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ABSTRACT 
Airway remodeling is a contributing cause to the pathological structural 

changes, such as increased cell proliferation, observed in asthma. Platelets have 

been found in autopsy lungmaterial obtained from asthmatic patients and are 

well known to induce proliferation in vitro of a variety of cells. However, the 

role of platelets in airway remodeling is far from understood. This thesis aims to 

clarify the involvement of platelets in fibroblast and airway smooth muscle cell 

(ASMC) proliferation in vitro and to elucidate the importance of HA, FAK, 

eicosanoid and ROS dependent signaling. The results demonstrate that platelets 

induce ASMC proliferation through NADPH-oxidase and 5-LOX dependent 

mechanisms. In addition, platelets induce a 5-LOX dependent fibroblast 

proliferation. Morphological analysis suggests that platelets bind to the 

extracellular matrix component HA through its receptor CD44 and thereby 

induce a FAK dependent ASMC proliferation. Taken together, the results 

obtained in this thesis suggest that platelet/HA interaction mediated through 

CD44 is of importance for platelets ability to induce cell proliferation. 

Moreover, the results propose that platelet-induced fibroblast proliferation is 5-

LOX dependent and that platelets induce a HA, CD44, FAK, 5-LOX, and ROS-

mediated ASMC proliferation. This action of platelets represents a potential 

important and novel mechanism that may have an impact on the remodeling 

process and in the development of new pharmacological strategies in the 

treatment of inflammatory respiratory disease such as asthma.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
I lugnvävnaden hos personer med inflammatorisk lungsjukdom som t.ex. astma 

sker strukturella förändringar (airway remodeling) i form av ökad cellmassa 

genom att celler blir större och fler. Trombocyter (blodplättar), vars främsta roll 

är att förhindra blödningar, har identifierats i lungvävnad från avlidna personer 

med astma men trombocyternas betydelse i denna sjukdom är okänd. Det finns 

många olika faktorer som kan leda till ökad tillväxt av celler, och några av dem 

är arakidonsyrametaboliter, s.k. eikosanoider, och reaktiva syreradikaler. Vidare 

så vet man att glattmuskelceller producerar bindväv som är en samling av olika 

protein och kolhydrater, t.ex. hyaluronsyra (HA), essentiella för cellers normala 

funktion. Huvudsyftet med denna avhandling har varit att studera hur 

trombocyter reglerar tillväxten av två vanligt förekommande celltyper i 

luftvägarna, fibroblaster och glattmuskelceller. En viktig del har varit att 

identifiera betydelsen av eikosanoider och reaktiva syreradikaler. Resultaten 

visar att i närvaro av trombocyter så ökar tillväxten av både fibroblaster och 

glattmuskelceller och att denna ökade tillväxt är beroende av eikosanoider. 

Vidare så framgår det att reaktiva syreradikaler krävs vid trombocyt-reglerad 

glattmuskelcellstillväxt. Våra resultat visar att glattmuskelcellerna bildar HA 

och att interaktionen mellan trombocyter och HA är viktig för trombocyters 

förmåga att framkalla glattmuskelcellstillväxt. Även focal adhesion kinase (ett 

protein viktig för interaktionen mellan ytstrukturer och bindväv) identifierades 

som en nyckelmolekyl i den glattmuskelcellstillväxt som orsakas av 

trombocyter. Påvisandet av en aktiv roll för trombocyter vid inflammatoriska 

lungsjukdomar och identifiering av specifika signalvägar kan leda till utveckling 

av nya behandlingsmetoder och mer effektiva läkemedel. 
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AA  arachidonic acid 

ACD  acid-citrate dextrose solution 

ASMC  airway smooth muscle cells 

BALF  bronchoalveolar lavage fluid 

COX  cyclooxygenase 

DCFDA  2´-7´-dichlorodihydrofluoroscein diacetate 

DMEM    Dulbecco´s modified eagle medium 

DPI    diphenyleneiodonium chloride 

ECM  extracellular matrix 

FBS  foetal bovine serum 

5-LOX  5-lipoxygenase 

FAK  focal adhesion kinase 

HA  hyaluronic acid 

HPLC  high performance liquid chromatography 

KRG  Krebs-Ringers glucose 

LTC4 , LTD4… Leukotriene C4, Leukotriene D4… 

MAPK  mitogen activated protein kinase 

PBS  phosphate buffered saline 

PDGF  platelet-derived growth factor 

PFA   paraformaldehyde 

PI3K  phosphatidylinositol 3-kinase 

PLA2  phospholipase A2 

PMP  platelet microparticles  

ROS  reactive oxygen species 

RTK  receptor tyrosine kinase 

RT-PCR  reverse-transcriptase PCR   
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INTRODUCTION 
The opinion regarding the underlying cause of asthma has changed a lot during 

the years, e.g. for 50 years ago asthma was considered being a result of 

abnormal contractility of smooth muscle, while 20 years ago inflammation was 

in focus. Standard treatment for asthma today is inhibition of the inflammation 

using corticosteroids and/or inhibition of the airway obstruction using β2 

adrenergic agonists [1]. Patients with severe asthma sometimes require other 

medications e.g. leukotriene receptor antagonists that also have been shown to 

induce relaxation of smooth muscle [2]. Treatment with inhibitors directed 

against phosphodiesterases (PDE) is another alternative since they elevate the 

levels of cAMP and cGMP leading to smooth muscle relaxation and inhibition 

of inflammation [3]. However, during the last decades it have been shown that 

not all asthmatic patients are controlled using recommended treatment indicating 

that today´s asthma therapy has to find new alternative strategies. Research 

conducted recent years has focused on structural changes in the airways, called 

airway remodeling.  

Airway remodeling  

Airway remodeling is caused by a repair process in response to airway injuries 

resulting from chronic inflammation. Current asthma therapies do not 

specifically prevent the airway remodeling process and therefore identificantion 

of crucial targets in this process might lead to novel asthma therapies [4, 5].  

 

Structural changes observed in the airway wall of asthmatic patients are 

epithelium disruption, increased goblet cell proliferation, angiogenesis, 

subepithelial fibrosis and increased mass of smooth muscle cells (Figure 1) [6]. 
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Increased goblet cell proliferation
and mucous production

Increased airway smooth muscle cell mass

Subepithelial
fibrosis

Lamina densa
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Eosinophil
Epithelial
disruption

Th2-cell

Angiogenesis

 
Figure 1. A schematic picture of the remodeling process observed in asthmatic 
airways. Structural changes caused by chronic inflammation, such as epithelial 
disruption, increased goblet cell proliferation and mucous production, subepithelial 
fibrosis, angiogenesis and increased smooth muscle cell mass are all included in the 
term airway remodeling. In addition, infiltration of eosinophils and Th2-cells has also 
been observed.  
 
 

Epithelium disruption 

One of the main characteristics of airway remodeling observed in asthmatic 

patients is the damaged airway epithelium and cells that have detached from 

their basal membrane [6]. In addition, airway epithelial cells have been found to 

release higher levels of proinflammatory cytokines and growth factors [7, 8]. 

Epithelium disruption together with the cell repair process is therefore thought 

to be one of the main initiators of the remodeling process [8]. 
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Goblet cell proliferation and mucous production 

Mucous, secreted either from mucous glands or produced by goblet cells 

(specialised epithelial cells), is normally released into the airways for protecting 

the lung against foreign particles. Increased proliferation of goblet cells with 

enhanced mucous production has been found in asthmatic airways, although it is 

not a consistent finding among all asthmatic patients [6]. Vameer et al. showed 

in an in vitro study that IL-9 is able to induce goblet cell proliferation [9]. 

However, enlargement of mucous glands and thereby an increased mucous 

secretion is a well known phenomena observed among asthmatic patients with 

occlusion of the airways as a consequence. The volume of the mucous glands 

has been found to be twice as big in asthmatic patients compared to healthy 

controls [10, 11].  

 

Angiogenesis 

Another structural change observed in asthmatic patients is increased number 

and size of vessels [12-14]. Vascular endothelial growth factor (VEGF) is one 

key mediator involved in the increased vascularity and permeability observed in 

airway disease [15, 16]. In addition, inflammatory cells such as eosinophils, and 

Th2-cells enter the lung during inflammatory airway disease through the 

pulmonary vessels [14, 17, 18]. Interestingly, it was recently shown in a mouse 

model that platelets are able to migrate out of vessels and localise in the lung 

tissue [19].  

 

Fibroblasts and subepithelial fibrosis 

Thickening of the lamina reticularis is one of the early features in asthmatic 

airways and is termed subepithelial fibrosis [20-22]. The lamina reticularis has 

been shown to increase almost two-fold in asthmatic patients and contains the 

extracellular matrix (ECM) molecules collagen I, III and V and fibronectin [6, 
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20, 23, 24]. Fibroblasts, by producing ECM molecules, and eosinophils, by 

producing e.g. TGF-β, are two of the main cell types involved in subepithelial 

fibrosis [23, 25, 26]. Fibroblasts include a number of celltypes e.g. circulating 

fibroblast progenitors called fibrocytes and the ECM protein producing 

myofibroblasts that have the ability to contract [27, 28]. Fibroblasts that are 

located in the airways have been shown to be in close proximity with the 

epithelial cells and differentiate upon stimulation into myofibroblasts followed 

by secretion of ECM proteins. In addition, fibroblasts and/or myofibroblasts are 

found located in and beneath the thickened lamina reticularis generated during 

airway remodeling and a correlation between production of ECM molecules in 

the airways and the number of fibroblasts has been observed [6, 23, 29].  

