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INTRODUCTION 

 

Cardiovascular diseases such as atherosclerosis and aneurysm formation are the leading 

cause of morbidity and death worldwide. Together with inflammatory diseases of digestive 

tract they represent most common pathologies of the modern human society, induced by 

combination of various external factors such as smoking, unhealthy diet and genetic 

susceptibility. Introduction part of this thesis will provide a deeper insight of these two major 

organ systems, their pathologies as well as the possible targets for pharmaceutical 

approaches in their treatment.    

 

 

1.Vascular system  

Since the discovery of the circulatory system by William Harvey (1578-1657), an English 

anatomist and the godfather of modern physiology, our knowledge and understanding of it 

expanded tremendously. He established and described the circulatory system as a network 

of blood vessels in which blood is fluctuating in a “more or less” closed system, since he was 

unable to see the capillary network at that time1. Today, we are describing it as a closed 

organ system (Figure 1) in charge of transport of blood to supply our body with oxygen, 

nutrients, hormones and immune cells, and dispose of carbon dioxide, waste products and 

excess temperature. It consists of arteries (receiving blood from the heart), capillaries (the 

network of smallest vessels exchanging molecules and cells in tissues), and veins (bringing 

blood back to the heart). These three types of blood vessels each have unique architecture 

and functions.  

 
Figure 1. (A) Schematic overview of cardiovascular system, Obtained from: Dollar photo club; File #58768273. 

(B) Schematic overview of the healthy vessel wall 

 

 

There are different diseases known for each type of vessel, such as venous thrombosis for 

veins, retinopathy in diabetic patients for capillaries and atherosclerosis or aneurysm 

formation for arteries. Vascular diseases, together with cancer, are the leading cause of 
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death in modern human society.  This is predominantly related to arterial disease. But even 

in cancer, vascular pathology plays a key role, since tumor-induced vascularization leads to 

tumor growth. In 2008, 17.3 million people world-wide died from cardiovascular diseases, 

representing 30% of all deaths. By 2030, that number will rise to 23.3 million per year 

according to a predictions made by World Health Organization (WHO)2, 3. 

During embryonic development, vessels are first formed by endothelial cells, which form a 

monolayer and barrier between blood and tissue4. This morphological build closely 

resembles capillaries in later developmental stages. In arteries and veins, the endothelial 

cells form the inner lining of the vessel, the so called intima (tunica interna). In addition, these 

vessels have a smooth muscle cell (SMC)-rich medial layer (tunica media), where the SMC 

are embedded in a fine network of extracellular matrix. The outer layer of the vessel is called 

the adventitia (tunica externa), and consists predominantly of thick collagen fibers, which are 

maintained by fibroblasts.  SMC are the most abundant cell type within the vessel wall. 

Arterial degradation of these layers causes excessive extension of the vessel wall, also 

known as an aneurysm, which ultimately may dissect or rupture and cause morbidity and 

mortality. There is no effective drug currently to target abdominal aortic aneurysm dilatation. 

 

1.1 Aortic Aneurysms  

The most common disease of the arterial vasculature is atherosclerosis, which is induced by 

chronically enhanced blood cholesterol levels, leading to cholesterol accumulation in the 

arteries and subsequent inflammation of the arterial wall. Aortic aneurysms are aortic 

dilatations caused by degradation of the arterial vessel wall. For the development of 

Abdominal Aortic Aneurysms (AAA) (Figure 2), atherosclerosis is a strong risk factor, 

together with age and smoking5. In contrast to AAA,  thoracic aortic aneurysms (TAA) affect 

individuals earlier in life and have a strong genetic background, mostly related to connective 

tissue disorders, such as in Marfan Syndrome6. Aneurysm pathology is mostly related to the 

aorta, but it can also affect other arteries, such as arteries at the base of the brain, at the so 

called circle of Willis, resulting in intracranial aneurysms. Aneurysms are usually 

asymptomatic, nonetheless, this enlarged part of the vessel is prone to local rupture, 

associated with high mortality rates. Even though AAA incidence (4-9% >65 years)7, 8 

declined in recent years, presumably due to decreased smoking9, the number of elderly 

people in western societies is still growing, which makes AAA an important vascular 

pathology. In addition, more frequent and more detailed imaging techniques in the clinic 

discover AAA patients with relatively small aneurysms. This also attributes to the urge to 

understand the developmental stages of aneurysm formation to be able to intervene 

pharmacologically, to prevent aneurysm growth and ultimately rupture. Currently, surgical 

intervention is required to prevent rupture of an aneurysm, because of a lack of effective 

medicinal treatment. However, in Marfan Syndrome patients it was shown that angiotensin-II 

receptor type 1 (AT1R) inhibitor Losartan significantly reduced aortic dilatation10. In line with 

these data, it is known that two AT1R-related polymorphisms (angiotensin-1 converting 

enzyme (ACE) insertion/deletion polymorphism and AT1R A1166C polymorphism) are 

associated with enhanced risk for AAA in a meta-analysis in >16.700 individuals11. In 

addition, one of the most prominent AAA mouse models is via chronic infusion of 

angiotensin-II, resulting in aortic dilatation throughout the whole aortic trajectory12, 13. Thus 

pathways downstream of AT1R seem detrimental in aneurysm development, although it is 

not known what the key pathological pathway is. Currently, a clinical trial with yet another 

AT1R inhibitor, namely Telmisartan, is running in AAA patients in The Netherlands and 

Australia (TEDY trial: EudraCT number2012-001859-39). 
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To develop drugs that may inhibit aortic dilatation, understanding the different pathological 

processes in vascular degradation is essential. Here, an overview is given of the current 

knowledge on AAA formation. 

 

              

 
 
Figure 2. Examples of murine abdominal aortic aneurysms (AAA).. 

(A) Macroscopic view of an AAA after 4 weeks angiotensin-II infusion. Microscopic cross sections of such AAA 

reveal different type of AAA; namely atherosclerotic AAA (B) and non-atherosclerotic AAA (C). In B, a Masson 

Trichrome staining shows the smooth muscle cell layer in red, the fibrotic adventitia in blue and the atherosclerotic 

area in pink. In C, an immunohistochemical staining for smooth muscle α-actin shows the smooth muscle cell 

layer in red. 

  

 

1.2 Cellular mechanisms of AAA development 

In aneurysm tissues obtained after surgery it is clear that there is excessive inflammation and 

SMC death. Destruction of the arterial wall is considered the result of excessive 

inflammation. But since aneurysm tissue, obtained after surgery, presents a static condition 

of end-stage disease, animal aneurysm models have taught us the relevance of 

inflammation. Many animal studies indeed highlight the inflammatory processes as 

determined by genetic profiling14, 15. Progressive inflammation is characterized by leukocyte 

infiltration, which produce cytokines to activate surrounding cells, chemokines to attract cells, 

and proteases to facilitate infiltration and migration of cells, possibly to repair local damage16-

18. Yet, an excess of any of these proteins may also cause local cell death, causing a feed 

forward loop and enhancing the inflammatory response.  

There is a wide variety of immune cells that are identified in aneurysm tissue. Still it is very 

difficult to determine whether they damage the tissue or attempt to repair the tissue and thus 

contribute to homeostasis of the aortic tissue. Macrophages are the most common immune 

cell type present in murine AAA, and known to actively secrete large amounts of 

cytokines/chemokines and proteases. In the murine angiotensin II (AngII)-induced model of 

aneurysm formation, infiltration of macrophages into the aortic adventitia and media 

represents one of the earliest events19-21. Most treatments in mice directed at the pro-

inflammatory M1-type macrophage population have been shown to prevent AAA formation. 

For example, targeting chemokine (C-C motif) ligand 2 (CCL2) and its receptor CCR2 are 

essential for monocyte chemotaxis and the macrophage-mediated immune response. It has 

been demonstrated that absence/blockade of CCR2 in mice resulted in decreased 

aneurysms severity or prevention of aneurysm formation22-26.  Actually the most abundant 

inflammatory cells in human aneurysm tissue are the lymphocytes, consisting of B- and T-
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cells. In human AAA, there are follicles formed inside the aneurysm wall. In mice, depletion 

of lymphocytes did not reduce AAA formation27, probably because pro- and anti-inflammatory 

lymphocytes are both absent. This concept is illustrated by the fact that IgE, derived from B-

cells, enhances AAA28, while a subset of B-cells, namely the B2-cells, suppress AAA29. 

Moreover, the presence of specific antigen-driven T-cell clonal expansion in human AAA, 

suggest an active role for T-cells in this disease30. Further evaluation in mice, suggest that 

namely the sub-population of Th17 T-cells are detrimental in AAA31, 32, pointing at a 

prominent role for the cytokine interleukin-17 (IL-17). In contrast, the regulatory T-cells are 

protective against AAA, with an important role for IL-1033, 34. Interestingly, a polymorphism for 

the IL-10 gene (IL-10 1082 polymorphism) is associated with enhanced AAA formation in a 

large meta-analysis11. Less abundant inflammatory cells in the aneurysm tissue are 

neutrophils, mast cells, and NK cells, however, manipulation of these cell types also 

influences AAA formation14, 35-39.  

In general, inflammatory cells can either directly target vascular cells, or indirectly by 

degrading the extracellular matrix. Both processes are considered detrimental. Important 

proteases are the matrix metalloproteinases, cathepsins, serine proteases, tryptase/chymase 

and elastase40-46. These proteases do not only degrade matrix, but some do also activate 

other proteases, or receptors by protein cleavage40, 47, 48. In this way, the vascular cells also 

become activated and participate in the inflammatory response.  

