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The vascular system, disease and treatment 

The vascular system of the human body is an extensive network of arteries, capillaries and 

veins through which blood is pumped by the heart. It performs an essential role in 

homeostatic regulation of the human body, transporting oxygen, nutrients and cellular and 

metabolic waste1. The integrity of the endothelium, a single layer of endothelial cells 

covering the vascular lumen, is fundamental for the homeostasis of the vascular system. The 

endothelium plays a pivotal role in regulation of coagulation, blood pressure, immunological 

and inflammatory processes and vascular remodeling through the production of autocrine, 

paracrine and endocrine compounds2-5 The pathogenesis of various diseases including 

hypertension, atherosclerosis, arterial restenosis, diabetes mellitus and nephropathy has 

been associated with dysfunction of the endothelium. Endothelial dysfunction is associated 

with a decreased synthesis of vascular nitric oxide (NO), and an altered responsiveness of 

the blood vessel to important hormones, including angiotensin II (AngII) and transforming 

growth factor beta (TGF-β)6-9. 

   NO induces vasodilation and possesses anti-inflammatory, anti-coagulant, anti-proliferative 

and anti-inflammatory properties10, 11and counteracts the vascular actions of endogenous 

Ang II12. Ang II induces vasoconstriction by acting on the vascular smooth muscle cells and 

is critically involved in the regulation of blood pressure. In addition to its hemodynamic 

actions, Ang II promotes cell proliferation and migration as well as extracellular matrix 

deposition in the vascular wall. Therefore it is not surprising that Ang II is a key mediator of 

vascular remodeling, which is a close interplay of changes between vascular tone and 

structure.  

   The effects of the cytokine transforming growth factor beta (TGF-β) on the cardiovascular 

system are ambiguous. On the one hand, TGF-β acts as an anti-atherogenic and plaque-

stabilizing factor13, but on the other hand it has been demonstrated that TGF-β participates 
in the development of vascular fibrosis and vascular remodeling14. TGF-β affects all cell 

types of the vessel and regulates various aspects of cellular homeostasis, including 

proliferation, differentiation, migration and cell death. In addition to direct signaling via the 

TGF-β receptors and downstream effectors (smads), crosstalk of TGF-β signaling with other 
major signaling pathways such as the mitogen-activated protein kinases (MAPKs) is involved 

in the final cellular response to TGF-β. This characteristic of TGF-β signaling is probably 

responsible for the pleiotropic and multifunctional nature of its cellular responses, which 

makes it strongly dependent on contextual factors, such as ligand concentration, cell type, 

differentiation status and presence of other hormones15-17. 

   Given their key function in vascular homeostasis, established and experimental therapeutic 

approaches in cardiovascular disease target NO, angiotensin II and TGF-β signaling. 

Nitroglycerin, which is believed to use the same signaling pathway as NO, is the most 

commonly used anti-ischemic drug in the last century. Unfortunately, upon chronic treatment 

with nitroglycerin its vasodilatory effect diminishes rapidly18. Furthermore, to treat 

hypertension, myocardial infarction, stroke, renal disease and heart failure, interference with 

the angiotensin II signaling cascade through inhibition of its production (ACE inhibitors) or 
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blockade of the Angiotensin II type I receptor (angiotensin receptor blockers: ARB) represent 

the most effective therapeutic strategies19. However, treatment with ACE inhibitors as well as 

ARBs is only effective in a part of the patient population20, 21.  

   Besides NO and Angiotensin II, TGF-β signaling may be a potential target of therapy. 
Currently, several strategies are under investigation, including scavenging of the TGF-β 
ligand by TGF-β1 neutralizing antibodies, or selective inhibition of intracellular signaling 

transduction by targeted overexpression of either Smad7 or dominant-negative receptor 

mutants15, 22. However, as the action of TGF-β is tissue specific and dependent of the stage 
of the disease, interference with the TGF-β pathway must be well controlled in a spatio-

temporal manner15, 16. 

 

Gene Therapy 

The emerging field of gene therapy is recognized as a potential additional therapy in 

cardiovascular disease, particular in cases in which patients are resistant to current 

approaches23, 24. The vascular system, especially the endothelium, is an attractive target for 

gene therapy because of its accessibility, its importance in vascular (patho)physiology and 

its involvement in a wide range of diseases. Gene therapy comprises of the cellular delivery 

of oligonucleotides (DNA or RNA) in an attempt to modify the expression of specific gene(s), 

or to correct abnormal genes by providing copies of the healthy gene. Modification of gene 

expression may constitute of upregulation by administration of DNA encoding for the gene of 

choice or downregulation by interference at the post-transcriptional level employing gene 

specific synthetic antisense oligonucleotides, such as oligodeoxynucleotides (ODNs) or 

siRNA.  