 

Airway smooth muscle cells and proliferation 

Airway smooth muscle cells (ASMC) are well known for their ability to contract 

and thereby regulate airway resistance but were for a long time considered to 

play a passive role as structural cells. The research regarding the role of ASMC 

in chronic airway inflammation increased considerably when it was possible to 

use cultures of ASMC and the view of ASMC in pathophysiological changes of 

asthma has changed a lot over the last decades [30]. ASMC are now proven to 

be important and active participants in the inflammation and the allergic events 

that occur in asthma [31, 32].  
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ASMC have for example been shown to: 

• undergo proliferation in response to many different growth factors, e.g. 

thrombin and platelet-derived growth factor (PDGF), which results in 

increased muscle volume and airway narrowing [33, 34].  

• produce and release a number of cytokines e.g. IL-6 that has been shown 

to induce mucous secretion, T-cell activation and differentiation [35-38]. 

• express adhesion molecules on their surface that attract inflammatory 

cells e.g. CD40 and CD44 [39, 40]. 

• produce extracellular matrix proteins that affect muscle cell function e.g. 

collagen I, III and V, fibronectin, hyaluronic acid and laminin [20, 41]. 

 

 

ASMC have been shown to undergo reversible phenotype switching in vitro, 

also called phenotype plasticity, between a contractile and a 

proliferative/synthetic phenotype (Figure 2). This means that ASMC are able to 

control the airway diameter by changing into a contractile phenotype acutely or 

into the proliferative/synthetic phenotype when needed during the inflammatory 

process [42].  
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Maturation:
• ECM
• TGF-β, insulin
• Confluent cells

Modulation:
• Mitogens
• ECM
• non-confluent cells

Proliferative/Synthetic Contractile

Figure 2. Schematic picture showing phenotype switching in ASMC in vitro. 
ASMC are able to switch between two different phenotypes; the proliferative/synthetic 
and the contractile phenotype. Switching from a proliferative/synthetic to a contractile 
phenotype is called maturation and is initiated by ECM proteins, TGF-β, insulin and 
when ASMC becomes confluent. Switching from a contractile to a 
proliferative/synthetic phenotype is called modulation and is induced by mitogens, 
ECM proteins and when ASMC are non- or sub-confluent.  
 

Contractile ASMC have been shown to undergo a phenotype switch from the 

contractile to the proliferative/synthetic phenotype (modulation) when they are 

seeded into sub-confluence in the presence of mitogens [43-45]. The modulation 

process results in increased quantity of mitochondria and organelles [42]. When 

ASMC in culture becomes confluent they switch back to the contractile 

phenotype and this process is called maturation and results in increased levels of 

e.g. cytoskeleton-associated proteins and reduced quantities of organelles for 

protein and lipid synthesis [46, 47]. The difference in protein expression 

between the two different phenotypes are often used for characterisation [43]. 
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Increased mass of ASMC, another feature of airway remodeling, is found in 

both small and large airways and may lead to decreased airway diameter and 

amplify airway constriction [11, 48-53]. The first detailed report about this 

phenomenon was described in fatal asthma and published in 1922 by Huber et al 

[54]. Increased ASMC mass is thought to enhance bronchoconstriction and 

airway hyperresposiveness [55]. However, there are some uncertainties to 

whether the increased ASMC mass is due to size enlargement or increased 

number of ASMC. Studies indicate both, although with a preponderance of 

increased ASMC proliferation [52, 56-60].  

 

Inflammatory mediators have been found to increased ASMC proliferation in 

healthy humans and in a variety of animal models. In addition, studies have 

shown that there is a difference in the cell cycle, cytokine production and 

proliferation of ASMC obtained from non-asthmatic after stimulation with 

serum or bronchoalveolar lavage fluid (BALF) from asthmatic patients [61-63]. 

However, the first study where a difference in cell proliferation was found 

between ASMC obtained from asthmatic patients compared to ASMC from 

controls was published in 2001 by Johnson et al [57]. A difference in 

intracellular signaling pathways when comparing ASMC from asthmatic 

patients with ASMC obtained from healthy individuals has also been found [56].  

 

ASMC proliferation is stimulated through mitogens that bind to four different 

receptor systems; tyrosine kinase linked receptors (RTK) that bind e.g. PDGF, 

cytokine receptors that bind cytokines such as TGF-β and IL-6 and G-protein 

coupled seven transmembrane receptors (GPCR) that bind contractile agonists 

such as leukotrienes. The binding of these mitogens activates the small 

guanidine triphosphate (GTPase) binding protein p21ras that, in its GTP bound 
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state, will interact with downstream mediators [64]. In addition, ECM proteins 

such as collagen and fibronectin have been shown to bind to different types of 

integrins resulting in activation of the non-receptor protein tyrosine kinase focal 

adhesion kinase (FAK) [65]. Mitogen binding to its receptor will finally activate 

mitogen activated protein kinase (MAPK) [66-68] and/or phosphatidylinositol 3-

kinase (PI3K) [33, 69] resulting in increased ASMC proliferation (Figure 3). 

The function and intracellular signaling pathways regulating FAK will be 

described in more detail later on in the introduction.  

ASMC 
proliferation

RTK

PI3K

MAPK

GPCRCytokine receptor

p21ras

Integrin

FAK

 
Figure 3. Schematic presentation of signal transduction mechanisms that 
regulate ASMC proliferation. ASMC mitogens act via tyrosine kinase linked 
receptors (RTK), G-protein coupled seven transmembrane receptors (GPCR), 
cytokine receptors or integrins to activate mitogen activated protein kinase (MAPK) or 
phosphatidylinositol 3-kinase (PI3K) resulting in increased ASMC proliferation. Focal 
adhesion kinase (FAK) activates MAPK and PI3K.  
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Platelets and airway remodeling 

Platelets are the smallest components of the human blood with a diameter 

between 2-5 µm and 0.5 µm in thickness [70]. Platelets are derived from giant 

haematopoietic precursor cells called megakaryocytes and are therefore not 

provided with a nucleus. The exact mechanism of platelet formation is not 

understood, however three different processes have been suggested; budding, 

cytoplasmic fragmentation and proplatelet formation [71]. Megakaryocytes are 

produced in the bone marrow and one megakarocyte can shed of thousands of 

platelets that stay in the circulation for 7-10 days and they are thereafter 

degraded in the liver or spleen [72]. Megakaryocytes are able to migrate into the 

blood stream and are found in e.g. the lung [71, 73, 74]. About 250 000 

megakaryocytes reach the lung every hour and are 10 times more concentrated 

in blood collected from the pulmonary arteries than from the aorta [75].  

 

The resting platelet contains a band of microtubules that serve to maintain its 

discoid shape and upon activation platelets undergo a shape change to a 

spherical form with pseudopodia. Platelet plasma membrane expresses many 

receptors that recognise e.g. collagen, thrombin, von Willebrand factor and ADP 

[72]. Platelets possess three types of cytoplasmatic secretory granule with 

different molecular content: dense granules (e.g. ADP, ATP and calcium), alpha 

granules (e.g. von Willebrand factor, P-selectin and PDGF) and lysosymes (acid 

hydrolases, cathepsin D and E and LAMP-2) [70, 76].  

 

Platelets role in haemostasis is to prevent blood loss at sites of vascular injury. 

When a vessel is injured, substances that are present in the subendothelium, such 

as collagen and von Willebrand factor, are exposed and platelets, through 

receptors for these substances, are able to bind and adhere to the wounded area. 

On the damaged vessel surface activated platelets continue to spread and adhere 
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and thereby losing its discoid form and develop pseudopodia, resulting in a more 

efficient platelet-platelet contact and adhesion. Activated platelets also bind to 

fibrinogen via the integrin αIIbβ3 which leads to formation of a platelet plug. In 

addition, platelet activation involves secretion of granular substances which lead 

to a further recruitment and activation of platelets and other cells [72]. 

   

Platelets are specialised for haemostasis but they are also suggested to be 

involved in the inflammatory response by generating a variety of inflammatory 

mediators e.g. P-selectin and RANTES and interacting with leukocytes and 

endothelial cells [17, 18, 72, 77]. In fact, it has been suggested that platelets 

have the capacity to undergo both chemotaxis and phagocytosis [78-80].  

 

Platelets have been found in bronchial biopsy materials from asthmatic patients, 

in the extra-vascular compartment and on the surface of damaged airway 

epithelium demonstrating that platelets are able to reach the lung [81, 82]. 

Platelets are suggested to contribute to hyperresponsiveness and 

bronchoconstruction by secretion of various substances [83-86] (Figure 4). 

However, platelets are also considered as important players in asthma through 

their role in inflammation e.g. increased levels of the α granule component 

RANTES have been found in plasma obtained from asthmatic patients [87, 88]. 

Platelets might also be involved in other respiratory diseases such as chronic 

obstructive pulmonary disease and cystic fibrosis [89-93]. However, the 

involvement of platelets in these diseases is less well studied, compared to their 

role in asthma. 
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De Sanctis and coworkers found in 1997 that P-selectin deficient mice, 

challenged to ovalbumin (OVA), had fewer eosinophils and lymphocytes in the 

BAL fluid compared to control mice [94]. In addition, Moritani and colleagues 

showed that human asthmatic patients had increased number of circulating 

platelets expressing P-selectin compared to healthy control subjects [77]. It has 

also been shown that blood from asthmatic patients possess a P-selectin 

dependent eosinophil clustering [95]. Pitchford and coworkers observed 

increased numbers of platelet-leukocyte aggregates in blood from asthmatic 

patients and a P-selectin and platelet dependent leukocyte infiltration in allergic 

mice [17]. They also found that P-selectin is a prerequisite for pulmonary 

eosinophil and lymphocyte recruitment [18]. These studies suggest that platelets, 

by expressing P-selectin, are important in the recruitment of inflammatory cells 

from the circulation into the lung in patients with asthma. 