Thus besides immune cells, endothelial and SMC play an active role in AAA. To illustrate 

this, an endothelial cell specific overexpression mouse for NADPH oxidase NOX2, 

specifically in endothelial cells, shows enhanced risk of dissections after angiotensin-II 

infusion49. Moreover, an endothelin-1 overexpression mouse, also specifically in endothelial 

cells, showed AAA in the majority of the mice, even without angiotensin-II infusion50. In both 

of these studies there is enhanced reactive oxygen species generation (ROS) and 

inflammation. SMC are also important, since mutations in SMC proteins, such as smooth 

muscle α-actin (encoded by ACTA2) and smooth muscle β-myosin heavy chain (MYH11), 

give rise to aortic aneurysms51, 52. In mice, it was revealed that microRNA-21 (miR-21) is a 

key modulator of proliferation and apoptosis of SMC during development of AAA in two 

murine aneurysm models53. Preventing SMC apoptosis and inducing SMC proliferation via a 

miR-21-induced reduction in phosphatase and tensin homolog (PTEN) seems necessary as 

repair mechanism during aneurysm formation. In addition, sirtuin-1 deficiency specifically in 

SMC resulted in spontaneous aneurysms in pro-atherogenic mice54. Sirtuin-1 is an NAD+-

dependent deacetylase involved in metabolism, potentially influencing the SMC energetic 

state.  

So far, in animal models many molecular targets have been identified. Yet, translation from 

bench to bedside does not seem straightforward, since trials with β-blockers, ACE-inhibitors, 

statins, or antibiotics (most of these potentially inhibiting inflammation) did not protect AAA 

patients until now7. The ACE-inhibitors and doxycycline trials even showed evidence for 

increased AAA growth55, 56. Therefore, development of suitable pharmacological approaches 

remains a clinical imperative57, 58.  

 

2. Inflammatory Bowel Disease 

The digestive system is a complex organ system which is composed of the gastrointestinal 

and digestive tract (Figure 3). The gastrointestinal tract consists of the mouth, esophagus, 

stomach, small (jejunum and ileum) and large intestine (colon), and at the end the rectum 

and anus. The digestive tract on the other hand is represented by organs regulating energy 

metabolism, such as the liver, pancreas and gallbladder, which provide the enzymes and bile 
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acids necessary for food digestion. Upon digestion the food is degraded into small 

molecules. These smaller molecules, such as carbohydrates, proteins, fats and vitamins, are 

then absorbed by the wall of the small intestine, and are distributed throughout the body to 

use for energy supply, growth, metabolic processes, and cell renewal and repair. Undigested 

parts of food, together with excreted products, passage the large intestine, which absorbs 

any remaining nutrients and water, before exit. 

                          

 
Figure 3. (A) Schematic overview of digestive system, Obtained from: Dollar photo club; File #35578366. 

(B) Schematic overview of the healthy intestine. (C) Inflammation and epithelial crypt loss (arrow) upon induction 

of colitis  in a pathological murine colon cross section (photograph kindly provided by dr. AAJ Hamers) 

 

 

The main disease of the gastrointestinal tract is Inflammatory Bowel Disease (IBD), which 

affects in Europe alone already 3 million people59.  IBD includes actually two intestinal 

pathologies, namely ulcerative colitis (UC) and Crohn’s disease (CD). UC is predominantly 

localized within the colon and it affects the epithelial lining, causing constant inflammation. 

On the other hand, CD is a pathology which can virtually affect any part of gastrointestinal 

tract, although it is mainly localized within the ileum (last part of the small intestine). In CD, 

inflammation can affect all layers of the intestinal tissue. For both of these intestinal 

disorders, a common feature is that they manifest in adulthood, with periods of remission and 

relapse60. Because both pathologies are lifelong disorders, they are affecting the healthcare 

system with an immense burden, which costs approximately 4.6-5.6 billion euro in Europe 

alone59. Thus to identify safe, effective and cheap treatment strategies is an unmet medical 

and financial need. This can only be achieved by an in depth understanding of the disease.  
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Pharmaceutical treatment, in combination with surgical intervention for the patients who do 

not respond to therapy, is the widely accepted manner of IBD treatment. Pharmacological 

approaches are classified into several different categories: anti-inflammatory drugs/ 

immunosuppressive drugs, antibiotics, and biological agents61. Within these categories, the 

immunosuppressive thiopurines, consisting of Azathioprine (Aza) and its metabolites, have 

proven effectiveness to suppress IBD and relapse62, 63. Besides decreased inflammation and 

relapse, Aza also prevents development of colorectal cancers in IBD patients64-66. 

Interestingly, Aza is used in clinical practice for more than half a century, yet,  its working 

mechanism in treatment of chronic disease, such as in IBD, is still unclear. The effect of Aza 

can not be attributed to decreased DNA synthesis alone, when patients are treated for 

decades with Aza. Thus a more subtle mechanism is thought to be involved, which is 

investigated in this thesis.  

 

2.1 Immune response in IBD 

In IBD an impaired mucosal immune response is caused by environmental factors and/or 

genetic susceptibility67. In the past decade, a considerable amount of evidence appeared, 

identifying different immune cell subsets involved in chronic inflammation, which is 

characteristic for IBD. IL-17 is one of the cytokines strongly increased in individuals with IBD, 

both in UC or CD68, 69. The source of increased IL-17 production is the Th17 cells, which are 

increased in patients with active IBD in comparison to patients in remission/silent68. Intestinal 

fibroblasts were shown to be highly responsive to IL-1770. Fibroblast-mediated fibrosis 

manifests itself by a shortened and stiff colon as well as thickening of the intestinal wall71. IL-

17 has been proposed as a cytokine candidate to promote fibrosis72, 73. Next to the Th17 

cells, macrophages and dendritic cells play a key role in IBD pathogenesis. Intestinal 

macrophages are short living cells, with a constant need for repopulation from bone marrow 

derived monocytes74. They produce the anti-inflammatory cytokine IL-10, which is essential 

for maintaining T-regulatory cell-mediated gut homeostasis75. If the gut homeostasis is 

disturbed, Th17 cell, CD4+ T helper 1 (Th1) cell (highly correlated with CD) and  CD4+ T 

helper 2 (Th2) cell activation (dominant in patients with UC) is causing IBD67. Thus taken 

together, anti-inflammatory drugs seem the logical treatment strategy in IBD patients, with 

the focus on T cells and macrophages/dendritic cells. Indeed, the immunosuppressive drug 

Aza (and its derivatives), is still the most commonly used drug against IBD.   

 

2.2 Role of Gut Epithelium and Endothelium in IBD 

The intestinal epithelium represents a physical barrier between the microbe-rich luminal 

content and the circulation. Therefore, intestinal epithelial cells have a need to distinguish 

between pathogenic and commensal bacteria. To achieve this, epithelial cells express 

Pattern Recognition Receptors (PRRs) such as Toll-like receptors (TLRs) and NOD-like 

receptors (NLRs), which recognize microbial motives and pathogen-associated virulence 

motives76. It is important for epithelial cells to stay hypo-responsive to commensal microflora 

in order to prevent triggering of an unprovoked immune response, and remain responsive to 

invading pathogens77, 78. To stay in a quiescent state, epithelial cells express negative 

regulators of TLR- and PRR-induced signaling79-81. Interference with these negative 

regulatory pathways or activation of pro-inflammatory transcription factors, such as NFκ-light-

chain-enhancer of activated B cells (NFκB) , lead to activation of the epithelium81-83. Chronic 

activation of TLR signaling via MyD88, leading to NFκB activation, has been shown to induce 

colorectal cancer in various mouse models83-85, and is often observed in IBD patients. Thus 

inhibition of inflammation in IBD also reduces the risk of colon cancer.  
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An important non-immune contributor of inflammation is the endothelium. Endothelial cells 

are abundant in the highly vascularized intestine. Upon activation, the endothelium facilitates 

inflammation, due to its ability to selectively guide leukocyte trafficking from the blood to the 

intestinal mucosa, and thereby attribute to IBD initiation and progression.  

Chronic inflammation in the gut generates an abundance of cytokines. Plasma levels of 

cytokines/growth factors reveal highly elevated pro-inflammatory IL-6, IL-23, IL-12 and TNFα 

in both human IBD patients and animal IBD models86, 87. Many of these cytokines are 

produced by infiltrated leukocytes, whereas activated gut cells, such as epithelial cells, 

smooth muscle cells, fibroblasts, and endothelial cells will also contribute substantially88. 

TNFα is a cytokine with a potent pro-inflammatory effect on endothelium, inducing 

expression of adhesion molecules such as vascular cell adhesion molecule (VCAM)-1 and 

mucosal addressin cell adhesion molecule (MAdCAM)-1, and inducing expression of pro-

angiogenic factors such as VEGF-A89-91. Thus apart from promoting leukocyte influx via the 

adhesion molecules, there will also be enhanced angiogenesis via VEGF. Angiogenic 

endothelium differs from mature endothelium in many ways, among which its enhanced 

permeability, which impedes with protection against pathogens that are so abundant in the 

gut. In addition, enhanced surface area of endothelium and decreased barrier function by 

induction of angiogenesis, will also promote leukocyte influx92. The previously discussed anti-

inflammatory cytokine IL-10 was shown to protect against inflammation by preventing IFNγ 

(produced mostly by Th1 cells)-mediated endothelial disruption93. In addition, IL-10 can 

suppress endothelial expression of adhesion molecules ICAM-1 and VCAM-1, thus reducing 

leukocyte infiltration.  Mice lacking IL-10 (IL-10-/-) have enhanced recruitment of leukocytes 

and thus more severe colitis94. In conclusion, preventing activation of non-immune gut cells 

will probably also decrease IBD severity. 

