry. We used various 
methods to overcome these problems. Optimal concentration of antibodies was 
determined	in	order	to	dilute	out	serum	proteins	giving	non-specific	background	
staining.	This	is	possible	due	to	the	high	affinity	of	specific	antibodies	against	their	
antigenic epitopes. Endogenous peroxidase in tissue sections was blocked with a 
relatively high concentration of hydrogen peroxide in methanol: locally produced 
reactive oxygen species are then able to denature the active site of the horse 
radish peroxidase although it is a rather stable enzyme (and therefore much used 
in immunohistochemistry). We used normal non-immune serum from the same 
species	to	saturate	the	sites	which	might	non-specifically	bind	secondary	antibodies.	
As a negative staining control we used the same concentration of normal IgG of 
the	same	subtype	but	with	irrelevant	specificity	instead	of	the	primary	antibody.	
Therefore,	the	difference	in	immunostaining	between	the	specifically	stained	sample	
and	the	negative	staining	control	should	be	due	to	the	antigen-specific	primary	
antibodies, because all the other reagents and steps in the staining protocol are 
otherwise the same.

The	inter-	and	intra-sample	variation	in	histopathology	and	in	cytokine	profile	
of IT is quite high (Goodman et al., 1996). The heterogeneity is due to different 
mechanical and biologic environments along the bone-implant interface caused 
by/ leading to variable anatomy, vascularity and levels of wear debris in different 
areas. Cells in different areas are undergoing different rates of replication and 
metabolic activity. Revision THR samples were harvested from macroscopically 
active looking sites covered with synovial-like lining. In publications I-IV we used 
random	manual	selection	of	representative	microscope	fields	for	image	analysis,	
the same cut-off value for the staining intensity between different slides (between 
positive and negative) and semi-automatic cell counting was used.  For many 
immunohistochemical markers the difference between the patient and control 
samples was relatively large so it was possible to use a relatively crude ad hoc 
grading system in publications V and VI, which may have diminished the sensitivity 
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of the analysis, but is less likely to lead to false results and interpretations due to 
the topographical variation in tissue histology.

Many of the cells in synovial membrane-like IT and control synovial membrane 
can	be	identified	by	their	location	and	organization	apart	from	the	morphology	of	
individual	cells.	In	publications	V	and	VI	we	used	the	term	“stromal	fibroblast-like	
cells” to describe spindle shaped connective tissue cells mostly organised in the same 
orientation	along	the	collagen	fibres.	Most	of	these	cells	are	fibroblasts	according	
to	our	previous	findings	based	on	the	use	of	fibroblast	markers	in	immunostaining	
(Santavirta et al., 1990a; 1990b; 1998). However, some of these cells are spindle-
shaped monocyte/macrophages. The term “interstitial monocyte/macrophage-like 
cells” was used to describe mononuclear, non-spindle shaped, rounded interstitial 
cells	often	 forming	 inflammatory	 cells	 infiltrates	 and	containing	phagocytosed	
implant-derived debris. Majority of these are monocyte/macrophages according 
to	our	previous	findings	with	monocyte/macrophage	specific	markers	(Santavirta	
et al., 1990a; 1990b; 1998).

We did not study bone cells and bone samples in this thesis work and it must 
be remembered that cellular events taking place at the bone surface are naturally 
critical for osseointegration and peri-implant osteolysis. Furthermore, the rTHR 
samples were taken during revision surgery when the implants have usually been 
loose already for a longer time. Mechanical forces in the IT area differ markedly 
between late and early phase of aseptic loosening when osteolysis is evident, but 
the	implant	is	not	yet	loose.	The	cytokine	profile	might	be	different	at	earlier	stages	
because	the	late	stage	rTHR	samples	reflect	the	end	stage	of	aseptic	loosening.

possiBle roles oF the studied growth Factors  
in aseptic loosening

All of the growth factors studied in this thesis work have multiple and partly 
overlapping	effects	on	the	types	of	cells	and	tissues	surrounding	well	fixed	and	
aseptically	loosening	hip	replacement	implant	components	and	the	artificial	joint	
itself as discussed in the literature review. On the other hand, the effects of the 
growth factors on individual cell types can be opposite depending on local tissue 
conditions and systemic and local regulatory mechanisms, i.e. on the context of the 
stimulation. Most of the studied growth factors are able to stimulate and/or inhibit 
the effects of each other on different cell types in different in vitro experiments. 
Furthermore, many of the locally up-regulated cytokines around THRs are able 
to stimulate and/or inhibit the studied growth factors. The relationships among 
phenotypically variable IT cells, ECM and ECM receptors, cytokines and their 
receptors, proteases and intracellular signalling pathways during development and 
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maintenance of the IT in aseptic loosening represent highly complex events that are 
regulated by a myriad of macro- and microenvironmental factors in an apparently 
perpetual	state	of	dynamic	interdependent	flux.	It	is	a	challenge	for	various	high	
throughput methods (omics) and bioinformatics to produce a holistic view of the 
loosening	and	of	the	various	pathways	mediating	it.	It	is	very	difficult	to	identify	the	
key molecules and biosignatures in such complex biologic systems. Therefore, it is 
practically impossible to explain the exact mechanism of the studied growth factors 
in the aseptic loosening process. Merely, we were able to show that they all play 
some	kind	of	roles	in	the	loosening	process.	More	specifically,	we	suggest	that	the	
roles are not only in bone formation but also in some extent in bone resorption, in 
IT development, remodelling and maintenance and evidently also in angiogenesis 
which markedly affects all these phenomena in aseptic loosening.