 

Platelets have been found to induce repair and remodeling in other organs and 

are therefore suggested to contribute in the airway remodeling process [96-101]. 

Platelets might affect airway remodeling either, as described above, as being an 

important mediator involved in infiltration of inflammatory cells or by affecting 

cell proliferation e.g. through secretion of mitogenic growth factors such as 

PDGF. Pitchford and coworkers published in 2004 a paper about the role of 

platelets in airway remodeling using a mouse model where the mice were 

repeatedly challenged with OVA for 8 weeks, this to mimic the processes 

observed in asthmatic patients. They found that OVA treated mice possessed 

significant thicker smooth muscle layer and also increased subepithelial fibrosis, 

structural changes that were not present in the control mice. The impact of 

platelets in their model was tested using anti platelet serum or busulfan. 

Busulfan is an old chemoterapeutic treatment for chronic myeloid leukaemia 

that have been found to decrease platelet levels [102]. They demonstrated that 
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platelet depletion using either of these two treatments reduced airway 

remodeling observed in the OVA-sensitised mice [103]. This study revealed that 

platelets are essential for airway remodeling in mice induced by an allergen and 

suggest that platelets also might play an important role in structural changes 

observed in human airways (Figure 4).  

 

Pulmonary capillary 
lumen

Lumen of the lung
Airway inflammation:
Via enhanced recruitment of 
inflammatory cells

platelets

Inflammatory cell

Bronchoconstriction:
Via release of 
constricting agents

Airway remodeling:
Stimulation of ASMC and 
fibroblast proliferation

Hyperresponsiveness:
Via release of hypersensitising mediators
resulting after platelet interaction with inflammatory cells

 
Figure 4. A schematic picture showing possible roles for platelets in asthma. 
Experimental and animal studies suggest that platelets influence the pathology of 
asthma by affecting the inflammation via infiltration of inflammatory cells from the 
blood, the hyperresponsiveness and contraction of ASMC by releasing 
bronchoconstrictors and airway remodeling by stimulating ASMC and fibroblast 
proliferation.  
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When platelets become activated, e.g. by thrombin, they release two different 

types of microparticles, either budded from the plasma membrane or released 

from α-granules [104]. Platelet microparticles (PMP) vary in size and the largest 

microparticles are those budded from the plasma membrane and their size varies 

between 0.1 and 1 µm in diameter, i.e. almost the same size as resting platelets. 

PMP have been found to express some of the glycoproteins that intact platelets 

do, e.g. GpIb (CD42b), CD31, CD62P and GpIIb/IIIa, and are very important 

for the coagulation cascade and for adhesion of platelets to the subendothelium 

matrix [105-107]. Studies have shown that cell proliferation induced by both 

platelet membranes and PMP is PDGF-independent [108, 109]. Furthermore, 

unstimulated platelets stored either in room temperature or -80 °C have been 

shown to posses greater wound healing properties on diabetic wounds than 

plasma [110]. In addition, both freeze dried platelets and freeze dried platelet-

rich plasma posses wound healing properties suggesting that released growth 

factors do not solely explain platelet-induced proliferation [111, 112]. 

Interestingly, PMP have also been shown to induce proliferation of 

hematopoietic cells and vascular smooth muscle cells [109, 113, 114].  

 

A number of studies have shown that platelets from asthmatics often behave 

abnormally e.g. with reduced activity [84, 115-118]. In addition, platelets from 

asthmatics have abnormal arachidonic acid metabolism and intracellular levels 

of different second messenger molecules, e.g. calcium [119-121]. Increased 

bleeding time has also been observed in asthmatics, an effect that was 

normalised after treatment with glucocorticoids, suggesting that inflammation 

might be involved [115, 116, 122].  
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Mediators involved in cell proliferation 

There are several different mediators (e.g. mitogens, cytokines and extracellular 

matrix components) which have been shown to affect the pathological structural 

changes, e.g. increased ASMC mass, observed in airway remodeling. In the 

papers included in the present thesis we have focused on the following 

mediators: hyaluronic acid, focal adhesion kinase, eicosanoids and reactive 

oxygen species. 

 

Hyaluronic acid 

Subepithelial fibrosis in airway remodeling is partly due to increased levels of 

extracellular matrix (ECM) components such as collagens, fibronectin, 

glycoproteins and proteoglycans. Fibroblasts, myofibroblasts and ASMC have 

been shown to secrete different ECM and considered as important contributors 

to the increased ECM mass [28, 123]. 

 

Hyaluronic acid (HA), one of the main components building up the ECM, is a 

glycosaminoglycan composed of repeating units of GlcNAc-β(1-4)-GlcUA- β(1-

3) produced by most cell types by three different HA synthases (HAS 1-3). HAS 

uses UDP-GlcUA and UDP-GlcNac as substrates and HA is expressed 

throughout the body including the lung [124, 125]. However, the amount of HA 

in the respiratory tract during inflammatory airway disease has been shown to 

either increase or decrease [126-128]. HA is mostly expressed in areas 

surrounding proliferating and migrating cells and especially during 

inflammation and tissue repair [129] and is thus believed to play an important 

role in regulating both proliferation and migration of cells [130, 131]. HA has a 

molecular mass ranging from 1-10 000 kDa and the large 500- 10 000 kDa HA 

fragments are called high molecular weight HA (HMW-HA) and the smaller 

fragments, 1-500 kDa, are called low molecular weight HA (LMW-HA) [132]. 
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HMW-HA is produced by HAS 1-3 while LMW-HA mostly is produced by 

enzymatic degradation of HMW-HA by hyaluronidases (HYAL) or oxidative 

hydrolysis by reactive oxygen species of HMW-HA [132, 133]. HMW-HA has 

anti-proliferative effects while LMW-HA are pro-proliferative [132]. It was 

recently found that platelets possess HYAL-2 and is therefore able to cleave HA 

into small fragments [134]. 

 

HA and HA fragments have recently been shown to bind to different receptors, 

e.g. the RHAMM receptor that is mainly involved in cell motility [135] and also 

to HARE, the receptor responsible for endocytosis of HA [136, 137]. However, 

the best known and studied receptor for HA and HA fragments is CD44, which 

recently was associated with both the anti-proliferative and the pro-proliferative 

effect of HA [137]. However, other ECM components have also been shown to 

bind CD44, e.g. collagen, laminin, fibronectin and osteopontin [133, 138]. CD44 

is a type 1 transmembrane receptor expressed on the surface of most cell types, 

e.g. smooth muscle cells and platelets, and mediates both cell adhesion and cell 

growth [139]. CD44 exists in many different isoforms that all have HA binding 

properties [140] and regulates several signaling pathways including Src family 

kinases, Rho family GTPases, extracellular signal-regulated kinases and MAPK 

[141, 142]. CD44 has a structural role in linking the ECM with the cytoskeleton 

and thereby regulate cell shape and motility [143-145].  

 

Focal adhesion kinase 

When cells interact with ECM proteins, different intracellular signals are 

generated that are important for cell growth, survival and migration. Intergrins 

are a group of transmembrane receptors linking ECM proteins with the actin 

cytoskeleton leading to regulation of e.g. cell shape. Integrins have been shown 

to cooperate with RTK and thereby mediate signaling pathways stimulated by 
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growth factors [146, 147]. In addition, several non-receptor tyrosine kinases, e.g. 

the 120 kDa protein focal adhesion kinase (FAK), are activated upon interaction 

between integrins and the ECM.  

 

FAK is in adherent cells colocalised to integrins at focal adhesions (signaling 

proteins and structural proteins associated with the actin cytoskeleton) and 

recruited at an early stage of the signal transduction to focal adhesions and 

mediates many downstream responses. FAK consists of a large central catalytic 

domain containing 6 different phosphorylation sites and is expressed in most 

cell types, including smooth muscle cells and fibroblasts. FAK is an adaptor for 

protein-protein interaction, and transmits thereby adhesion and growth factor-

dependent signals into the cell [148]. FAK has been shown to regulate many 

different signaling pathways by affecting G-protein linked receptors and other 

transmembrane receptors for different growth factors [149]. Moreover, 

pulmonary artery smooth muscle cells and glioma cell proliferation is inhibited 

by antisense oligonucleotides directed against FAK, suggesting role for FAK in 

cell proliferation [150, 151].  
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One of the well known signaling pathways involved in FAK-mediated 

regulation of cell proliferation is initiated by autophosphorylation of tyrosine 

397 on FAK, forming a binding site for Src, which in turn phosphorylates 

tyrosine 576/577 leading to activation of protein kinase C and PI3K [152]. The 

FAK/Src complex also phosphorylates FAK at tyrosine 925, which forms an 

adaptor Grb-2 docking site and induces MAPK activation [153]. PI3K, PKC and 

MAPK are all involved in signaling pathways regulating cell proliferation 

(Figure 5).  
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Figure 5. FAK´s signaling pathways and cell proliferation. Phosphorylated FAK 
activates PI3K, protein kinase C (PKC), and MAPK and thereby affects cell 
proliferation 
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Platelets also express FAK and several studies have demonstrated that ligand 

binding to both the fibrinogen receptor αIIbβ3 and the collagen receptor α2β1 is 

necessary for FAK to get activated [154-157]. FAK is important for the 

production of megacaryocytes and for platelets ability to spread on fibrinogen 

surfaces [158]. Platelet spreading on fibrinogen, as well as release of 

intracellular calcium, dense granule secretion and aggregation are blocked by 

the FAK specific inhibitor PF 573228 [159].  