 

3. Immunosuppressive drug Azathioprine (Aza) 

Aza is an immunosuppressive drug, which has been present for more than 60 years in 

clinical practice. It is used for treatment of various chronic inflammatory diseases, as well as 

after transplantation surgery to prevent transplant rejection. Its immunosuppressive effect 

has been well documented in treatment of patients with IBD, rheumatoid arthritis, myasthenia 

gravis, idiopathic thrombocytopenic purpura, systemic lupus erythematosus or autoimmune 

hepatitis. Aza is an inactive pro-drug, which in the liver undergoes enzymatic conversion to 

6-Mercaptopurine (6-MP) (Figure 4). 6-MP is then distributed throughout the body and enters 

the cells where it is subsequently converted to 6-thioguanines (6-TGN); namely 6-Thio-

guanosine-monophosphate (6-T-GMP) and 6-Thio-adenosine-monophosphate (6-T-AMP), 

and subsequent di- and triphosphates. The alternative purines can interfere with DNA/RNA 

synthesis and thus inhibit active and fast proliferating cells such as lymphocytes. It is indeed 

known that 6-MP efficiently suppresses proliferation of T and B lymphocytes. For a long time 

this was the only explanation of its immunosuppressive effect. However, relatively recently, 

Tiede and Poppe and colleagues discovered that 6-T-GTP inhibited small GTPase Rac1 

(and Rac2) in T cells, and thereby dampened its immune response95, 96. Interestingly, they 

demonstrated that besides structural and functional similarities between the Rho GTPase 

family members, RhoA and Cdc42 did bind the thiopurines, but were not inhibited by them, 

and thus functioned normally.  
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Figure 4. Chemical structures of Azathioprine (Aza), 6-Mercaptopurine (6-MP) and 6-Thioguanosine-5'-O-

triphosphate (6-T-GTP) respectively 

 

 

4. Small GTPase Rac1 

GTPases are enzymes that hydrolase guanosine-5'-triphosphate (GTP), which is 

characteristic for their activity to rapidly transduce signals. Binding and subsequent 

conversion of GTP to GDP (releasing the orthophosphate) occurs at a highly conserved 

domain, called G domain, which is present in all GTPases. GTPases are composed of more 

than a 100 members and are present in virtually all types of eukaryotic cells, with a key 

function in signal transduction97. Their preserved homology in structure in various species 

dispersed throughout the evolutionary tree, and their diversity in functions, point to their 

importance. Small GTPases, also known as the Ras super-family, is composed of 

monomeric proteins, ranging in size from 20 to 40 kDa. According to the amino acid 

sequence and cellular function they are subdivided into five families: Ras, Rho, Rab, 

Sar1/Arf, and Ran families. Rac1, which is the main focus of this thesis, together with RhoA 

and Cdc42 form the Rho family. They are involved in mechanosensing98, signal 

transduction99, protein biosynthesis100, cell cycle control101, protein translocation, vesicular 

transport within the cell102, 103, and cell motility104. Upon hydrolysis of GTP, GDP remains 

bound within the active pocket of the GTPase. Several classes of proteins are involved in the 

cycling between the active GTP-bound and inactive GDP-bound state, and back. The 

exchange of a GDP for a new GTP molecule within the binding pocket is facilitated by 

Guanine nucleotide Exchange Factors (GEFs). GTPase Activating Proteins (GAPs), enable 

activation of GTPases by facilitating GTP hydrolysis. Guanine nucleotide Dissociation 

Inhibitors (GDIs) inhibit exchange of GDP for GTP, as well as hydrolysis of bound GTP. The 

main function of this switch is to provide rapid and specific response of the cell to explicit 

stimuli. Therefore, particular GTPases, GEFS, GAPs or GDIs may be suitable targets for 

drug development in certain diseases. Immunosuppressive drugs Aza and its metabolite 6-

MP have been shown to block Rac1 in T cells95, 96. The question remains if Aza is a T cell 

specific Rac1 inhibitor. In Chapter 2 of this thesis, the role of small GTPase Rac1 will be 

reviewed with the focus on its function in healthy and diseased vascular cells.  

 

 

 

 

 

http://www.biolog.de/products/eshop/product/T_016/
http://www.biolog.de/products/eshop/product/T_016/
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5. Aim and outline of this thesis 

This thesis aims at unraveling the working mechanism of Aza beyond interference in 

DNA/RNA synthesis. If the latter would be the only mechanism of action of Aza, the drug 

would not be suitable for chronic use, thus there must be a more subtle mechanism. Indeed, 

upon the discovery of the effect of Aza on Rac1, the relevance of this pathway is explored in 

this thesis in two inflammatory diseases, namely AAA and IBD.  

Chapter 1 provides a general overview of aortic aneurysm development, inflammatory bowel 

disease, GTPase Rac1 and immunosuppressive drug Aza. Chapter 2 reviews the role of 

Rac1 in the healthy and diseased vessel wall, with an emphasis on the different cell types in 

it; namely endothelial cells, SMC and fibroblasts. Chapter 3 demonstrates the ability of Aza 

and its metabolite 6-MP to suppress endothelial cell activation. The underlying mechanism 

involves suppression of Rac1 activation, resulting in reduced phosphorylation of JNK and c-

Jun. Upon use of Aza in a murine model for AAA, it reveals that Aza can decrease AAA, in 

part by reduced leukocyte influx into the aortic wall. In Chapter 4 we demonstrate that 6-MP 

and downstream metabolite 6-T-GTP indeed decrease Rac1 activation in endothelial cells, 

resulting in reduced activation of transcription factors c-Jun, activating transcription factor-2 

(ATF-2) and NFκB. Moreover, Aza inhibits transmigratory cup formation, which is essential to 

capture leukocytes.  Chapter 5 demonstrates that reduction of Rac1 activity by 6-MP and 6-

T-GTP is responsible for decreased STAT-3-mediated proliferation of epithelial cells, and 

decreased iNOS production in macrophages. In combination with the effect of Aza on 

endothelial cells and T cells, it provides insight into the effectiveness of Aza in treatment of 

IBD. Chapter 6 sheds light on the mechanism how 6-T-GTP inhibits Rac1, since it docks on 

the interface of Rac1, and its binding  GEF. Chapter 7 provides a discussion of the most 

relevant findings of this thesis and gives an overview of future perspectives. 
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ABSTRACT 

 

The Rho family of small GTPases forms a 20-member family within the Ras superfamily of 

GTP-dependent enzymes that are activated by a variety of extracellular signals. The most 

well-known Rho family members are RhoA, Cdc42 and Rac1, which affect intracellular 

signaling pathways that regulate a plethora of critical cellular functions such as oxidative 

stress, cellular contacts, migration and proliferation. In this review, we describe the current 

knowledge on the role of GTPase Rac1 in the vessel wall. While most recent reviews focus 

on the role of vascular Rac1 in endothelial cells, in the present review we also highlight the 

functional involvement of Rac1 in other vascular cells types; namely smooth muscle cells 

present in the media and fibroblasts located in the adventitia of the vessel wall. Collectively, 

this overview shows that chronically enhanced Rac1 activity is in most cases pathological in 

vascular disease. 
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INTRODUCTION 
 
The Rho GTPases, RhoA, Cdc42 and Rac1 have been implicated in various vascular 

diseases, such as atherosclerosis, hypertension, diabetes, vascular leakage, angiogenesis, 

and aneurysm formation1-11. Rac1 is well recognized for its role in actin remodeling and the 

induction of membrane protrusions, but also has several other downstream effectors, such 

as activation of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidases or cell 

surface receptor-mediated signaling resulting in an inflammatory response12-15. Numerous 

stimuli are reported to lead to Rac1 activation, such as vasoactive hormones, cytokines, 

growth factors, mechanical stress and oxidative stress. Similar to other Rho GTPases, Rac1 

is functioning according to the “on and off” switch principal, by cycling between the active 

GTP-bound and inactive GDP-bound state. The advantage of this switch is to rapidly transmit 

the extracellular signal, received by the receptor to activate downstream pathways and 

thereby enabling the cell to respond adequately.  

Several classes of proteins are involved in the “on and off” switch of GTPases. The 

nucleotide exchange from GDP to GTP takes place in the binding pocket of Rac1. This 

exchange is catalyzed by Guanine nucleotide Exchange Factors (GEFs). GTPase Activating 

Proteins (GAPs) on the other hand, enable activation of GTPases by facilitating GTP 

hydrolysis. Then, the third factor in this “on and off” switch are the Guanine nucleotide 

Dissociation Inhibitors (GDIs). These factors keep the GTPase inactive in the cytosol and 

protects it from breakdown16.  In recent years, it has become more evident that 

malfunctioning Rac1 protein, caused by either directly blocking Rac1 activity or indirectly 

through dysfunctional GEFs, GAPs or GDIs, may underlie several vascular pathologies17-19.  

In this review, we give an overview of the latest progress in understanding the role of Rac1 in 

the vasculature, with the emphasis on the dominant cell types of the vessel wall, namely 

endothelial cells, smooth muscle cells and fibroblasts (Figure 1). 
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Figure 1. Functions of Rac1 in the different vascular cell types. 

Migration; overexpression of GFP-tagged TRIO-GEF (green), activating endogenous Rac1, results in polarized 

Rac1 activity at the leading edge in the direction of migration (arrows). Barrier; an endothelial cell monolayer with 

adherens cell-cell junction protein VE-cadherin (green). Leukocyte transmigration; scanning electron 

microscopy shows an apical membrane protrusion from the endothelium surrounding an adherent leukocyte. 

Using fluorescent microscopy, the F-actin (green) endothelial cell protrusion engulfs a purple adherent 

cell. Proliferation; proliferating (endothelial) cells with VE-cadherin (green), F-actin (red) and nuclear (blue) 

staining. Contraction/relaxation; schematic representation of contractile and relaxed muscle cell, with sliding 

actin-myosin filaments. Fibrosis; perivascular fibrosis (blue) observed after pressure overload in the heart (+), 

compared to control (-). 

 

 

Endothelial cells 

The endothelium forms a monolayer which covers the inner lining of blood vessels. It 

functions as a semi-permeable barrier that regulates exchange of nutrients, oxygen and cells 

between blood and subjacent tissues. Endothelial dysfunction is placed at the basis of many 

vascular diseases among which atherosclerosis20, aneurysm formation21, diabetes-

associated vascular disease 22 and vascularization in cancers 23, 24. Here, we will focus on the 

role of Rac1 in endothelial cell function and dysfunction.  

 

NADPH oxidases 

In endothelial cells, Rac1 has been strongly liked to activation of the NADPH oxidase (NOX) 

complex. The NADPH-oxidase complex is well recognized for its pivotal role in killing 

pathogens in the phagosome of neutrophils by generating massive amounts of superoxide. 