   More recently, microRNAs, which are endogenous antisense oligonucleotides, are 

discovered to play an important role in the regulation of gene expression in normal as well as 

pathological conditions. To date, several studies have indicated that specific microRNAs or 

mutation in the target mRNA sequence play a role in vascular inflammation and disease 5, 25. 

These and future identification of the mechanism and targets of miRNAs may offer new gene 

therapeutic strategies to treat vascular diseases.  

   Thus far, more than 1300 human gene therapeutic trials have been performed worldwide. 

However, gene therapy has still not been approved for regular clinical use. In about 70% of 

the clinical trials, recombinant viruses have been used as a gene delivery vector26. As 

viruses have the innate ability to infect host cells, they are efficient vectors for gene delivery. 

However, the drawbacks of viral gene transfer are the possible immunogenic, inflammatory, 

cytotoxic and in the case of retroviruses, oncogenic responses27,28. Furthermore, the costs of 

large-scale production of such viruses are generally high29. For these reasons, non-viral 

based delivery systems for DNA or RNA have received considerable attention. A wide 

variety of non viral methods are developed ranging from intramuscular injection of plasmid 

DNA to specified systems that are devised to enhance cellular delivery like liposomes and 

polyplexes. These non-viral vectors have the potential to be relatively safe, due to their low 

inflammatory, non-infectious properties and may be produced at a large scale with relatively 
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low costs. However, the main drawback of non-viral vectors is their limited efficiency, 

restricting their clinical use30. 

   To accomplish efficient delivery of oligonucleotides to the vascular wall, several biological 

barriers have to be overcome. First, oligonucleotides need to be transported to the 

endothelium. In the bloodstream the (delivery systems with the) oligonucleotides will 

encounter degrading enzymes, such as DNAses and RNAses, and immune cells. Both may 

result in the degradation of the oligonucleotides prior to reaching the endothelium. 

Furthermore regarding safety issues, since the delivery system encounters immune cells, it 

needs to be low immunogenic31. The first physical barrier comprises of the plasma 

membrane, which needs to be crossed to enter the cytosol. The entrance process may be 

facilitated by fusion of the delivery system to the plasma membrane, or by pore formation 

and/or endocytosis. When entering the cell via endocytosis, the delivery system also needs 

to facilitate endosomal escape in order to deliver the oligonucleotides in the cytosol31. 

Finally, in many approaches the delivered genes have to migrate to the nucleus and 

overcome the barrier of the nuclear envelope to result in expression of the transgene30, 32-34.  

 

Ultrasound and Microbubble Targeted Therapy 

Microbubbles were originally developed as ultrasound (US) contrast agents and are 

administered intravenously to the systemic circulation to enhance the scattering of blood in 

echocardiography. Microbubbles consist of a gas core stabilized with an encapsulation, and 

range from 1 to 10 �m in diameter35. Nowadays, an important aspect of research is the 

therapeutic application of US and encapsulated microbubbles in gene therapy and targeted 

delivery of drugs, due to their low toxicity and immunogenicity, local application and cost-

effectiveness. Moreover, molecular imaging and therapeutic compound delivery may be 

performed simultaneously, in an efficient way36.   

   To date, US and microbubble mediated gene therapy targeting the vascular system has 

already been successfully applied in several experimental disease models to promote 

angiogenesis37-39, attenuate vascular sclerosis40, reduce neointima formation41-43 and 

augment endothelial function44. It is of importance to note that virtually all of these studies, 

which used transgene expression instead of gene silencing, used plasmids encoding potent 

paracrine factors, limiting the need for a highly efficient vector able to transfect the majority 

of all target cells.  

   To fully exploit the therapeutic possibilities of ultrasound and microbubble mediated 

therapy it is necessary to understand all facets of how ultrasound and microbubble mediated 

drug and gene therapy is facilitated. Despite studies demonstrating that ultrasound and 

microbubble targeted gene delivery may be a promising technique for gene therapy, there is 

limited data on the parameters of UMTD of oligonucleotides that influence transfection 

efficiency in endothelial cells. Furthermore the exact mechanism of cellular uptake of 

therapeutics after ultrasound and microbubble targeted delivery (UMTD) is also not fully 

understood, though one of the principal mechanisms is thought to be induction of cell 

membrane pores45, 46. To modulate vascular function through ultrasound and microbubble 
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targeted gene therapy both plasmids encoding transgenes or siRNA’s mediating gene 
silencing may be used. Although siRNA and plasmid DNA are both oligonucleotides, they 

differ substantially in size (~15 kDa vs ~3500 kDa), which may strongly influence the rate of 

diffusion. Furthermore, oligonucleotides for gene silencing are effective in the cytoplasm 

whereas plasmid DNA needs to be transported to the nucleus for transcription. These 

characteristics may influence the efficacy of ultrasound and microbubble targeted gene 

therapy, however a direct comparison between these two strategies has not been made.  