 

Eicosanoids 

Arachidonic acid (AA) is the common precursor of eicosanoids (prostaglandins, 

leukotrienes, and tromboxanes), found in both the membrane and in the cytosol 

[160]. In resting cells, AA is stored in the plasma membrane and released 

predominately by the calcium-dependent enzyme phospholipase A2 (PLA2), but 

also by phospholipase C and phospholipase D. Free AA has different fates: it 

can interact with and regulate several target proteins such as ion channels and 

enzymes, it may diffuse outside the cell, be incorporated into the plasma 

membrane or further metabolised [161].  

 

Prostaglandins and tromboxanes are formed by the enzyme cyclooxygenase 

(COX) while leukotriens and 5-HETE are formed by 5-lipoxygense (5-LOX) via 

5-hydroperoxyeicosatetraenoic (5-HPETE). 5-LOX binding protein (FLAP) is 

involved in the 5-LOX pathway by presenting AA to 5-LOX, thereby enabling 

this enzyme to efficiently produce oxidised lipid products. AA can also be 

metabolised by 12- and 15-lipoxygenase (12- and 15-LOX) to 12- and 15- 

hydroxyeicosatetraenoic acid (12- and 15-HETE) via 12- 

hydroperoxyeicosatetraenoic acid (12-HPETE) - and 15- 

hydroperoxyeicosatetraenoic acid (15-HPETE) (Figure 6). All of these 

eicosanoids may trigger a variety of receptor mediated effects [160, 161]. 
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Figure 6. Metabolism of arachidonic acid (AA) through COX and LOX pathways. 
Prostaglandins and tromboxanes are formed by cyclooxygenase (COX) while 
leukotriens and 5-HETE are products of 5-lipoxygenase (5-LOX). AA can also be 
metabolised by 12- or 15-LOX to 12- and 15- hydroxyeicosatetraenoic (12 and 15-
HETE).  
 

Enzymes that are needed in the AA metabolism must not necessarily be present 

in the same cell [72]. Neutrophils and platelets have been seen in close 

proximity and thereby regulate e.g. the metabolism of eicosanoids in both 

platelets and neutrophils [162-164]. Platelets do not possess 5-LOX and 

consequently do not generate leukotrienes on their own. In spite of this, platelets 

are able to release leukotrienes C4, D4 and E4 [83, 85, 86]. This is mediated 

through transcellular metabolism of eicosanoids, a phenomenon where 

eicosanoid intermediates diffuse between interacting cells and give rise to 

eicosanoid metabolites normally not formed in either of the cells alone [72]. It is 
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now established that a transcellular eicosanoid metabolism takes place between 

different cell types in close proximity [165-167]. In addition, PMP have been 

shown to contain bioactive lipids such as AA that is delivered to different cells, 

e.g. platelets and endothelial cells, resulting in a metabolisation of AA to other 

more active lipid metabolites, e.g. TXA2 [168]. It has also been shown that PMP 

are able to metabolise AA delivered from endothelial cells to TXB2, the stable 

metabolite of TXA2, indicating that PMP also possess enzymatic activity [169].  

 

Many different cells use AA metabolites in their signal transduction and 

products from both the COX and LOX pathway are shown to be important in 

cell spreading, migration and proliferation [170-175]. The type of metabolite 

and its concentration decide the specific response. LOX metabolites have been 

shown to display mitogenic activities on endothelial cells, while COX products 

are considered to be predominantly involved in the stimulation of migration 

[161]. Some studies have indicated that 12-HETE is a growth-promoting factor 

and that it facilitates proliferation in fibroblasts [176]. Leukotrienes play a 

central role in asthma by affecting bronchoconstriction [177-179], inflammation 

[180, 181] and airway remodeling [182-184]. A number of studies have 

demonstrated a role for 5-LOX metabolites in cell proliferation, although the 

effect of the enzyme seems to be cell type specific [185]. Metabolites from the 

5-LOX pathway facilitate cell proliferation in glioma cell lines while they have 

no effect on endothelial cell proliferation [174, 175].  
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Reactive oxygen species 

Reactive oxygen species (ROS) are generated following ligand-receptor 

interactions, by several sources, including mitochondria and the plasma 

membrane NADPH oxidase. However, ROS might also be produced by xanthine 

oxidase and metabolism of AA through COX and LOX [186]. In addition, AA 

has been shown to affect NADPH-oxidase and thereby induce ROS production 

[187, 188]. The intracellular redox state is balanced by the ROS production and 

the antioxidant capacity of the cell based on a variety of antioxidant enzymes, 

such a superoxide dismutase which reduces superoxide anion to hydrogen 

peroxide and catalase and gluthatione peroxidase which reduce hydrogen 

peroxide to water [189].  

 

Phagocytic leukocytes have been considered to play a central role in the innate 

immunity and one important component is their ability to generate ROS via the 

membrane-associated NADPH oxidase. Upon activation, this multi-component 

enzyme uses electrons derived from intracellular NADPH to generate 

superoxide anion, which is reduced to hydrogen peroxide. These radicals are 

then used in the host defence against bacterial and fungal pathogens. 

Furthermore, an extracellular release of ROS may injure the surrounding tissue 

and cause cell death. However ROS have also been identified as important 

chemical mediators in the regulation of signal transduction involved in cell 

growth [190], differentiation [189] and adhesion [191, 192]. External addition of 

low concentrations of hydrogen peroxide and/or superoxide anion has been 

shown to stimulate cell proliferation in a variety of cells e.g. smooth muscle 

cells, fibroblasts and epithelial cells [193-197]. ROS fulfil the role as 

intracellular second messengers since they are rapidly generated, highly 

diffusible, easily degraded and present in all cell types [189].  
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The leukocytes NADPH oxidase complex consists of four major units: 

cytochrome b558 (composed of the subunits gp91-phox and p22-phox), p40-

phox, p47-phox and p67-phox (Figure 7).  
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Figure 7. Activation of the leukocyte NADPH-oxidase. In the resting cell, the 
components p40-phox, p47-phox and p67-phox are located in the cytosol as a 
complex, while cytochrome b558 is located in membranes. Expose to stimuli results 
in phosphorylation of p47-phox and movement of the entire cytosolic complex to the 
membrane, where it associates with cytochrome b558.The activated NADPH oxidase 
transfers electrons from the substrate NADPH to oxygen. Activation of NADPH 
oxidase also requires the participation of two small GTP-binding proteins, Rac2 (in 
some cells Rac1) which is located in the cytoplasm in the resting cell, and Rap1A 
located in the membrane.  
 

An enzyme with NADPH/NADH activity has also been shown to be present in 

variety of non-phagocytic cells e.g. smooth muscle cells, epithelial cells, 

endothelial cells and cancer cells. The oxidase in non-phagocytic cells appears 

to share some of the components of phagocytic NADPH oxidase, including p22-
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phox, p47-phox, and p67-phox and in some cases gp-91-phox (or related 

homologue). But there are some differences, e.g. it takes longer time for the 

non-phagocytic oxidase to get activated, non-phagocytic oxidases give rise to 

lower output of ROS and non-phagocytic oxidases prefers NADH rather than 

NADPH as substrate. The regulation of the non-phagocytic NADPH oxidase 

appears to be comparable with the signal pathways involved in phagocytic cells 

[189].  

 

ROS have been shown to regulate growth factor and contractile agent-induced 

cell proliferation [198, 199]. The downstream effectors are however unknown, 

but some antioxidants block the activation of the transcription nuclear factor 

NFκB, suggesting that NFκB is a potential target of ROS generated from 

NADPH-oxidase [198]. The addition of extracellular ROS has been shown to 

activate some MAPK pathways, e.g. ERK, c-jun N-terminal kinase (JNK) and 

p38 MAPK pathways, and PI3K in a variety of celltypes [200]. Although the 

signal transduction pathways of MAPK are regulated by ROS, the respective 

tyrosine kinase linked receptors are not necessarily the direct targets of ROS. 

For example, p21ras is a target of ROS and may be responsible for sensing the 

intracellular redox status [189]. Furthermore, ROS have also been found to 

activate several non receptor protein tyrsosine kinases, e.g. Src and FAK, and 

thereby affect processes such as cell migration and proliferation [200, 201].  
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AIMS 
 
Platelets have been suggested to play a part in asthma, an airway disease where 

a chronic inflammation cause structural changes called airway remodeling. 

However, mechanisms regarding the role of platelets in airway remodeling are 

far from understood. 

 
The specific aims of the enclosed studies were therefore to investigate the role 

of: 

 

- 5-lipoxygenase in platelet-induced airway smooth muscle cells 

(ASMC)/fibroblast proliferation (paper I-III). 

- reactive oxygen species (ROS) in platelet-induced ASMC proliferation 

(paper II).  

- various platelet fragments in the proliferation of ASMC (paper III).  