Interestingly, the complex is also found in vascular cells, e.g. endothelial cells, smooth 

muscle cells and adventitial fibroblasts25. The NADPH-oxidase complex comprises of several 

subunits, including the family of NOX proteins (gp91phox), responsible for the generation of 

superoxide and other reactive oxygen species (ROS). However, without its critical subunits 

like p47, p67 or p40 and 22phox, NOX is not able to generate ROS26. For proper assembly of 

the full and functional NADPH-oxidase complex, Rac1 activity is required27, 28. In vascular 

cells, ROS appear to be functionally relevant for the regulation of vascular tone and gene 

transcription. ROS interact with proteins, lipids and nucleic acids and is able to alter their 

function. However, chronic or excessive Rac1-mediated ROS production results in oxidative 

stress, where ROS destroy other molecules, and is considered detrimental29. There are 

several isoforms of the enzymatic NOX family, of which NOX2 is considered the classical 
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NOX. NOX1, NOX2 and NOX4 are expressed by endothelial cells30, 31. In contrast to NOX1 

and NOX2, NOX4 is constitutively active and its activation does not require Rac132, 33. In 

endothelial cells, a number of small vaso-active peptide hormones, such as angiotensin-II, 

endothelin-1 and atrial natriuretic peptide (ANP), are related to blood pressure regulation by 

influencing Rac1-dependent NOX activation. Angiotensin-II receptor type 1 (AT1R)-mediated 

signaling is best known to induce NOX activation and generation of oxidative stress. Under 

physiological conditions, this pathway increases blood pressure, yet when chronically 

present, it induces vascular pathogenesis34. In mice, chronic infusion of Angiotensin-II 

enhances atherosclerosis and aneurysm formation, which are both pro-inflammatory 

vascular pathologies with a strong regulatory role for endothelial cells. Decreased endothelial 

shear stress enhances atherogenesis and aneurysm formation35. In addition, while AT1R 

receptor deletion in smooth muscle cells had no effect on aneurysm formation in the 

ascending aorta, endothelial-specific depletion of AT1R attenuated this pathology21, 

indicating that endothelial-specific generation of ROS by AT1R may control aneurysm 

formation. 

We recently showed that immunosuppressive drug azathioprine, is a potent Rac1-inhibitory 

drug, which suppressed activation of aortic endothelial cells after angiotensin-II infusion by 

down-regulating c-Jun N-terminal kinase (JNK) phosphorylation in vitro and in vivo7, 15. 

Surely, the drug also affects other cell types in the vasculature. However, interestingly, 

azathioprine efficiently reduces aneurysm severity, most likely in part via inhibition of Rac1 in 

endothelial cells and the reduction of ROS.  

The vaso-active steroid aldosterone also induces ROS generation, via mineralocorticoid 

receptor-regulated activation of NOX and Rac1, and was shown to induce angiotensin 

converting enzyme (ACE) expression, which could then subsequently locally generate 

angiotensin-II to stimulate its receptor AT1R36. Medication suppressing the Renin-

Aldosterone-Angiotensin-II-system (RAAS), such as ACE inhibitors or AT1R blockers, are 

known to protect against vascular diseases in heart, blood vessels and kidney, probably in 

part by indirect inhibition of NOX/Rac1. 

Next to ligand-receptor induced activation, the NOX complex in endothelial cells can also be 

activated by fluid shear stress, where a mechanosensitive complex is present and 

responsible for Rac1 activation upon alterations in shear stress. This complex is composed 

of VE-cadherin, Par3, p67phox (part of NOX complex), Tiam1 (Rac-specific GEF) and Rac1, 

of which VE-cadherin is responsible for the mechanosensing, ultimately resulting in 

MAPkinase activation37, 38. Many vascular diseases are strongly enhanced by shear stress 

influencing the endothelium and ligand-receptor mediated signals, especially in 

atherosclerosis where the site specificity of the lesions is determined by reduced shear 

stress.  

In mice, the role of NOX2 in the pathophysiology of atherosclerosis was studied in NOX2 

deficient mice in a pro-atherogenic apolipoprotein E deficient (ApoE-/-) background. These 

experiments revealed that although NOX2 deficiency showed reduced production of 

superoxide, lesion formation in the aortic sinus was not affected39, 40, while total lesion area of 

the aorta was reduced by 50%39. 

Endothelial cell specific NOX2 overexpressing mice, also in an ApoE-/- background, showed 

increased macrophage recruitment, yet no difference in development of atherosclerosis in 

the sinus or total aorta41. Thus, the NOX2 activation which was responsible for the increased 

atherosclerosis in the entire aorta is probably of a different source than endothelial cells. 

Interestingly, NOX4 deficiency increases various pathological vascular phenotypes, also in 

endothelial cells since loss of NOX4 resulted in a reduction of endothelial nitric oxide 
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synthase expression (eNOS), nitric oxide (NO) production, and heme-oxygenase-1 (HO-1) 

expression. This was medicated by reduced transcriptional activity of the anti-oxidant nuclear 

factor erythroid 2-related factor 2 (Nrf2) transcription factor42. Thus, the Rac1-independent 

NOX4 seems to play an important role in the homeostasis of endothelial cells and thereby 

being protective against vascular disease, whereas other NOX family members that do 

require Rac1 for their activity, may be specifically activated and cause pro-inflammatory 

phenotypes. 

In atherosclerotic patients, the lipid-lowering statins are commonly used. Statins reduce low-

density lipoprotein (LDL) cholesterol levels by inhibition of the rate limiting enzyme in 

cholesterol synthesis, which is 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase. 

Statins have pleiotropic therapeutic effects. For example, they promote the degradation of 

Rac1 by targeting the anchoring of Rac1 to the membrane43. Once in the cytosol and not 

protected by Rho-GDIs, Rac1 is rapidly degraded. Statins have been reported to decrease 

NOX activity and ROS generation via inhibition of Rac1, as summarized by Antonopoulos et 

al44. However, it has also been shown that simvastatin potently enhances Rac1 activity, as a 

direct consequence of down-regulating cholesterol synthesis. A decrease in the intermediate 

isoprenoid metabolite geranylgeranyl pyrophosphate was responsible for Rac1 activation, by 

limiting the substrate for the enzyme geranylgeranyl transferase-1 (GGTase-1)45. GGTase-1 

transfers geranylgeranyl on to specific motifs in many proteins, including RhoA, CDC42 and 

Rac1, altering protein function. Interestingly, GGTase-1 knockout macrophages have highly 

increased RhoA, CDC42 and Rac1 activity, and showed a pro-inflammatory phenotype46. In 

that light, it is not surprising that macrophage-specific GGTase-1 knockdown in mice 

(specifically in macrophages), resulted in increased inflammation in a rheumatoid arthritis 

model46. In addition, in pro-atherogenic LDL-receptor deficient mice, GGTase-1 deficiency in 

macrophages increased T lymphocyte influx (inflammation) into the vessel wall. However, 

surprisingly, it reduced atherosclerosis by 60%,  which was caused by a RhoA-dependent 

increased efflux of cholesterol from lesion macrophages 4. Inhibition of GGTase-1 in rat 

arteries induced eNOS and reduced NOX and ROS47, suggesting that statins improve 

endothelial cell function, and help reducing cardiovascular disease, yet its influence on Rac1 

activity is not resolved completely.  

Since Rac1 is the “molecular engine” of most NOX activity, it seems important to control 

Rac1 activity in order to prevent excessive oxidative stress-induced pathologies25, 29. Many48, 

but not all, downstream effects of Rac1 activation involve NOX activation. In the next 

paragraphs, cell type specific functions of “vascular” Rac1 are discussed. 

 

Leukocyte transmigration 

In endothelial cells, Rac1 activation occurs after a pro-inflammatory stimulus, which requires 

rapid signal transduction in order to generate an adequate immune response. Rac1 

activation may induce downstream transcription-dependent or -independent actions to 

facilitate an inflammatory response by stimulating leukocyte attraction and transmigration 

locally. The most well-known downstream target of Rac1 is serine/threonine p21-activating 

kinase 1 (PAK1), a critical effector that induces cytoskeleton remodeling and nuclear 

signaling via activation of the NOX, JNK or NFkB pathway49, 50. For example, cytokine TNFα 

can mediate chemokine MCP-1 expression in endothelial cells via the pro-inflammatory 

transcription factor NFkB in a NOX/Rac1-dependent way51. We also showed that TNFα 

stimulation resulted in a Rac1-dependent induction of pro-inflammatory transcription factors, 

such as NFkB, and AP1 or ATF2 (via JNK), which are inducing cytokine/chemokine 

production and adhesion molecule VCAM-1 expression7, 15. Attracting leukocytes is the first 
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step of an inflammatory response, but leukocyte migration through the endothelial layer 

requires cell adhesion, which is the second step. Rac1 is critically involved in the formation of 

so called “docking structures” or “transmigratory cups”52-54, membrane protrusions that 

capture adherent and transmigrating leukocytes and depend on cytoskeletal remodeling 55. 

The main Rho-GEF involved in Rac1-induced docking structures in endothelial cells is 

TRIO55. Crosslinking or clustering of ICAM-1 recruits this Rho-GEF and triggers local activity 

of Rac155. Rac1 can also be activated by VCAM-1 clustering56, 57. TNFα-induced VCAM-1 

expression involves posttranslational modification by methylation of the C-terminal 

prenylcysteine in Rac1 to target Rac1 to the cell membrane58, 59. Interestingly, VCAM-1 

expression is regulated in a Rac1-dependent fashion, while ICAM-1 is not15, 58, 60. This 

exclusiveness of VCAM-1 regulation has also been observed with transcription factor Ets-2 in 

endothelial cells61, although Rac1 involvement has not been determined here.  

Statins, which have been shown to inhibit Rac1-mediated NOX activation, are also reported 

to be protective against endothelial cell activation62. In the presence of pro-inflammatory 

cytokines such as TNFα, statins can suppress Rac1 activation and downstream ROS 

generation, transcription factor NFkB activity and expression of adhesion molecules such as 

ICAM-1 and VCAM-1, with ERK5 as a target of statin therapy63.  

While ICAM-1 expression is not changed by Rac1 activation, its functionality after clustering 

is Rac1-dependent and it is severely hampered by Rac1 inhibition15. Anti-ICAM-1-antibody-

coated beads are shown to efficiently crosslink ICAM-1, thereby inducing Rac1 activation 

and docking structure/transmigratory cup formation in endothelial cells15. This can be 

inhibited by 6-mercaptopurine, a metabolite of azathioprine, which has potent Rac1 inhibitory 

capacity. 6-Mercaptopurine, which is further converted to 6-thio-GTP, interferes with Rac1 

function15. Upon angiotensin-II infusion in mice, leukocyte transmigration into the aortic wall 

was inhibited when mice were treated with azathioprine, with endothelial cells showing 

decreased p-JNK activation7, 15. 