   Intravenous injection of microbubbles is the most convenient route of administration in 

vascular ultrasound and microbubble mediated therapy. However when the microbubbles 

disperse over the total blood volume, the concentration of microbubbles drops dramatically. 

Furthermore, microbubbles and drugs or nucleotides quickly separate after intravenous 

injection if both are not directly coupled. For this reason, most in-vivo studies relied on 

microbubble infusion directly upstream of the target organ37,47,48. The development of organ- 

or cell-targeted microbubbles that bear drugs or nucleotides, will not only help to identify the 

diseased target area and locally increase the concentration of the therapeutics, but may also 

decrease side effects and protect the therapeutics from degradation.  

 

Aim of the thesis 

The aim of the first part of this thesis was to determine the optimal parameters of UMTGD 

and to determine if induction of gene expression or gene silencing is the most efficient 

method of modifying gene expression with UMTD. Therefore in chapter 2, ultrasound and 

microbubble targeted gene delivery parameters were systematically changed and its effect 

on gene delivery to endothelial cells was determined. In chapter 3 we studied the 

modulation of the expression of the moderately expressed gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) in cultured endothelial cells after UMTD with plasmid 

encoding transgenes (to increase its expression) or siRNA (to reduce its expression). The 

aim of chapter 4 was to establish the mechanism(s) of UMTD. For this, we studied uptake of 

dextran molecules ranging in size of 4-500 kDa by endothelial cells after exposure to 

ultrasound and microbubbles. The aim of the second part of the thesis was to identify 

possible targets of intervention and to explore novel administration techniques in vivo. In 

chapter 5, we studied the interaction between TGF-β1 and AngII signaling in vascular 
smooth muscle cells. Finally the possibility of targeting microbubbles to TGF-β expressing 
cells was explored (chapter 6).  

 

 

 

 

 

 

 

 



Chapter 1 

 14 

References 

 (1)  Pugsley MK, Tabrizchi R. The vascular system. An overview of structure and function. J 

Pharmacol Toxicol Methods 2000 September;44(2):333-40. 

 (2)  Brewster LP, Brey EM, Greisler HP. Cardiovascular gene delivery: The good road is awaiting. 

Adv Drug Deliv Rev 2006 July 7;58(4):604-29. 

 (3)  Esper RJ, Nordaby RA, Vilarino JO, Paragano A, Cacharron JL, Machado RA. Endothelial 

dysfunction: a comprehensive appraisal. Cardiovasc Diabetol 2006 February 23;5:4.:4. 

 (4)  Cohen JD. Overview of physiology, vascular biology, and mechanisms of hypertension. J 

Manag Care Pharm 2007 June;13(5 Suppl):S6-S8. 

 (5)  Urbich C, Kuehbacher A, Dimmeler S. Role of microRNAs in vascular diseases, inflammation, 

and angiogenesis. Cardiovasc Res 2008 September 1;79(4):581-8. 

 (6)  Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis. Circulation 2004 June 

15;109(23 Suppl 1):III27-III32. 

 (7)  Esmon CT. The interactions between inflammation and coagulation. Br J Haematol 2005 

November;131(4):417-30. 

 (8)  Feletou M, Vanhoutte PM. Endothelial dysfunction: a multifaceted disorder (The Wiggers 

Award Lecture). Am J Physiol Heart Circ Physiol 2006 September;291(3):H985-1002. 

 (9)  Balakumar P, Chakkarwar VA, Krishan P, Singh M. Vascular endothelial dysfunction: a tug of 

war in diabetic nephropathy? Biomed Pharmacother 2009 March;63(3):171-9. 

 (10)  Naseem KM. The role of nitric oxide in cardiovascular diseases. Mol Aspects Med 2005 

February;26(1-2):33-65. 

 (11)  Desjardins F, Balligand JL. Nitric oxide-dependent endothelial function and cardiovascular 

disease. Acta Clin Belg 2006 November;61(6):326-34. 

 (12)  Toda N, Ayajiki K, Okamura T. Interaction of endothelial nitric oxide and angiotensin in the 

circulation. Pharmacol Rev 2007 March;59(1):54-87. 