- hyaluronic acid (HA), the HA binding receptor CD44 and focal adhesion 

kinase (FAK) in the platelet/ASMC interaction and in platelet-induced 

ASMC proliferation (paper IV). 
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METHODS 
 

For further experimental details and source of chemicals and buffers, see 

material and method sections in Paper I-IV, respectively.  

 

Cell culture 

Media 

Starvation medium (DMEM, 1mM sodium pyruvate, 1% non-essential amino 

acids, 100 U/ml penicillin, and 100 µg/ml streptomycin); Complete medium 

(starvation medium with 10 % foetal bovine serum). 

 

Airway smooth muscle cells and fibroblasts 

Fibroblasts (Paper I) were bought from NIA Aging cell culture repository 

(Camden, NJ, USA) and airway smooth muscle cells (ASMC) obtained from 

guinea pigs (denoted ASMC in paper II and GP-ASMC in Paper III) were 

isolated using explant technique, approved in advance by the ethical review 

committee on animal experiments (Linköping, Sweden, Dnr 41-03). ASMC 

obtained from humans (denoted H-ASMC in paper III and ASMC in paper IV) 

where bought from Promocell (Heidelberg, Germany). Both ASMC and 

fibroblasts were cultured in complete medium in a humidified atmosphere at 

37°C and 5% CO2. Confluent cells were detached from the cell culture flask 

using trypsin and subcultivated once a week.  

 

Preparation of platelets, platelet membranes, platelet lysate and 

supernatant 

Platelets were isolated according to a modified method of Bengtsson and 

Grenegård 1994 [202]. Only plastic utensils were used in the preparation 

39



31 

 

procedure and all work was performed at room temperature to avoid activation 

of the platelets. In short, five parts of the blood were mixed with one part of 

ACD solution and centrifuged for 20 minutes at 220 x g. The platelet-rich 

plasma obtained in the upper layer were removed and centrifuged for 20 minutes 

at 480 x g. The platelet pellet was gently washed and resuspended in KRG 

without calcium, and the platelets were counted in a Bürkner chamber. This 

platelet suspension was used to prepare lysate, supernatant from platelet lysate 

and platelet membranes in paper III.  

 

Lysate of platelets where prepared using a Branson sonifier cell disrupter B15 

(Branson sonic Power company, Danbury, CT, USA) for 3 x 15 seconds. The 

disrupted platelets where then put in the -70 °C freezer followed by two cycles 

of thawing, vortexing and freezing. The supernatant was prepared by 

centrifugation of the cell lysate at 200 000 x g for 30 minutes.  

 

Platelet membranes were prepared according to Regan and Matsui 1990 [203] 

by centrifugation of the platelet suspension for 30 minutes at 2 800 x g at + 4˚C. 

The pellet was resuspended in lysis buffer and homogenised, and then 

centrifuged for 45 minutes at 29 500 x g at +4˚C. The lysis-homogenisation 

procedure was repeated three times, and the resulting platelet membrane fraction 

was resuspended in calcium-free KRG. The platelet membranes where 

characterised upon size, density and expression of the platelet specific structures 

GpIb (CD42b) and GpIIb (CD41) using flow cytometry (Coulter Epics XL-

MCL, Beckman Coulter, Miami, FL, USA).  
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Cell proliferation 

The CellTiter96®Aqueous One Solution Cell Proliferation Assay 

Proliferation was measured using the CellTiter96®Aqueous One Solution Cell 

Proliferation Assay (MTS-assay, Promega, Madison, WI, USA) in Paper I-IV. 

The MTS-assay contains a compound [3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] (MTS) 

which is reduced by metabolically active cells into a coloured formazan product. 

This conversion is presumably accomplished by NADPH or NADH produced by 

dehydrogenases. The quantity of formazan product measured as 490 nm 

absorbance is directly proportional to the number of living cells in culture [204].  

 

Briefly, ASMC or fibroblasts seeded into 96-wellplates were incubated with or 

without platelets and inhibitors for 24 hours. After the incubation new medium 

and the MTS reagent was added and the amount of viable cells was measured 

spectrophotometrically at 490 nm using a microplate reader (Spectra MAX, 

Molecular Devices, Sunnyvale, CA, USA).  

 
3H-thymidine incorporation 

Proliferation was also analysed by measuring 3H-thymidine incorporated into 

DNA in proliferating cells. Fibroblasts (Paper I) or ASMC (Paper II) seeded into 

96-wellplates were incubated with or without platelets and inhibitors together 

with 2 µCi/ml [3methyl-3H]-thymidine for 24 hours. Thereafter the cells were 

washed with PBS pH 7.4 and treated with trichloroacetic acid for 30 min at  

4 °C. Liquid scintillation cocktail was then added to the 96-wellplate and after 1 

hour the amount of thymidine incorporated DNA was counted using a 

scintillation counter (1450 microbeta Trilux Wallac, Eg & G® Lifescience, 

Turku, Finland). 
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Cell counting and DNA-measurements 

Proliferation of fibroblasts (Paper I) and ASMC (Paper II) was also analysed by 

counting the cells. Trypsin detached fibroblasts were counted using a Coulter 

Channelyser 256 (Coulter Electronics Ltd., England) and ASMC using a 

Bürkner chamber. Alternatively, proliferation of ASMC was analysed by 

measuring DNA (Paper II and III) using a NanoDrop ND-1000 UV-visible light 

spectrophotometer (Saveen Werner AB, Malmö, Sweden).  

 

Microscopic examination of platelet-ASMC/fibroblast interaction  

The interaction between fibroblasts/platelets and ASMC/platelets was studied 

morphologically in Paper I-IV by fluorescent staining in combination with 

fluorescence microscopy. Briefly, ASMC or fibroblasts seeded on coverslips 

(Paper I-II) and ASMC into 8-well chamber slides (Paper III-IV) were incubated 

with or without platelets and inhibitors for various periods of times. After 

stimulation, the cells were fixed with paraformaldehyde (PFA) followed by 

fluorescent staining and visualisation using a fluorescent microscope (Carl 

Zeiss, Oberkochen, Germany).  

 

Western blot of focal adhesion kinase and 5-lipoxygenase 

To study FAK in paper IV ASMC were seeded in 6 well plates and incubated 

with or without platelets and inhibitors for 1h. To study 5-LOX fibroblasts 

(Paper I) and ASMC (Paper II) were seeded in petri dishes and stimulated with 

platelets for 2h. After stimulation, the samples were washed, lysed using a lysis 

buffer and in paper IV FAK were thereafter immunoprecipetated using a FAK 

specific antibody. Lysed and denaturated homogenates containing equal 

amounts of protein (Paper I) or DNA (paper II and IV) were thereafter separated 

on a 7.5% SDS-PAGE (Paper I-II) or a 3-8% Tris-acetate gel (Paper IV). The 
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proteins were transferred to a nitrocellulose membrane (Paper I) or a PVDF 

membrane (Paper II and IV) and blocked using 3% BSA (Paper I) or 5% (w/v) 

dry milk (Paper II and IV). Proteins of interest were detected using specific 

antibodies and horseradish peroxidase-conjugated secondary antibodies and 

visualised by chemiluminescence.  

 

Reverse transcriptase-mediated PCR 

RNA, isolated from platelets, neutrophils and fibroblasts using Trizol, was in 

paper I converted to cDNA and amplified using reverse-trancriptase PCR (RT-

PCR). Briefly, 5 µg RNA were mixed with 1 µl of anchored oligo(dT)20 primer 

and incubated for 10 min at 70 °C and then kept on ice. Thereafter 1 µl of a 

reaction cocktail containing 10 mM dNTP mix, buffer, 2 µl 0.1 M DTT and 200 

U/ml SuperScript™ II RNase H- was added and the mixture was incubated for 

another 20 min. 1 µl RNase H was added and the mixture was incubated for 

another 20 min. The PCR reaction was initiated; denaturation at 94 °C for 5 min, 

35 cycles of denaturation at 94 °C for 45 sec, annealing at 62.2 °C for 30 sec, 

extension at 72 °C for 45 sec followed by extension at 72 °C for 7 min. RNA 

content was analysed by measuring absorbance at 260 nm and samples 

containing the same amount of RNA was analysed on a 1.2% agarose gel.  

 

Solid phase extraction and HPLC  

In paper I 5-LOX activity was analysed by measuring 5-HETE formation using 

isocratic reverse-phase high performance liquid chromatography (HPLC). In 

short, fibroblasts were incubated with or without platelets and inhibitors for 0.5, 

1, 2 or 20h and lysed using water. The samples were thereafter equilibrated prior 

solid phase extraction using EDTA and isopropyl alcohol followed by 

centrifugation for 10 min at 2000 x g. The supernatant of the centrifuged 

samples was added to the extraction columns and solid phase extraction was 
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performed using a modified method of Kiss et al. 1998 [205]. Samples were 

eluted using methanol, dried under a stream of nitrogen and stored in -20 °C 

before HPLC analysis. Isocratic reverse-phase HPLC was performed on a 

Nucleosil 100 C18 column at a flow rate of 1 ml/min and the mobile phase 

consisted of methanol-water-acetic acid (75:25:0.01 by volume).  

Measurement of intracellular reactive oxygen species 

In paper II the intracellular redox state was registered using the fluorescent dye 

2´,7´-dichlorodihydrofluoroscein diacetate (DCFDA; Molecular probes, Eugene, 

OR, USA). When applied to intact cells, the nonionic, nonpolar DCFDA crosses 

cell membranes and is hydrolysed enzymatically by intracellular esterases to 

nonfluorescent DCFH. In the presence of ROS, DCFH is oxidised to the highly 

fluorescent dichlorofluorescein (DCF) and the intracellular DCF fluorescence 

can then be used as an index to quantify the overall ROS-production [206].  