While Rac1 activation is necessary to form membrane protrusions, facilitating leukocyte 

transmigration, it is also essential to close the micro-wounds in the endothelial cell layer 

where leukocytes have passed through, to prevent leakage64. In case of excessive 

inflammation, Rac1 inhibition can relieve the inflammatory burden by prevention of further 

leukocyte influx. Yet, micro-wounds created by leukocyte penetration will not be restored 

when Rac1 is inhibited and could possibly attribute to leaky vessels upon chronic use of 

Rac1 inhibitors. Thus, Rac1 activation and inhibition are in close balance with each other and 

therefore tight regulation of vascular Rac1 is required to respond adequately to changes in 

the environment.   

 

Barrier function  

In addition to Rac1-mediated cytoskeletal rearrangements to capture leukocytes, cytoskeletal 

changes are also involved in endothelial barrier function or cell migration. Maintaining the 

endothelial barrier is imperative for healthy blood vessels. Vascular leakage leading to 

edema or tissue inflammation is highly relevant in the microvasculature, and plays a key role 

in cancer progression65. Several reports show that Rac1 activation recovers or even 

stabilizes endothelial barrier breakdown that is induced by various G-protein coupled 

receptors, such as vascular endothelial growth factor (VEGF), and the receptors for 

thrombin, histamine and platelet activating factor (PAF)65-73. Interestingly, not only proteins 

function as modulators of barrier function. Two endogenous lipid derived molecules, namely 

the phospholipid sphingosine 1-phosphate (S1P), and bile acids (generated from the lipid 

cholesterol) are known to increase endothelial barrier function. They do so by enhancing 
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Rac1 activity via activation of their respective receptors, S1P-receptor type 174 and the G 

protein-coupled bile acid receptor75. Hyaluronan, a glucosaminoglycan that is abundantly 

present in the extracellular matrix, and can be generated in high molecular weight (HMW-HA) 

or low molecular weight (LMW-HA) forms, can also modulate the endothelial barrier. HMW-

HA and LMW-HA bind to different isoforms of the cell surface receptor CD44, with opposing 

effects. HMW-HA enhances the barrier function via S1P-receptor type 1 and Rac1 activation, 

while LMW-HA reduced the barrier function via S1P-receptor type 3 and RhoA activation76. In 

that light, the finding of a pseudo-sugar derivative of cholesterol that blocked VEGF-induced 

endothelial permeability, lead to the discovery of Sac-1004, a novel vascular leakage 

blocker70. It inhibits endothelial hyperpermeability that is induced by VEGF, histamine or 

thrombin via stabilization of the cortical actin rings and adherent junction proteins at the cell-

cell junction by improving Rac1 activity.  

Rac1 regulates cell-to-cell contact by modulation of  junctional protein distribution,  especially 

the adherens junctions, crucial for endothelial monolayer integrity77.  Adherens junctions are 

predominately composed of transmembrane VE-cadherin and intracelular catenins 77. 

Interference with VE-cadherin causes actin cytoskeleton reorganization 78, enhanced 

permeability78, 79, cell migration80, and angiogenesis81. While Rac1 activity is essential to 

maintain junctional integrity, introduction of a constitutively active mutant of Rac1 (Tat-

RacV12) into endothelial cells resulted in increased endothelial monolayer permeability by 

redistributing the VE-cadherin complex57. Rac1-dependent ROS production played a key role 

in this process, leading to phosphorylation of the VE-cadherin complex57, 82. These studies 

show the importance of balanced Rac1 activity in order to maintain endothelial barrier 

function. Most likely, local Rac1 activity, induced through specific GEFs may contribute to 

this delicate balance. However, how exactly this is regulated is intriguing and requires future 

research. 

As mentioned earlier, within the Rho subfamily, RhoA and Rac1 often have opposing roles 

and keep each other in balance. For example, experiments done in fibroblasts showed that 

Rac1-mediated ROS production results in inhibition of the low-molecular-weight protein 

tyrosine phosphatase (LMW-PTP), followed by an increased phosphorylation and activation 

of its target, p190Rho-GAP, which in turn inhibits RhoA activation83. In addition, knock down 

of focal adhesion kinase (FAK), a mediator of signal transduction by integrins and growth 

factor receptors in endothelial cells, results in increased RhoA activity and decreased Rac1 

activity. This caused a severe dysfunction of adherent junctions and subsequently 

compromised endothelial barrier function84. However, this effect was rescued by a RhoA 

inhibitor, that allowed Rac1 to become activated again. In a very elegant study, Ohta and 

colleagues showed, by using fibroblasts again, that the ability of RhoA to efficiently inhibit 

Rac1 activity, is mediated by Rac1 specific antagonism of FILGAP85. However, if this is also 

the case in endothelial cells under specific conditions that mediate the barrier function 

requires future studies.  

 

Migration 

Endothelial cell migration is depending on lamellipodia formation. Lamellipodia are 

membrane protrusions that are induced through local Rac1 activity and downstream 

activation of the actin-related protein 2/3 (Arp2/3) complexes to induce actin polymerization86. 

Several studies have shown that local activation of Rac1 is essential for directional 

migration87. Kraynov and colleagues were the first to show local Rac1 activity at the leading 

edge of migrating fibroblasts using a FRET-based biosensor for Rac1 activity88. We have 

confirmed these data in endothelial cells (Figure 2). The actin adapter protein cortactin plays 
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an important role in the re-arrangement of the actin cytoskeleton to generate and stabilize 

Rac-1-dependent lamellipodia86. Recently, the involvement of G-protein-coupled receptor-2-

interacting protein-1 (GIT1) became apparent in this process, since in GIT-1-depleted 

endothelial cells, cortactin localization and as a consequence lamellipodia formation was 

strongly reduced. The authors found that GIT1 was required for Rac1 activation89. GIT1 

promotes the assembly of signaling complexes to the membrane of the leading edge89.  

Through such a signaling complex Rac1 may be locally activated at the edge of the cell, 

resulting in the formation of lamellipodia.  

 

 
 
Figure 2. Local Rac1 activity at the leading edge of a migrating endothelial cell. 

An endothelial cell is transfected with the Rac1 DORA-FRET biosensor and recorded in time to study spatio-

temporal Rac1 activity during endogenous protrusion formation. High FRET is depicted as warm colors. 

Arrowheads show high FRET, i.e. active Rac1 regions, that coincide with protrusive activity. Bar, 20 µm. 

 

 

Rac1-mediated ROS plays a key role in vascular endothelial cell motility (reviewed in48). 

Generation of ROS has been found at the leading edge of endothelial lamellipodia, exactly at 

the spots where local Rac1 activity was detected. Additionally, scavenging ROS resulted in 

reduced migration speed as well as directionality of endothelial cells. This argues that local 

Rac1 activity, possibly through the NADPH-oxidase complex, controls the generation of ROS 

to induce lamellipodia, required for migration speed and directionality. However, ROS do not 

necessarily be generated through the NADPH-oxidase complex, but may also be generated 

by mitochondria to regulate migration72. Nevertheless, it is without a doubt that ROS is 

involved in endothelial cell migration. 

To underscore this statement, upon angiotensin-II stimulation, Kalwa and colleagues showed 

that ROS and Rac1 are involved in phosphorylation of actin filament crosslinking protein 

MARCKs. This protein is essential for actin assembly and directional cell movement of 

endothelial cells90, 91. siRNA-mediated Rac1 knockdown blocked angiotensin-II-stimulated 

MARCKS phosphorylation, and siRNA-mediated knockdown of Rac1 or MARCKS disrupted 

actin polymerisation and migration91. In line with these data, we observed similar results 

using 6-mercaptopurine and 6-thio-GDP as Rac1 inhibitors in a model for endothelial cell 

migration (Figure 3). Our data indicated that the compounds inhibited wound-induced Rac1 

activity and additionally reduce the length and directionality of endothelial cell migration 

towards the wound.   

VEGF is well known for its capacity to induce angiogenesis through endothelial cell migration 

to form new, yet leaky, vessels. Interestingly, Rac1 activation reduces VEGF-induced 

vascular leakage68, yet Rac1 is essential for VEGF-induced migration. Again, local activation 

of Rac1 is very likely to determine these different processes. Recently, Rac1 was also 

demonstrated to regulate the production of VEGF itself by endothelial cells. An increase in 
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activity of Rac1 and also Cdc42 resulted in tumor suppressor p53 ubiquitination, reducing 

p53 protein levels, which in turn induced expression of VEGF in endothelial cells, and 

thereby promoting angiogenesis as a feed forward mechanism92. The prominent role of 

VEGF in angiogenesis makes it a prime target in cancer therapy. Since cell migration is 

largely Rac1-dependent, a strong focus is now also on development of specific Rac1 

inhibitors in the cancer field, to achieve less cancer cell migration and angiogenesis65, 89. 

These type of inhibitors could potentially be of importance for other type of angiogenic 

disorders, such as in diabetic patients, where vascular leakage and angiogenesis in the 

retina causes injury. Yet in diabetic patients, decreased vascularization of extremities (such 

as feet) should be monitored with these type of inhibitors. Additionally, the fact that local 

Rac1 activity determines the final phenotypic outcome in many processes calls for a more 

specific strategy to target Rac1 activity as a therapeutic reagent. Nevertheless, it is clear that 

blocking Rac1 activity holds strong potential to fight diseases that show perturbed endothelial 

monolayer integrity. 

 

 

 
 
Figure 3. Rac1-mediated migration is inhibition by 6-mercaptopurine and 6-thio-GDP.  

Rac1 activity is induced in HUVEC endothelial cells by TNFα, and inhibited by 6-MP, 6-T-GDP, 6-T-GTP and 
TRIO inhibitor ITX-3. In a scratch wound assay, HUVEC migration was tracked in 6 cells per condition. Path 
length and directional migration was inhibited by 6-MP and 6-T-GDP after 32 hours. 
 