Our original hypothesis was that bone resorption is not normally coupled to 
bone formation in aseptic loosening. At the initiation of the study, it had already 
been reported that many cytokines and differentiation factors, which promote 
osteolysis are increased in PTs. It could have been possible that the anabolic factors 
stimulating new bone formation would have similarly been pathologically changed, 
being all low. This would naturally contribute to net loss of bone. The results of this 
thesis work seem to refute such an idea: growth factor containing cells enhancing 
bone formation were in general more frequent in PTs than in control tissues, with 
the exception of IGFs (IV). This suggests that coupling takes place also in the 
pathological environment of aseptic loosening and that both bone resorption and 
bone formation are enhanced but deranged in peri-implant bone. This assumption 
has	been	confirmed	by	dynamic	histomorphometric	studies	of	peri-implant	bone	
(Takagi et al., 2001).

The observed down-regulation of IGFs in aseptic loosening (IV) could be 
explained with some kind of negative feedback regulation by other cytokines. For 
example	bFGF,	TGF-β	and	PDGF	can	inhibit	IGF-I	and	-II	synthesis	in	osteoblasts	
(Conover and Rosen, 2002).

Bone turnover was shown to be up-regulated at least three years post operatively 
around	well-fixed	THRs	(Venesmaa	et	al.,	2012).	In	aseptic	loosening,	osteoblastic	
bone formation seems also to be up-regulated and this accelerated bone remodelling 
results in the formation of poor-quality bone favouring osteolysis (Takagi et al., 
2001). The high periprosthetic bone turnover is in line with the increased production 
of both osteolysis and bone formation promoting cytokines in PTs. Most studies 
on the non-surgical treatment of aseptic loosening have focused on diminishing 
inflammation	and	osteolysis.	It	might	be	reasonable	to	stimulate	bone	formation	
at the same time.

This study expanded our knowledge of the role of anabolic growth factors in 
the aseptic loosening process. Despite evolving, sophisticated laboratory research 
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methods and slowly revealing complex cytokine interactions it seems that inhibiting 
aseptic loosening by manipulating cytokines is very challenging.

The	effects	of	pro-inflammatory	/	osteolytic	cytokines,	which	down-regulate	
osteoprogenitor cell proliferation, differentiation and maturation could perhaps 
be inhibited by a combination of cytokine modulators or perhaps sequential use 
of such drugs. Extensive in vitro studies with mixed cell types such as monocyte/
macrophages,	fibroblasts,	endothelial	cells,	osteoprogenitor	cells	and	OCs	exposed	
to different wear particles and different cytokine cocktails could help to resolve this 
issue. Some mixture of different osteogenetic growth factors together with antibodies 
against	pro-inflammatory	cytokines	might	change	the	balance	between	osteolysis	
and bone formation in the favour of formation, which should be also studied in 
experimental animal models displaying accelerated peri-implant bone loss. 

A special problem in therapeutic use of growth factors is their short biological 
half-life. Many strategies, such as use of polymers, pumps and coated implants 
have been investigated as possible methods for achieving constant growth factor 
levels at a given site in skeletal tissues with limited success. Gene therapy might be 
helpful in this respect in aseptic loosening (Ulrich-Vinther, 2007) perhaps combined 
with osteoconductive biomaterials like bioglass (Välimäki et al., 2005). It must 
be	remembered	that	aseptic	loosening	might	be	avoided	in	the	future	if	a	specific	
fixation	method	or	implant	design	resisting	aseptic	loosening	could	be	developed.
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6 CONCLUSIONS

based on the results of the present studies it can be concluded that:

1. It	was	confirmed	that	histopathological	features	of	interface	tissue	(IT)	are	very	
similar to synovial tissue from OA, except for the presence of wear particles and 
a chronic foreign body reaction in the former. These tissues consisted mainly 
of	vascularised	connective	tissue	containing	histiocytes	and	fibroblasts	and	
covered by synovial lining. IT from aseptic loosening contains particulate debris 
such	as	UHMWPE,	PMMA,	and	metal	wear	and	inflammatory	macrophages.	
These results indicate that particulate debris wear induces a biological reaction 
necessary in aseptic loosening of THR. 

2. This study demonstrated the presence, cellular localization and extent of 
expression	of	bFGF,	TGF-β1	and	-β2,	PDGF,	IGF-I	and	-II,	BMP-2,	-4,	 -6,	
and -7 and VEGF and VEGF receptors 1 and 2 in IT around loose THRs. The 
expression of these cytokines suggests that coupling of bone resorption to bone 
formation takes place also in the pathological environment of aseptic loosening 
of THR. 

3. Presence	of	bFGF,	TGF-β1	and	-β2,	PDGF,	IGF-I	and	-II	in	pseudocapsular	
tissue obtained from patients undergoing revision THR was also found. These 
results indicate that pseudocapsular tissues also contribute to aseptic loosening 
of THR.

4. The number of cytokine positive cells was relatively similar in tissues from 
prostheses	with	different	 types	of	fixation	(cement	and	cementless)	and/or	
alloy (CoCrMo and TiAlV). It seems that once a cellular host reaction occurs in 
the periprosthetic tissues and causes loosening, it appears to induce cytokines 
regardless	of	type	of	fixation	or	prosthetic	materials.

5. The hypothesis of uniformly diminished production of cytokines able to 
stimulate bone formation as an important factor in aseptic loosening was proven 
to	be	wrong:	such	a	cytokine	profile	was	not	found	in	PTs.

6. Aseptic loosening is so multifactorial and complex process that it can not be 
explained solely by cytokine imbalances.
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