 (13)  Grainger DJ. TGF-beta and atherosclerosis in man. Cardiovasc Res 2007 May 1;74(2):213-

22. 

 (14)  Redondo S, Santos-Gallego CG, Tejerina T. TGF-beta1: a novel target for cardiovascular 

pharmacology. Cytokine Growth Factor Rev 2007 June;18(3-4):279-86. 

 (15)  Javelaud D, Mauviel A. Mammalian transforming growth factor-betas: Smad signaling and 

physio-pathological roles. Int J Biochem Cell Biol 2004 July;36(7):1161-5. 

 (16)  Dabek J, Kulach A, Monastyrska-Cup B, Gasior Z. Transforming growth factor beta and 

cardiovascular diseases: the other facet of the 'protective cytokine'. Pharmacol Rep 2006 

November;58(6):799-805. 

 (17)  Clarke DC, Liu X. Decoding the quantitative nature of TGF-beta/Smad signaling. Trends Cell 

Biol 2008 September;18(9):430-42. 

 (18)  Munzel T, Daiber A, Mulsch A. Explaining the phenomenon of nitrate tolerance. Circ Res 

2005 September 30;97(7):618-28. 

 (19)  Bommer WJ. Use of angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker 

therapy to reduce cardiovascular events in high-risk patients: Part 1. Prev Cardiol 

2008;11(3):148-54. 

 (20)  Heeg JE, de Jong PE, van der Hem GK, de ZD. Efficacy and variability of the antiproteinuric 

effect of ACE inhibition by lisinopril. Kidney Int 1989 August;36(2):272-9. 



General introduction and aim of the thesis 
 

 15 

 (21)  Mellen PB, Herrington DM. Pharmacogenomics of blood pressure response to 

antihypertensive treatment. J Hypertens 2005 July;23(7):1311-25. 

 (22)  Varga J, Pasche B. Antitransforming growth factor-beta therapy in fibrosis: recent progress 

and implications for systemic sclerosis. Curr Opin Rheumatol 2008 November;20(6):720-8. 

 (23)  Isner JM. Myocardial gene therapy. Nature 2002 January 10;415(6868):234-9. 

 (24)  Gaffney MM, Hynes SO, Barry F, O'Brien T. Cardiovascular gene therapy: current status and 

therapeutic potential. Br J Pharmacol 2007 September;152(2):175-88. 

 (25)  Li M, Marin-Muller C, Bharadwaj U, Chow KH, Yao Q, Chen C. MicroRNAs: Control and Loss 

of Control in Human Physiology and Disease. World J Surg 2009 April;33(4):667-84. 

 (26)  Edelstein ML, Abedi MR, Wixon J. Gene therapy clinical trials worldwide to 2007--an update. 

J Gene Med 2007 October;9(10):833-42. 

 (27)  Hollon T. Researchers and regulators reflect on first gene therapy death. Nat Med 2000 

January;6(1):6. 

 (28)  Hacein-Bey-Abina S, Von KC, Schmidt M, McCormack MP, Wulffraat N, Leboulch P, Lim A, 

Osborne CS, Pawliuk R, Morillon E, Sorensen R, Forster A, Fraser P, Cohen JI, de Saint BG, 

Alexander I, Wintergerst U, Frebourg T, Aurias A, Stoppa-Lyonnet D, Romana S, Radford-

Weiss I, Gross F, Valensi F, Delabesse E, Macintyre E, Sigaux F, Soulier J, Leiva LE, Wissler 

M, Prinz C, Rabbitts TH, Le DF, Fischer A, Cavazzana-Calvo M. LMO2-associated clonal T 

cell proliferation in two patients after gene therapy for SCID-X1. Science 2003 October 

17;302(5644):415-9. 

 (29)  Boulaiz H, Marchal JA, Prados J, Melguizo C, Aranega A. Non-viral and viral vectors for gene 

therapy. Cell Mol Biol (Noisy -le-grand) 2005 September 2;51(1):3-22. 

 (30)  Glover DJ, Lipps HJ, Jans DA. Towards safe, non-viral therapeutic gene expression in 

humans. Nat Rev Genet 2005 April;6(4):299-310. 

 (31)  Pouton CW, Seymour LW. Key issues in non-viral gene delivery. Adv Drug Deliv Rev 2001 

March 1;46(1-3):187-203. 

 (32)  Kaneda Y. Gene therapy: a battle against biological barriers. Curr Mol Med 2001 

September;1(4):493-9. 

 (33)  Li S, Ma Z. Nonviral gene therapy. Curr Gene Ther 2001 July;1(2):201-26. 