 
Vascular smooth muscle cells 

The most abundant cell type of a blood vessel is the vascular smooth muscle cell (VSMC). 

VSMCs are pivotal in vascular contractility and control luminal narrowing to maintain blood 

pressure. Several pathogenic stimuli can alter VSMC function and contribute to disease. 

Most VSMC-related diseases concern VSMC proliferation and migration, which are the main 
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topic in this section. Also in VSMC there is a key role for the NOX enzymes and generated 

ROS in these processes25. 

 

Proliferation and migration  

In VSMC, redox-dependent migration and proliferation are central events in physiology and 

the development of vascular pathology. NOX1 is the prominent Rac1-dependent NOX that 

contributes to these processes upon activation through a variety of different stimuli33, 93-96. 

NOX1 deficiency (Nox1(y/-) inhibited wire injury-induced VSMC hyperplasia in mice, yet 

VSMC-specific overexpression of NOX1 did not influence hyperplasia97. NOX1-deficient 

VSMC derived from the mice exhibited a decreased proliferation and migration response to 

platelet derived growth factor (PDGF) stimulation. Detailed analysis showed that this 

phenotype was caused by reduced PAK1 activation and increased cofilin phosphorylation, 

leading to reduced actin de-polymerisation. An essential role for PAK1 in VSMC hyperplasia 

is shown in a rat restenosis model98, 99. Thus NOX1 activation causes Rac1/PAK1-dependent 

actin polymerization in VSMC97. Kalirin-9 (Kalrn) is an arterial Rho-GEF with high homology 

to the Rho-GEF TRIO. Interestingly, Kalrn  contains 2 GEF domains for both Rac1 and 

RhoA. Neointimal hyperplasia, induced by carotid endothelial denudation, was significantly 

reduced in VSMC-specific Kalrn(-/+) mice compared to control mice. Reduced Kalrn function 

gave normal RhoA activation but diminished Rac1 activation in serum-, endothelin-1- or 

PDGF-stimulated VSMC, as assessed by reduced Rac1-GTP levels, PAK1 activation and 

reduced VSMC proliferation and migration100. These data suggest that the RacGEF domain 

is dominant over the RhoGEF domain in Kalrn under these conditions.  

In addition, basic fibroblast growth factor (bFGF) induces NOX1/Rac1-dependent ROS 

generation and VSMC migration. bFGF-induced migration was attenuated in VSMC derived 

from NOX1 deficient mice, and reduced VSMC outgrowth from aortic segments of these mice 

was observed101. Transduction of NOX1 restored normal migration. bFGF activated JNK and 

enhanced phosphorylation of adaptor protein paxillin, which brings together regulators of 

actin organization. Paxillin is crucial for migration and secretion of matrix-metalloproteinases 

(MMPs) to facilitate movement (through matrix)101. Insulin-like growth factor-1 (IGF-1) could 

also increase MMP-2 and MMP-9 activity and promoted VSMC migration via Rac1 and 

(Rac1-independent) NOX4 activation33. NOX4 knock down inhibited VSMC migration due to 

reduced ROS generation33. These NOX4 data do no overlap entirely with the data that NOX4 

is important for preservation of the VSMC contractile phenotype, thus protecting VSMC 

function102. Here, knock down of NOX4 reduced expression of VSMC differentiation markers 

smooth muscle α-actin (SM α-actin), smooth muscle myosin heavy chain, and calponin, as 

well as SM α-actin stress fibers. In endothelial cells, it has been shown that NOX4 induces 

activation of redox-sensitive Nrf2 and its target genes42, which is also observed by PDGF 

stimulation in VSMC. In VSMC, PDGF promotes nuclear translocation of Nrf2 as an anti-

oxidant response against excessive oxidative stress103. Nrf2 depletion by siRNA, enhanced 

PDGF-promoted Rac1 activation and ROS production and phosphorylation of downstream 

extracellular signal-regulated kinase-1/2 (ERK1/2). In line with these data, in vivo, Nrf2-

deficient mice showed enhanced neointimal hyperplasia in a wire injury model103. Thus the 

Nrf2-mediated pathway seems a negative feedback mechanism to protect the cell, which 

may be NOX4 mediated.  

Interestingly, certain oxidized products, such as 8-Hydroxy-2-deoxyguanosine (8-OHdG), 

which is a product of DNA oxidation upon excessive oxidative stress, can decrease Rac1 

activity. 8-OHdG has been shown to inhibits Rac1 and molecular docking of 8-OHdG showed 

an interaction with Rac1 in the active site, stabilizing the Rac1-GEF complex, preventing 
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Rac1 recycling. 8-OHdG decreased VSMC hyperplasia in a carotid artery ligation model 

probably by inhibition of Rac1104.  

Cholesterol lowering statins inhibit geranylgeranyl pyrophosphate generation and thereby 

limit the substrate for the enzyme GGTase-145. The effect of decreased GGTase-1 function 

on VSMC reveals that inhibition of GGTase-1 decreased activation of RhoA and Rac1 as 

well as proliferation, and thereby decreased intimal hyperplasia after balloon injury in rats. 

TNFα- or angiotensin-II-induced activation of NOX and ROS was decreased by GGTase-1 

inhibition. While GGTase-1 inhibition in macrophages activated RhoA and Rac1, it reduced 

RhoA and Rac1 activity in VSMC, which may be part of the atheroprotective pleiotropic effect 

of statins47. 

In conclusion, proliferation and migration of VSMC is largely regulated by NOX1/Rac1 and 

ROS, which can be beneficial in vascular repair, but also detrimental in VSMC hyperplasia 

disorders. 

  

Contraction 

NOX1 activation is known to enhance Ca2+ mobilization in VSMCs, which does not only 

affect VSMC migration105-108. VSMC contraction is highly Ca2+–dependent and the role of Rho 

GTPases herein is extensively discussed in a recent review by Loirand and Pacaud109. While 

the role of GTPase RhoA in VSMC contraction is clear, inducing vasoconstriction upon 

activation due to the rise of cytosolic Ca2+, the role of Rac1 is still quite obscure. VSMC 

contraction requires phosphorylation of myosin light chain (MLC) by the Ca2+-calmodulin-

dependent MLC kinase (MLCK), which is activated by a rise in cytosolic Ca2+ concentration. 

MLCK is dephosphorylated by the Ca2+-independent MLC phosphatase (MLCP). Upon 

increased influx of Ca2+, activation of RhoA leads to activation of Rho-kinase (Rock) which 

phosphorylates (MLCP), and thereby inactivating it110. This inactivation prolongs the 

phosphorylated state of MLC and thus increased contractility of VSMC.  

Loirand and Pacaud extensively describe that Rac1 activation in VSMC is not that 

straightforward109. Collectively, the context of Rac1 activation seems to determine if Rac1 

activation leads to vasoconstriction or vasodilation. Rac1 activation can inactivate RhoA via 

PAK1-dependent inhibition of cGMP conversion to GMP, thus promoting cGMP-dependent 

protein kinase (PKG) activity, subsequent RhoA phosphorylation and inactivation. Another 

Rac1/PAK1-mediated vasodilatory pathway affects endothelial eNOS and thus NO 

production, and NO increases cGMP generation and PKG activation. Rac1/PAK1 activation 

also inhibits MLCK, thus inhibits phosphorylation of MLC and downstream contraction. In 

contrast, Rac1/PAK3 activation enhances phosphorylation (and thus inhibition) of 

caldesmon, which results in vasoconstriction. In addition, Rac1-mediated NOX activation 

results in increased ROS generation, which also induces vasoconstriction. Clearly, further 

research on the functional relevance of the different context of Rac1 activation and its effect 

on VSMC contraction is necessary.  

 

 

Fibroblasts 

Fibroblasts are the primary cell type responsible for collagen synthesis, composing the 

structural network of most organs. In blood vessels, the fibroblasts in the adventitia control 

homeostasis of the collagen matrix surrounding the vessels, protecting the vessel from 

excessive stretch. Fibroblasts are also known for their role in wound healing, providing repair 

of damaged tissue by facilitating fibrosis, attracting leukocytes to clear the damaged tissue 

and resolve fibrosis111. Persistent fibrosis can on the other hand induce further organ 
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damage. Perivascular fibrosis by myofibroblasts is considered a pathological feature, for 

instance in cardiac hypertrophy112. Fibroblasts also have extensive NOX-mediated signaling. 

They are responsive to endothelial cell-derived cues113, and strongly influence VSMC 

behavior114, 115. Because of the limited data of Rac1 in adventitial fibroblasts, we extended the 

search to relevant Rac1 data in different type of fibroblasts. 

 

Fibrosis    

The importance of Rac1 in tissue repair is illustrated by the delayed wound healing response 

in mice with a specific deletion of Rac1 in fibroblasts. These mice revealed reduced collagen 

production and fibrosis116.  In cultured Rac1-deficient fibroblasts, adhesion, spreading, and 

migration was significantly inhibited116. Rac1-deficient fibroblasts showed decreased 

myofibroblast formation by reduced SM α-actin (stress fiber) expression as well as matrix 

contraction (pulling force). In addition, in vivo and in vitro, Rac1-deficient fibroblasts showed  

reduced generation of ROS116. In a hepatic fibrosis model, Rac1 caused NOX1 activation, 

NOX4 up-regulation, ROS generation, and subsequent liver fibrosis, showing again the 

involvement of the NOX117. Myofibroblast conversion is characterized by increased 

contractility of the cells, which coincides with decreased ciliation of the cell. Cilia are 

membrane protrusions sensing environmental mechanical cues. Rac1 enhances deciliation 

via TGFβ, NOX4 and ROS, and sustained phosphorylation of Myosin Light Chain (MLC) 

which promoted the contractile myofibroblast phenotype118. There is an important role for 

Integrin-linked kinase (ILK) in myofibroblast formation and wound repair, since fibroblast-

restricted inactivation of ILK in mice resulted in decreased myofibroblast conversion and 

decreased repair119. ILK is recruited to integrin β1 in focal adhesions, mediating the 

communication between the cell and the extracellular matrix. When this communication is 

disturbed in ILK-deficient fibroblasts,  decreased SM α-actin, TGFβ, and Rac1 activity is 

observed, while having enhanced RhoA activity. Exogenous TGFβ could restore 

myofibroblast formation, cell shape and directional migration119.  