 

Briefly, ASMC seeded into 96-wellplates were incubated with or without 

platelets and inhibitors for 3 hours followed by incubation for 45 min with 5µM 

DCFDA. To evaluate the ROS production, the fluorescence was measured using 

a microplate reader (FL-600 Microplate fluorescence reader, Bio-Tek 

instruments Inc, Vermont, USA). The excitation filter was set at 485 ± 10 nm 

and the emission filter was set at 530 ± 12.5 nm.  

 

ROS was also generated in a cell free suspension where drugs used in the papers 

were tested for scavenger effects. ROS generation was analysed in the presence 

of 0.02 U/ml xanthine oxidase and 0.03 mM hypoxanthine or 1.5M CuSO4 and 

0.3% H2O2 using horseradish peroxidase-enhanced chemiluminescence (4 U/ml 

horseradish peroxidase, 112 uM luminol).  

 

44



36 

 

Statistical analysis 

Results from paper I-IV are expressed as mean values ± standard deviation (SD) 

or ± standard error of the mean (S.E.M) as indicated. Statistical difference 

between groups were calculated using One-way ANOVA followed by Dunnet´s 

multiple comparison test or Student t-test. A p-value < 0.05 was considered to 

be significant, and significance is denoted * (p < 0.05), ** (p < 0.01) and *** (p < 

0.001). Data were analysed using GraphPad PrismTM (GraphPad Software, San 

Diego, CA).  
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RESULTS AND DISCUSSION 
Airway remodeling is a contributing cause to the pathological structural 

changes, such as increased cell proliferation, observed in asthma. Platelets have 

been found in autopsy lung material obtained from asthmatic patients and are 

well known to induce proliferation in vitro of a variety of cells. However, the 

role of platelets in airway remodeling is far from understood. This thesis aims to 

clarify the involvement of platelets in fibroblast and airway smooth muscle cell 

(ASMC) proliferation and to elucidate the role of possible signaling pathways 

involving hyaluronic acid (HA), focal adhesion kinase (FAK), metabolism of 

arachidonic acid (AA) and reactive oxygen species (ROS).  

Platelets induce fibroblast and ASMC proliferation 

Table 1 summarises the mitogenic effect of platelets on fibroblasts and ASMC 

demonstrated in paper I-IV.  

 
Table 1. Platelets ability to induce fibroblast and ASMC proliferation. 
 
Treatment Human fibroblast 

proliferation 
Guinea pig ASMC 

proliferation 
Human ASMC 
proliferation 

    

With 

platelets 

175 ± 7.5 164 ± 7.7 165 ± 4.6 

 

n 

 

p-value 

 

 

5 

 

p < 0.001 (***) 

 

34 

 

p < 0.001 (***) 

 

10 

 

p < 0.001 (***) 

 
Fibroblast or ASMC were coincubated with platelets (fibroblast or ASMC/platelet ratio 
1/1000) for 48 (fibroblasts) or 24h (ASMC). Data is related to unstimulated fibroblasts 
or ASMC (% of control) and expressed as mean ± SEM and Student t-test was used 
for statistical analysis.  
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Platelets ability to induce fibroblast (paper I) and ASMC (paper II-IV) 

proliferation was studied using several different methods. We found in paper I 

that platelets significantly induce fibroblast proliferation measured by counting 

fibroblasts with a Coulter Channelyser. In addition, platelets cause a marked 

increase in ASMC proliferation in paper II-IV and the main method in these 

papers were the MTS-assay. There are some differences between the 

experimental setup in paper I and II-IV, e.g. fibroblast and platelets were 

coincubated for 48h in paper I while ASMC were coincubated with platelets for 

24h in paper II-IV. In addition, the main proliferation method used in paper I 

(counting of fibroblasts using a Coulter Channelyser) were not used in paper II-

IV. However, the MTS-assay was used in all papers (paper I-IV) and supports 

the mitogenic effect of platelets on fibroblast proliferation measured using the 

Coulter Channelyser. Furthermore, the platelet-induced ASMC proliferation was 

also confirmed by thymidine incorporation analyses, manual counting and 

measurement of DNA content.  

 

We focused, in paper II-IV, on platelets ability to induce ASMC proliferation 

and used ASMC obtained from guinea pigs (GP-ASMC) in paper II-III and 

human ASMC (H-ASMC) in paper III-IV. There are some advantages using GP-

ASMC, e.g. to avoid intra-human variations and host-donor reactions between 

platelets and ASMC. In addition, guinea pig as an animal model is widely used 

within respiratory research to study airway remodeling [207, 208].  
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To avoid effects due to immunological reactions should ASMC and platelets be 

isolated from the same species. However, GP-ASMC were, in paper II and III, 

coincubated with human platelets. Importantly, we found that platelet-induced 

GP-ASMC proliferation is similar when comparing the effects of human and 

guinea pig platelets respectively. These observations demonstrate that the 

mitogenic effect of human platelets on GP-ASMC is not due to an 

immunological reaction. In addition, we found in paper III that human platelets 

ability to induce proliferation of GP-ASMC and H-ASMC is comparable (Table 

1). In the rest of the Results and Discussion section the mechanisms involved in 

platelets ability to induce fibroblast or ASMC proliferation will be summarised 

and the origin of ASMC not be taken into account.  

Platelets bind to hyaluronic acid through CD44 and induce a focal adhesion 

kinase dependent ASMC proliferation 

One of our first observations was that platelets have the ability to bind to both 

fibroblasts (Figure 2, paper I) and ASMC (Figure 2, paper II) after various 

incubation times. We started to search for possible surface structures involved in 

the platelet/ASMC interaction and focused on well known surface structures 

expressed on platelets such as the fibrinogen receptor GpIIb/IIIa and the 

collagen receptor α2β1. GpIIb/IIIa was inhibited using either the fibrinogen 

binding peptide RGDS or the fibrinogen receptor antagonist ReoPro® and α2β1 

was inhibited using either a blocking antibody or a peptide directed against α2β1. 

However, none of these tools were able to inhibit platelet binding to ASMC or 

the increase in proliferation (unpublished data).  

 

Another observation was that platelets preferred to bind to the periphery of 

fibroblasts/ASMC rather than on the upper surface of fibroblasts/ASMC 

suggesting that the extracellular matrix (ECM) might be of importance in 

platelet interaction with fibroblasts and ASMC. Lazaar et al. 1998 demonstrated 
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that T-lymphocytes bind to ASMC and induce a CD44 dependent DNA-

synthesis [39]. CD44 is the best known and studied receptor for hyaluronic acid 

(HA), which is one of the main components of ECM. The ability of ASMC to 

synthesise HA was investigated by staining HA and we found that ASMC were 

able to synthesise HA (Figure 8A).  

  
           A: ASMC            B: ASMC+platelets 

  
          C: ASMC+platelets+4-MU 600 µM    D: ASMC+platelets+anti-CD44 10µg/ml 
Figure 8. Effect of the HAS inhibitor 4-MU and a CD44 blocking antibody on 
ASMC/platelet interaction. ASMC, seeded in an 8-well chamber slide, were stained 
for HA (green) using biotinylated HA-binding protein and Alexa Fluor® 488 
streptavidin, for F-actin (red) using Alexa Fluor® 594-phalloidin and for the nucleus 
(blue) using DAPI-conjugated Vectashield followed by fluorescence microscopy (Carl 
Zeiss, Oberkochen, Germany). ASMC were incubated in medium containing 0.1% 
FBS in the presence or absence of platelets (H-ASMC/platelet ratio 1/1000) for 2 
hours with or without the HAS inhibitor 4-MU or an anti-CD44 antibody. The pictures 
shown are representatives of 3 independent experiments obtained from different cell 
passages and blood donors. 
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Interestingly, we also found that platelets were found bound to both the area 

surrounding ASMC and directly to ASMC (Figure 8B). The HAS-inhibitor 4-

MU and a blocking CD44 antibody inhibited platelet adhesion to the area 

surrounding ASMC (Figure 8 C-D). However, some platelets were still attached 

to ASMC. The mechanism by which 4-MU inhibits HA synthesis is not fully 

understood, but it has been suggested that 4-MU enzymatically conjugate the 

HAS substrate UDP-GlcUA and thus deplete cellular UDP-GlcUA [124, 209]. It 

has also been shown that 4-MU reduces mRNA for HAS 2 and 3 [124]. The 

importance of HA and CD44 in platelet-induced cell proliferation were, in paper 

IV, investigated using 4-MU and the CD44 blocking antibody as 

pharmacological tools.  

 
Table 2. The effects of the HAS inhibitor 4-MU, the CD44 blocking antibody and 
the FAK inhibitor PF 573228 on platelet-induced ASMC proliferation.  
 