 (34)  Kodama K, Katayama Y, Shoji Y, Nakashima H. The features and shortcomings for gene 

delivery of current non-viral carriers. Curr Med Chem 2006;13(18):2155-61. 

 (35)  Dijkmans PA, Juffermans LJ, Musters RJ, van WA, ten Cate FJ, van GW, Visser CA, de JN, 

Kamp O. Microbubbles and ultrasound: from diagnosis to therapy. Eur J Echocardiogr 2004 

August;5(4):245-56. 

 (36)  Schneider M. Molecular imaging and ultrasound-assisted drug delivery. J Endourol 2008 

April;22(4):795-802. 

 (37)  Kondo I, Ohmori K, Oshita A, Takeuchi H, Fuke S, Shinomiya K, Noma T, Namba T, Kohno 

M. Treatment of acute myocardial infarction by hepatocyte growth factor gene transfer: the 

first demonstration of myocardial transfer of a "functional" gene using ultrasonic microbubble 

destruction. J Am Coll Cardiol 2004 August 4;44(3):644-53. 

 (38)  Zhigang W, Zhiyu L, Haitao R, Hong R, Qunxia Z, Ailong H, Qi L, Chunjing Z, Hailin T, Lin G, 

Mingli P, Shiyu P. Ultrasound-mediated microbubble destruction enhances VEGF gene 

delivery to the infarcted myocardium in rats. Clin Imaging 2004 November;28(6):395-8. 



Chapter 1 

 16 

 (39)  Korpanty G, Chen S, Shohet RV, Ding J, Yang B, Frenkel PA, Grayburn PA. Targeting of 

VEGF-mediated angiogenesis to rat myocardium using ultrasonic destruction of 

microbubbles. Gene Ther 2005 September;12(17):1305-12. 

 (40)  Hou CC, Wang W, Huang XR, Fu P, Chen TH, Sheikh-Hamad D, Lan HY. Ultrasound-

microbubble-mediated gene transfer of inducible Smad7 blocks transforming growth factor-

beta signaling and fibrosis in rat remnant kidney. Am J Pathol 2005 March;166(3):761-71. 

 (41)  Porter TR, Hiser WL, Kricsfeld D, Deligonul U, Xie F, Iversen P, Radio S. Inhibition of carotid 

artery neointimal formation with intravenous microbubbles. Ultrasound Med Biol 2001 

February;27(2):259-65. 

 (42)  Taniyama Y, Tachibana K, Hiraoka K, Namba T, Yamasaki K, Hashiya N, Aoki M, Ogihara T, 

Yasufumi K, Morishita R. Local delivery of plasmid DNA into rat carotid artery using 

ultrasound. Circulation 2002 March 12;105(10):1233-9. 

 (43)  Hashiya N, Aoki M, Tachibana K, Taniyama Y, Yamasaki K, Hiraoka K, Makino H, Yasufumi 

K, Ogihara T, Morishita R. Local delivery of E2F decoy oligodeoxynucleotides using 

ultrasound with microbubble agent (Optison) inhibits intimal hyperplasia after balloon injury in 

rat carotid artery model. Biochem Biophys Res Commun 2004 April 30;317(2):508-14. 

 (44)  Teupe C, Richter S, Fisslthaler B, Randriamboavonjy V, Ihling C, Fleming I, Busse R, Zeiher 

AM, Dimmeler S. Vascular gene transfer of phosphomimetic endothelial nitric oxide synthase 

(S1177D) using ultrasound-enhanced destruction of plasmid-loaded microbubbles improves 

vasoreactivity. Circulation 2002 March 5;105(9):1104-9. 

 (45)  Tachibana K, Uchida T, Ogawa K, Yamashita N, Tamura K. Induction of cell-membrane 

porosity by ultrasound. Lancet 1999 April 24;353(9162):1409. 

 (46)  van WA, Kooiman K, Emmer M, ten Cate FJ, Versluis M, de JN. Ultrasound microbubble 

induced endothelial cell permeability. J Control Release 2006 November 28;116(2):e100-

e102. 

 (47)  Bekeredjian R, Chen S, Frenkel PA, Grayburn PA, Shohet RV. Ultrasound-targeted 

microbubble destruction can repeatedly direct highly specific plasmid expression to the heart. 

Circulation 2003 August 26;108(8):1022-6. 

 (48)  Lan HY, Mu W, Tomita N, Huang XR, Li JH, Zhu HJ, Morishita R, Johnson RJ. Inhibition of 

renal fibrosis by gene transfer of inducible Smad7 using ultrasound-microbubble system in rat 

UUO model. J Am Soc Nephrol 2003 June;14(6):1535-48. 

 
 

 