Fibroblasts also display AT1R-mediated signaling, which is one of the main activators of 

NOX signalling. AT1R activation induces myofibroblast formation and fibrosis, which is 

strongly dependent on NOX and ROS120. A prominent downstream gene of AT1R signaling is 

TGFβ, which induces Connective Tissue Growth Factor (CTGF) expression, which in turn 

induces matrix (such as collagen) production121. Rac1 is involved in the production of CTGF 

in fibroblasts, which could be completely abolished by AT1R antagonist Losartan122-124. 

AT1R-mediated signaling in fibroblasts also induced a pro-inflammatory milieu, by the 

production of cytokine interleukin-6 and chemokine MCP-1125, which will provoke an immune 

response contributing to wound repair or when excessive, harming the repair response. Rac1 

activation may easily be involved in this pro-inflammatory gene transcription pattern upon 

AT1R-mediated signal transduction, since this is also described for other cell types15, 126. 

Putting all the work together, it shows that Rac1 is one of the central mediators  of wound 

healing by promoting fibrosis.  

 

Proliferation and migration 

Enhanced proliferation of adventitial fibroblasts is detrimental, such as in hypoxia-induced 

pulmonary hypertension. Excessive fibroblast proliferation under these conditions was 

caused by a Rac1/p38 signaling cascade127. Atorvastatin, fluvastatin, and simvastatin all 

inhibited adventitial fibroblast proliferation, and reduced p38 activation. The statin-mediated 

effect can be mimicked by inhibition of GGTase-1 or Rac1127. Thus, similar as for the VSMC, 

statins inhibited proliferation via inhibition of GGTase-1 activity, probably preventing Rac1 
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activation. Rats infused with angiotensin-II displayed not only increased levels of active 

Rac1, collagen and fibrosis, but also presented enhanced proliferation and phosphorylation 

of STAT-3, which was efficiently dampened by Losartan or Simvastatin124, 125. The Rac1-

dependent STAT-3 mediated proliferative response was also observed in our gut epithelial 

cell study, where cyclin D1 was ultimately increased126. Activation of AT1R-mediated 

JAK/STAT signaling in fibroblasts was also Rac1-dependent, and simvastatin blocked Rac1 

localization to the membrane124.  

Active Rac1 is described to bind STAT3 and seems to target it to become phosphorylated 

and activated128. This complex formation between Rac1 and STAT3 is not always found, 

however, RhoA, Rac1, and Cdc42 can all mediate phosphorylation and nuclear translocation 

of STAT3, independently of the interleukin-6 pathway129. In addition, a role for STAT3 

independent of its transcriptional activity is found. In rescue experiments with STAT3-

deficient fibroblasts, introduction of STAT3 reduced the high activation level of Rac1 in these 

cells. Cytoplasmic STAT3 could bind to and thereby inhibit Rac1 activator betaPIX, and 

normalize Rac1 activity130. 

In embryonic fibroblasts, tumor suppressor p53 stimulates actin cytoskeleton remodeling and 

limits lamellipodia formation, since in the absence of p53 these features were disturbed and 

migration was induced. P53 depletion induced STAT3, and inhibition of Rac1, Arp2/3 or 

NFκB suppressed STAT3 and diminished lamellipodia formation131. Despite the differences 

described for STAT3 regulation, Rac1/STAT3 activation seems to play a key role in fibroblast 

proliferation and migration. 

Apart from angiotensin-II, bFGF is also known to induce proliferation and migration. Inhibition 

of Rac1 blocks bFGF-induced fibroblast migration, whereas inhibiton of RhoA does not not. 

Here, Rac1 activation was dependent on PI3-kinase (PI3K) activation and Rac1 induced 

downstream JNK activation. Inhibition of each step could inhibit fibroblast migration132. In 

endothelial cells and fibroblasts, Rac1-mediated JNK activation has been reported and thus 

also seems a common Rac1 activation pathway. In line with these data, high glucose could 

inhibit bFGF-induced Rac1/JNK-dependent fibroblast migration, which is presumably the 

cause of delayed wound repair in diabetic patients133. On the other hand, a neurotrophic 

factor called nerve growth factor (NGF) has been described to accelerate wound healing. 

NGF promoted the migration, but not proliferation, of dermal fibroblasts, by inducing an 

increase in the activity of PI3K/Akt/Rac1/JNK/ERK134. Blockade with their specific inhibitors 

impaired the NGF-induced migratory response of fibroblasts.  

Clearly, based on above presented evidence, targeting Rac1 for inhibition or activation in 

fibroblasts, may depend on the type of pathology to be treated. While Rac1-mediated fibrosis 

and hyperplasia is necessary for wound healing, it is undesired when there is excessive 

fibrosis or hyperplasia, which disturbs the normal function of the vasculature and/or the organ 

it perfuses.  

 

 

Perspectives 

Rac1 activation displays unique (e.g. barrier function, contraction, fibrosis) and common (e.g. 

proliferation and migration) functions in each cell type of the vessel wall, and can be 

activated by many different factors. A rapid cellular response to environmental cues is 

important to maintain homeostasis of the vasculature. Thus the main functions of Rac1 are 

necessary to restore this balance. This review shows that many of the Rac1 functions can be 

attributed to NOX activity and ROS production in the vasculature.  
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In endothelial cells, Rac1 activation promoted leukocyte transmigration, an increased barrier 

function and VEGF-induced migration. Leukocyte influx is important for damage repair of 

tissue. Yet, excessive leukocyte accumulation will progress organ damage. Likewise, a 

VEGF-induced angiogenic response is beneficial to restore blood flow in deprived tissues. 

However, enhanced angiogenesis may also induce diabetic retinopathy, unstable 

atherosclerotic lesions, or cancer progression. Thus, for the clinical outcome, Rac1 activation 

and inhibition are in a delicate balance with each other. Therefore, complete Rac1 inhibition 

does not seem an attractive therapeutic target. In VSMC, Rac1 promotes proliferation, 

migration and contraction. VSMC proliferation/ migration is essential for vascular repair, yet 

excessive proliferation/ migration may lead to restenosis after angioplasty or pulmonary 

hypertension. But even in the pathological condition of established atherosclerosis, VSMC 

proliferation may be beneficial, since it stabilizes the atherosclerotic lesion and makes it less 

prone to rupture. As for blood pressure regulation, long term hypo- or hypertension should be 

avoided. In fibroblasts, Rac1 is involved in fibrosis, proliferation and migration. While wound 

healing is dependent on these functions, the fibrotic area with fibroblast hyperplasia should 

be resolved eventually to restore organ function. Thus, also for these cells, a balancing act of 

Rac1 inhibition is demanded.  

Interestingly, chronic Rac1 modulation as therapeutic strategy has been used in the clinic 

already for decades, by using the cardioprotective statins. However, also inflammatory bowel 

disease (IBD) patients use Rac1-inhibitory medication chronically, since the 

immunosuppressive drug azathioprine, or its derivatives 6-mercaptopurine and 6-thio-GDP 

(and 6-thio–GTP) are Rac1 inhibitors in all cell types126. The latter drugs are already used for 

60 years in the clinic thus proven to be effective and safe. Key to their effectiveness is 

probably that they do not inhibit all Rac1, so the Rac1 balance is restored. Recently there 

has been increasing interest in Rac1 inhibitors from the cancer field65. Apart from the pro-

angiogenic response, cancer cells as well as inflammatory cells also display high Rac1 

activity causing cancer progression. Thus, based on these facts, Rac1 can be a potential 

therapeutic approach for many diseases, especially since the vasculature plays a key role in 

most diseases. If it is required to block (or possibly activate) Rac1 in a specific cell type, cell-

specific GEFs, GAPs or GDIs that regulate local Rac1 activity/inhibition may be targeted. In 

fact, future tailor-made medicine design may focus on such approach: not the target itself but 

its upstream activator becomes the target. This way, specificity and patient-specific treatment 

can be reached. But before reaching this point in the clinic, many research still has to be 

done on the dedicated balance of Rac1 activity in the vasculature.  
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ABSTRACT  
 

Objective:  In aortic aneurysms the arterial vessel wall is dilated due to destruction of its 

integrity, which may lead to lethal vessel rupture. Chronic infiltration of inflammatory cells into 

the vessel wall is fundamental to aneurysm pathology. We aim to limit aneurysm growth by 

inhibition of inflammation and reducing endothelial cell activation with immunosuppressive 

drug Azathioprine (Aza). 

Approach and Results: Aza and its metabolite 6-mercaptopurine (6-MP) have anti-

inflammatory effects on leukocytes. We here demonstrate that treatment of endothelial cells 

with 6-MP inhibits cell activation as illustrated by reduced expression of IL-12, CCL5, CCL2 

and VCAM1 and inhibition of monocyte-endothelial cell adhesion. The underlying mechanism 

of 6-MP involves suppression of GTPase Rac1 activation, resulting in reduced 

phosphorylation of c-Jun-terminal-N-Kinase (JNK) and c-Jun. Subsequently, the effect of Aza 

was investigated in aneurysm formation in the Angiotensin-II (AngII) aneurysm mouse model 

in Apolipoprotein E-deficient mice. We demonstrated that Aza decreases de novo aortic 

aneurysm formation from an average aneurysm severity score of 2.1 (control group) to 0.6 

(Aza-group) and that Aza effectively delays aorta pathology in a progression experiment, 

resulting in a reduced severity score from 2.8 to 1.7 in Aza-treated mice. In line with the in 

vitro observations, Aza-treated mice showed less JNK activation in endothelial cells and 

reduced leukocyte influx in the aortic wall.  

Conclusions: The immunosuppressive drug Aza has an anti-inflammatory effect and in 

endothelial cells inhibits Rac1 and JNK activation, which may explain the protective effect of 

Aza in aneurysm development and, most importantly for clinical implications, aneurysm 

severity. 
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INTRODUCTION 

 

Abdominal aortic aneurysm (AAA) formation is characterized by progressive degradation of 

the vessel wall, which may cause the formation of a balloon-like dilatation of the artery. 