Treatment ASMC proliferation p-value 
 
ASMC+platelets 
 
ASMC+platelets+600 µM 4-MU 

 

165.0 ± 4.60 
 

140.4 ± 16.5 

 

 

 

p < 0.05 (*) 

 
ASMC+platelets+anti CD44 10 µg/ml

 

130.8 ± 7.80 

 

p < 0.001 (***)

 
ASMC+platelets+PF 573228 1 µM 
 

 

128.6 ± 11.8 

 

p < 0.05 (*) 

 
ASMC were coincubated with platelets (platelets/ASMC ratio 1/1000) for 24h in the 
presence or absence of 4-MU (n = 6), anti CD44 (n = 5) and PF 573228 (n = 5). 
Proliferation was measured using the MTS-assay. Data are expressed as mean ± 
SEM and related to unstimulated ASMC (% of control). Paired observations were 
compared and statistical analysed using One-way ANOVA followed by Dunnet´s 
multiple comparison test. Different concentrations of the inhibitors have been tested; 
see results in paper IV for further details.  
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The results demonstrate that both the CD44 blocking antibody and the HAS-

inhibitor 4-MU significantly inhibited the increased proliferation caused by 

platelets (Table 2). Taken together, these results indicate that CD44 is essential 

for the HA/platelet interaction resulting in increased cell proliferation.  

 

It has previously been shown that FAK is phosphorylated and thereby activated 

as a consequence of surface receptor/ECM interaction [210]. In paper IV was 

phosphorylation of immunoprecipetated FAK (both phosphorylated and total 

protein) in ASMC, platelets and after 1h of coincubation between platelets and 

ASMC detected using Western blot analyses. We found that the phospho 

FAK/total FAK ratio in samples of ASMC coincubated with platelets for 1h was 

elevated (1.58 ± 0.24, mean ± SEM, p = 0.058, Figure 9) compared to 

unstimulated ASMC. In addition, FAK (both phosphorylated and total FAK) 

was also detected in platelets. 
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Figure 9. Expression of focal adhesion kinase (FAK) in ASMC. Western blot 
analyses showed that ASMC express phosphorylated (phospho-FAK) and total FAK. 
The FAK expression in ASMC coincubated with platelets for 1h was increased 
(p=0.058). Expression of phospho FAK was analysed using a primary mouse 
antiphosphotyosine 4G10 antibody followed by a secondary horseradish peroxidase 
conjugated goat anti-mouse IgG antibody. Prior to Western blotting, the amount of 
DNA in each sample of ASMC was determined. The blot shown is representative of 6 
independent experiments obtained from different cell passages and blood donors 
and Student t-test was used for statistical analysis.  
 

These results indicate that FAK is phosphorylated during the platelet/ASMC 

interaction. We also found that 4-MU inhibited platelet-induced FAK 

phosphorylation in ASMC (Figure 4B, paper IV) suggesting that platelet binding 

to HA is an important step for FAK-activation in ASMC. These observations are 

supported by other studies suggesting that HA is able to induce FAK 

phosphorylation [211, 212]. 
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Inhibition of FAK with the competitive FAK inhibitor PF 573228 significantly 

antagonised platelet-induced ASMC proliferation (Table 2). In accordance, 

studies with antisense oligonucleotides directed against FAK inhibited 

proliferation of pulmonary artery smooth muscle cells and glioma cells [150, 

151]. Taken together, results obtained in paper IV suggest that FAK is 

phosphorylated and on that account activated during the CD44-dependent 

platelet/HA binding resulting in increased proliferation of ASMC.  

The mitogenic effect of platelets is mainly due to membrane-associated 

factors 

As described earlier, morphological analyses in paper I, II and IV suggest that 

the interaction between platelets and fibroblast/ASMC is of importance for 

platelets ability to induce cell proliferation. In paper III we were interested to 

investigate how different platelet preparations affected ASMC proliferation. We 

isolated intact platelets and prepared platelet lysate, supernatant from platelet 

lysate and platelets membranes and thereafter measured the proliferative effect 

of these different platelet preparations using the MTS-assay. In addition, the 

DNA content was analysed in some experiments. We found that platelet 

membranes and platelet lysate induced a significant proliferation of ASMC 

(Figure 10). In addition, the supernatant obtained from platelet lysate (devoid of 

soluble factors) also induced a significant ASMC proliferation, although not to 

the same extent as platelet membranes. Interestingly, the proliferative effect of 

both platelet membranes and platelet lysate was comparable with intact platelets 

ability to induce ASMC proliferation.  
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Figure 10. Effects of platelets and different fractions of platelets on ASMC 
proliferation. Changes in ASMC proliferation was analysed using the MTS-assay 
after treatment with unstimulated platelets (1/1000 ASMC/platelet ratio) or fractions of 
platelets (corresponding to ASMC/platelet ratio of 1/1000. Proliferation of ASMC was 
increased in the presence of intact platelets and different fractions of platelets. Data 
are expressed as mean ± SEM from 4-16 separate cell passages and blood donors. 
Student t-test was used for statistical analysis where stimulated ASMC were 
compared to unstimulated ASMC.  
 

In addition, we found that the membrane fraction expressed the platelet-specific 

structures GpIb and GpIIb revealed by flow cytometry analyses (Figure 3 A-C, 

paper III). The results suggest that our preparation of platelet membranes is 

platelet specific and not contaminated by other blood cells. In addition, the 

platelet membrane preparations seem to be in the same size as platelet-derived 

microparticles (PMP).  

 

The ability of thrombin-activated platelets to induce ASMC proliferation was 

measured using the MTS-assay in paper III. We show that non-stimulated 

platelets and platelets stimulated with 0.5 U/ml of thrombin induced ASMC 

proliferation to the same extent (Figure 2, paper III). In addition, filtrate from 

thrombin-activated platelets where membrane components have been separated 

from soluble mitogenic factors induced only a modest increase in ASMC 

proliferation (Figure 2, paper III). The impact of PDGF in platelet-induced 
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proliferation was evaluated using an antibody directed against PDGF and 

imatinib, a tyrosin kinase antagonist. The PDGF antibody did not affect platelets 

ability to induce proliferation, while imatinib had a reducing effect (Figure 4, 

paper III). Taken together, our results suggest that the mitogenic effect of 

platelets is mainly due to membrane-associated factors.  

Platelet-induced ASMC/fibroblast proliferation is 5-lipoxygenase 

dependent 

Eicosanoids (prostaglandins, tromboxanes and leukotrienes) are arachidonic acid 

(AA) metabolites that have an important role in inflammation and wound 

healing. Leukotrienes are formed by 5-lipoxygenase (5-LOX) and are implicated 

in inflammation and also affect proliferation although the effect seems to be cell 

type specific [174, 175]. Platelets do not possess 5-LOX and consequently do 

not generate leukotrienes on their own. In spite of this, platelets are able to 

release cysteinyl leukotrienes, i.e. leukotriene C4 (LTC4), leukotriene D4 (LTD4) 

and leukotriene E4 (LTE4) [83]. The role of eicosanoids in cell proliferation is 

poorly studied and we were consequently interested to investigate the 

involvement of eicosanoids, especially 5-LOX metabolites, in platelet-induced 

fibroblast (paper I) and ASMC (paper II-III) proliferation.  

 

We found by using Western blot analysis that both fibroblasts (Figure 3B, paper 

I) and ASMC (Figure 3, paper II) express 5-LOX whereas platelets do not. In 

addition, an increase in 5-LOX expression was observed when platelets and 

fibroblast were coincubated, compared to fibroblasts incubated alone (Figure 

3B, paper I). However, we did not observe this effect when platelets interacted 

with ASMC (unpublished data), results that support previous studies indicating 

that the involvement of 5-LOX and its metabolites e.g. leukotrienes is cell type 

specific [174, 175]. Furthermore, fibroblasts also possess 5-LOX mRNA, 

analysed using reverse transcriptase mediated PCR (RT-PCR), while platelets do 

56



48 

 

not (Figure 3A, paper I). RT-PCR analysis was not conducted in paper II since 

the ASMC were obtained from guinea pigs and the genome for guinea pigs was 

not fully evaluated at the time the study was executed.  

 

We also analysed 5-LOX activity in fibroblasts in the presence or absence of 

platelets for 0.5, 1, 2 or 20h using isocratic reverse-phase high performance 

liquid chromatography (HPLC). The results demonstrate a 5-HETE production 

after 0.5, 1 and 2h of coincubation platelets and fibroblasts while after 20h the 5-

HETE production was diminished (Figure 4 A-B, paper I). However, neither 

LTB4 nor any of the cysteinylleukotrienes could be detected. Taken together, 

these results indicate that both ASMC and fibroblasts possess 5-LOX and that 

the expression and activity of 5-LOX in fibroblasts is increased in the presence 

of platelets. 

 

The role of eicosanoids in platelet-induced ASMC or fibroblast proliferation was 

analysed by evaluating the effect of different eicosanoid inhibitors. The results 

are summarised in table 3.  
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Table 3. The effect of eicosanoid inhibitors on platelet-induced proliferation of 
fibroblasts or ASMC, and on ROS production generated during platelet/ASMC 
interaction (fibroblast or ASMC/platelet ratio 1/1000).  
 

Inhibitor Fibroblast 
proliferation 

ASMC 
proliferation 

ROS 
production 

 
DMDA (PLA2-inhibitor) 

 

 

p < 0.05 

 

n.d 

 

n.d 

ETYA (COX/LOX inhibitor) 

 

p < 0.05 n.d n.d 

ETI (LOX inhibitor) 

 

p < 0.05 n.d n.d 

5,6-dAA (5-LOX inhibitor) 

 

p < 0.05 n.d n.d 

CDC (12-LOX inhibitor) 

 

p > 0.05  p < 0.05*  p < 0.05* 

AA-861 (5-LOX inhibitor) 

 

n.d p < 0.05 p < 0.05 

ATK (PLA2-inhibitor) 

 

n.d p < 0.05 p < 0.05 

 
Significant inhibition is denoted p < 0.05 while p > 0.05 indicates no significant 
inhibition, n.d denotes not determined and * indicates unpublished data. For further 
details, see results in paper I and II, respectively.  
 

We found that the PLA2 inhibitor DMDA, the combined COX and LOX 

inhibitor ETYA, the LOX inhibitor ETI and the 5-LOX inhibitor 5,6-dAA all 

inhibited platelet-induced fibroblast proliferation (Table 3). DMDA, ETI and 

ETYA also reduced 5-HETE production measured using HPLC (Figure 4 C, 

Paper I). The results also demonstrated that the PLA2 inhibitor ATK and the 5-

LOX inhibitor AA-861 significantly reduced platelet-induced ASMC 

proliferation (Table 3). In addition, platelet membrane-induced ASMC 

proliferation was found to be 5-LOX dependent due to the antagonising effect of 

AA-861 (Figure 5A, paper III). ATK also reduced platelet membrane-induced 
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ASMC proliferation, although not as effective as compared to its effect on 

platelet-induced ASMC proliferation (Figure 5B, paper III). These results 

indicate that other enzymes, e.g. phospholipase C or D might be involved in the 

proliferative effect of platelet membrane structures. A possible mechanism in 

the regulation of cell proliferation is that platelet membranes serve as a lipid 

reservoir for biosynthesis of mitogenic lipids. PMP contain AA that is delivered 

to cells in close proximity, for example endothelial cells, and through 

transcellular metabolism generates other more active metabolites e.g. 

thromboxane A2 [168]. Platelet membranes could also interact with surface 

structures expressed on ASMC and thereby activate 5-LOX.  

 

Since the 5-LOX pathway of AA metabolism appears to be important for 

platelets ability to induce proliferation, we examined whether 5-LOX 

metabolites could mimic the mitogenic effect of platelets on fibroblasts (Paper I) 

or ASMC (Paper II). However, neither 5-HETE (paper I), LTB4 (Paper I-II) nor 

LTC4 (Paper II) was able to induce cell proliferation indicating that 5-LOX 

metabolites do not exert mitogenic effects by themselves. This hypothesis is 

supported by studies indicating that cysteinyl leukotrienes need to act in synergy 

with other factors to be able to stimulate proliferation [213-215].  

 

We also found in paper I that the 12-LOX inhibitor CDC does not affect 

platelet-induced fibroblast proliferation, while unpublished data indicates that 

CDC and Baicalein, another 12-LOX inhibitor, block platelets ability to induce 

ASMC proliferation. The role of 12-LOX in platelet-induced ASMC 

proliferation is an interesting area for future research. However, the studies on 5-

LOX expression and the role of 12-LOX indicate that the platelet-induced 

fibroblast and ASMC proliferation, dependent on eicosanoids, is not mediated 

through the same signaling pathways. In summary, results obtained in paper I-III 
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show that eicosanoids, especially 5-LOX metabolites, are essential mediators in 

platelet-induced proliferation of fibroblasts and ASMC. 

Platelet-induced ASMC proliferation is dependent on reactive oxygen 

species 

Reactive oxygen species (ROS) are generated following ligand-receptor 

interactions by several sources, including mitochondria, xanthine oxidase and 

NADPH oxidase and has been shown to be involved in cell proliferation [189, 

190]. Therefore, we were interested in paper II to investigate the impact of ROS 

in platelet-induced ASMC proliferation.  

 

The ROS production, measured using the fluorescent probe DCFDA, 

significantly increased in a ratio-dependent manner after coincubating platelets 

and ASMC for 3h (Figure 5, paper II). Two different NADPH-oxidase 

inhibitors, diphenyleneiodonium chloride (DPI) and apocynin, were used to 

investigate the role of NAPH-oxidase dependent ROS production in platelet-

induced ASMC proliferation.  
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Table 4. The effect of NADPH-oxidase inhibitors on platelet-induced ASMC 
proliferation.  
 

Treatment ASMC proliferation p-value 
 
ASMC+platelets 
 
ASMC+platelets +  
DPI 1 µM 
 

 

164.0 ± 7.70 

 

 

108.6 ± 9.30 

 
 
 
 
 
  

p < 0.01 (**) 

ASMC+platelets +  
Apocynin 1 µM 
 

123.1 ± 11.1 p < 0.01 (**) 

 
ASMC were coincubated with platelets (platelets/ASMC ratio 1/1000) for 24h in the 
presence or absence of DPI (n = 6) or apocynin (n = 4). Proliferation was measured 
using the MTS-assay. Data are expressed as mean ± SEM and related to 
unstimulated ASMC (% of control). Paired observations were compared and 
statistical analysed using One-way ANOVA followed by Dunnet´s multiple 
comparison test. Different concentrations of the inhibitors have been tested; see 
results in paper II for further details.  
 

Our results demonstrate that both DPI and apocynin inhibit platelet-induced 

ASMC proliferation measured using the MTS-assay (Table 3). Thymidine 

incorporation revealed the same tendency (Figure 6, paper II). Scavengers such 

as PDTC, NAC and Vitamin D also inhibited platelet-induced ASMC 

proliferation (unpublished data). However, they also affected basal ASMC 

proliferation and were therefore not included in paper II. Platelet membrane-

induced ASMC proliferation measured using the MTS-assay was also inhibited 

by DPI (Figure 6, paper III) and these results taken together with the previously 

described suggest that ROS, produced by NADPH-oxidase expressed either in 

platelets or ASMC or both cell types, is important for the mitogenic effect of 

platelets on ASMC proliferation.  
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Thymidine incorporation was included as an alternative method since 

scavengers have been shown to interact with NADH and NADPH, which are 

involved in the conversion of the MTS substrate in the MTS-assay. However, 

neither DPI nor apocynin exert scavenging effects measured using horseradish 

peroxidase-enhanced luminescence, indicating that the effect of DPI and 

apocynin on platelet-induced ASMC proliferation measured with the MTS-assay 

is correct.  

 

Mechanisms involved in ROS-dependent ASMC proliferation is not fully 

investigated. Interestingly, low molecular weight HA (LMW-HA) have been 

shown to be produced through oxidative hydrolysis by ROS of high molecular 

weight (HMW-HA) [132, 133, 216]. In addition, platelets possess HYAL-2 that, 

in cooperation with CD44, has the ability to cleave HA into small pro-

proliferative fragments [132, 134, 217, 218]. Interestingly, we found in paper II 

that platelet/ASMC interaction results in increased ROS-production. The 

mechanism by which HA affects ASMC proliferation is unknown but one 

hypothesis based on paper II and IV suggests that platelet binding to HA results 

in degradation of HA (through HYAL-2 and/or ROS) leading to formation of 

pro-proliferative fragments.  
 

Moreover, studies have shown that there might be a signaling cross-talk between 

eicosanoids and ROS, e.g. COX and LOX produce superoxide anion during a 

side reaction that depends on reducing co-substrates [219]. In addition, 

inhibition of 5-LOX blocks the Rac-1 dependent ROS-generation [220] and a 

new report suggests that 5-LOX dependent ROS-generation is crucial for 

fibroblast adhesion [192]. Consequently, we measured the ROS production in 

coincubating platelets and ASMC in the presence of ATK and AA-861 to 

investigate a potential relationship between ROS and eicosanoids. Results 
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demonstrate that both ATK and AA-861 significantly inhibited the increased 

ROS production generated after platelet/ASMC interaction (Table 3).  

 

In summary, our data suggest that 5-LOX is activated in co-cultures of platelets 

and ASMC and that this cell-cell interaction generates a NADPH-oxidase 

dependent ROS production resulting in increased cell proliferation. However, 

the relationship between ROS and eicosanoid metabolites in platelet-mediated 

cell proliferation remains to be determined.  
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SUMMARY AND CONCLUSIONS 
The results demonstrated in paper I-IV lead to the following conclusions:  

Hyaluronic acid

Nucleus

Unstimulated platelets

FAK

Activated platelets

Proliferation

5-LOX

ROS

Platelet membranes

1

2

3

4
5

1. Platelet binding to HA is CD44 dependent (paper IV). 

2. Platelet binding to HA through CD44 induce phosphorylation of FAK and 

FAK dependent ASMC proliferation (paper IV). 

3. Platelet lysate and platelet membranes induce a significant increased ASMC 

proliferation (paper III). Platelet supernatant, devoid of soluble factors released 

from platelets, also induces ASMC proliferation, although not to the same extent 

(paper III). 

4. Platelet-induced ASMC/fibroblast and platelet membrane-induced ASMC 

proliferation is 5-LOX dependent (paper I-II). 
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5. The platelet/ASMC interaction results in increased NADPH-oxidase and 5-

LOX dependent ROS production associated with an increased ASMC 

proliferation (paper II). In addition, platelet membrane-induced ASMC 

proliferation is 5-LOX and NADPH-oxidase dependent (paper III).  

 

In summary, the results obtained in paper I-IV suggest that platelet/HA 

interaction mediated through CD44 is of importance for platelets ability to 

induce cell proliferation. Furthermore, intracellular signaling associated with 

FAK is also dependent on a CD44-mediated platelet/HA interaction. Moreover, 

5-LOX dependent ROS production is essential for the mitogenic effects of 

platelets. This action of platelets represents a potential important and novel 

mechanism that may have an impact on the remodeling process and in the 

development of new pharmacological strategies in the treatment of 

inflammatory respiratory disease such as asthma.  
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