Aneurysms are usually asymptomatic, however, these enlarged arteries are vulnerable to 

local rupture with high mortality rates. Due to decreased smoking habits in the Western 

society, the AAA incidence has declined recently from approximately 5% to 2% of the elderly 

male population1. However, as the number of elderly people in the Western society 

increases, AAA remains a serious health problem. In addition, a larger number of elderly will 

be diagnosed by coincidence with a small aneurysm due to the use of more sophisticated 

imaging techniques. Small aneurysms are screened regularly upon discovery to monitor the 

growth rate. When the size exceeds 5.5 cm, open or endovascular repair surgery is the only 

form of treatment. So far, commonly used medication such as angiotensin-converting 

enzyme (ACE) inhibitors, β-blockers, statins and antibiotics have been explored for treatment 

of AAA growth with variable success2-7. 

Chronic inflammation of the aorta is fundamental in AAA pathology, with infiltrating 

leukocytes producing cytokines and proteases that cause progressive deterioration of the 

vessel wall8. Furthermore, analyses of gene expression profiles and various imaging 

techniques of murine aneurysm models underscored the role of inflammatory processes in 

AAA9-11. So far, many animal studies using anti-inflammatory drugs were successful in 

inhibition of initiation of aneurysm formation. For example, celecoxib, a non-steroidal anti-

inflammatory drug inhibiting cyclooxygenase-2, has been shown to prevent aneurysm 

formation very potently in the mouse angiotensin II (AngII) induced aneurysm model12. 

Multiple immunosuppressive drugs have been investigated in various aneurysm models. For 

example, sirolimus has been shown to prevent aneurysm formation in rats in the elastase 

model13. Furthermore, cyclosporine A has been described as a potent inhibitor of de novo 

aneurysm formation in mice14, whereas hydrocortisone causes increased aortic rupture and 

aneurysm formation in mice15. The inconclusive observations with immunosuppressive 

therapy to treat aneurysm progression in humans recently raised a relevant discussion16. It 

seemed obvious that anti-inflammatory therapy would be beneficial to stop aneurysm 

progression, however, it does not appear that simple in clinical practice16. Each 

immunosuppressive drug has its specific targets and underlying mechanism, which makes 

the impact of a specific drug on the vessel wall different, but maybe highly relevant to AAA 

progression. It should be emphasized that AAA patients by definition already have an 

aneurysm at the moment when treatment is initiated, whereas most animal aneurysm 

experiments study prevention at the onset of aneurysm formation.  

We propose that it is necessary to explore which anti-inflammatory drugs affect the vessel 

wall directly in a beneficial way. Azathioprine (Aza) caught our attention because of its 

described beneficial effects on endothelial cells (ECs). Aza increases EC survival17, in 

contrast to sirolimus, which induces apoptosis, causing the thrombotic problems in sirolimus-

coated coronary stents18, or cyclosporine A which is toxic to ECs and provokes 

vasculopathy19. We and others have previously shown that Aza maintains the contractile 

phenotype of smooth muscle cells20, 21 and has an anti-inflammatory effect in macrophages22 

and T-cells23. Thus Aza seems a good candidate drug to treat inflammation and protect the 

vessel wall.  
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Here, we show that Aza, and its active metabolite 6-MP, potently modulate activation of small 

GTPase Rac1 and downstream c-Jun terminal kinase (JNK) in ECs. JNK is a kinase with a 

pivotal role in aneurysm pathology24. We demonstrate that the JNK activation status in ECs 

is also reduced in vivo during mouse aneurysm formation by Aza and that Aza prevents 

aneurysm formation and inhibits aneurysm progression. 
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MATERIALS AND METHODS 

 

Human endothelial cell culture 

Human umbilical vein endothelial cells (HUVECs) were isolated and cultured in M199 

(GIBCO Invitrogen) with 100 U/ml Penicillin/Streptomycin (P/S), 20% heat-inactivated FCS, 

0.05g/ml of heparin (Sigma), 2mM L-Glutamine (Invitrogen) and 25g/ml Endothelial Cell 

Growth Supplement (ECGS, Sigma). When the cells reached 60% confluency ECGS was 

lowered to 12.5g/ml. One day prior to experiments with 6-MP, medium was changed to 

M199 medium without the purine-based compounds adenosine sulphate, ATP disodium salt 

and guanine hydrochloride. HUVECs were stimulated for 24h with TNFα [10ng/ml] with or 

without overnight pretreatment with 6-MP [10 M]. HUVECS were used between passage 1 

and 3 for our experiments. 

 

BRdU Incorporation Assay 

Cultured endothelial cells were seeded in 96-well plates at a density of 2x103 cells/well and 

incubated overnight in full medium. Cells were made quiescent by incubation in previously 

described special medium without FCS for 24h. Later the same day 6-MP was added or not. 

The following day FCS was added (20% v/v) to the cells and TNF (10ng/ml) stimulation was 

applied to the appropriate wells. Cells were left for another 24h. The third day DNA synthesis 

was measured by the BRdU incorporation assay (Roche) according to manufacturer’s 

instructions. 

 

In vitro scratch-wound healing 

Endothelial cells were seeded in a 6-well plate and cultured as previously described. They 

were pretreated with or without 6-MP, followed by TNFα stimulation for 24h on the next day.  

Live imaging started immediately after TNFα stimulation. A scratch was made with a pipet tip 

throughout the middle of the well. Three areas were chosen randomly to capture images 

every 10 min under the Leica live-cell microscope (DMIRBE) and relative closure speed of 

the scratch was measured. Images were captured with a digital camera (Apogee) and 

movies were generated. Quantification was performed using custom made software.  

 

Monocyte-endothelial cell interaction 

Human monocytic THP-1 cells were cultured at a density of 1-2x105 cells/ml in RPMI1640 

medium, supplemented with 10% FCS and 100 U/ml P/S. To visualize cell adhesion THP1 

cells were fluorescently labeled with the Cell Trace™ CFSE cell Proliferation Kit 

(Invitrogen™, Molecular probes) prior to adding the cells to HUVECs. ECs were activated 

with TNFα [10ng/ml] with or without 6-MP [10μM] pretreatment, whereas monocytes were 

only pre-incubated or not with 6-MP for 24h. Undifferentiated THP1 monocytes from 

suspension at 2x105 cells/ml were added to a confluent monolayer of HUVECs. After 4h the 

wells were gently washed and adherent cells were photographed by fluorescence 

microscopy (Zeiss).  

 

RNA isolation and real-time RT-PCR  

RNA was isolated from lymph nodes of control and Aza treated mice in the de novo 

aneurysm experiment or from in vitro cell culture EC experiments using the AurumTM Total 

RNA Mini Kit (Biorad) and cDNA was generated by reverse transcription of RNA with the 

iScript cDNA synthesis kit (Bio-Rad Laboratories, Veenendaal, The Netherlands). Real-time 
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RT-PCR was performed using an iCycler thermal cycler system (Bio-Rad Laboratories) with 

the cDNA samples with specific forward and reverse primers and SYBR Green Supermix 

(Bio-Rad Laboratories). The primer sequences for the PCR are listed in the table below. 

mRNA levels were normalized for the average values of two housekeeping genes, namely 

hypoxanthine phosphoribosyltransferase (HPRT) and large ribosomal phosphoprotein P0. 

 
Table I- List of primers 
 
                                       Forward primer sequence                         Reverse primer sequence 

IL12A (p35) 
Homo Sapiens 

5’-AGGAATGTTCCCATGCCTTCAC-3’ 
 

5’-GCAACTCTCATTCTTGGTTAATTC-3’ 
 

CCL2 
Homo Sapiens 

5’-CCTAGCTTTCCCCAGACACC-3’ 
 

5’-CCCAGGGGTAGAACTGTGG-3’ 
 

CCL5 
Homo Sapiens 

5’-CGCTGTCATCCTCATTGC-3’ 
 

5’-CCACTGGTGTAGAAATACTCC-3’ 
 

ICAM-1 
Homo Sapiens 

5’-CAGAGGTTGAACCCCACAGT-3’ 
 

5’-CCTCTGGCTTCGTCAGAATC-3’ 
 

VCAM-1 
Homo Sapiens 

5’-GCAAAGGGAGCACTGGGTTGACT-3’ 
 

5’-GCCACATTGGGAAAGTTGCACAGG-3’ 
 

P0 
Homo Sapiens 

5’-TCGACAATGGCAGCATCTAC-3’ 5’-ATCCGTCTCCACAGACAAGG-3’ 

P0 
Mus Musculus 

5’-GGACCCGAGAAGACCTCCTT-3’ 5’-GCACATCACTCAGAATTTCAATGG-3’ 

IFN- 
Mus Musculus 

5’-CCAAGCGGCTGACTGAACTC-3’ 5’-GCCTGTTACTACCTGACACATTCG-3’ 

HPRT 
Homo Sapiens 

5’-TGACACTGGCAAAACAATGCA-3’ 5’-GGTCCTTTTCAGCAGCAAGCA-3’ 

CD3 
Mus Musculus 

5’-GCTGGTGAGTAGGGGGAATGA-3’ 
 

5’-AACGGTATCGCCAACAGTTC-3’ 
 

CD19 
Mus Musculus 

5’-AAGAGGGAGGCAATGTTGTG-3’ 
 

5’-CAGGAAGGGTGTTGACTGGT-3’ 
 

 
 
Active Rac1 pulldown 

Endothelial cells were treated with or without TNFα [10ng/ml], in the presence or absence of 

6-MP overnight. Cells were washed with ice cold PBS (+ 1 mM CaCl2; 0.5 mM MgCl2) and 

lysed in 50 mM Tris, pH 7.4, 0.5 mM MgCl2, 500 mM NaCl, 1% (vol/vol) Triton X-100, 0.5% 

(wt/vol) deoxycholic acid, and 0.1% (wt/vol) SDS supplemented with protease inhibitors.  

Lysates were cleared at 14,000 g for 5 min. GTP-bound Rac1 was isolated with biotinylated 

Pak1-Crib peptide coupled to streptavidin agarose beads25. Beads were washed four times in 

50 mM Tris, pH 7.4, 0.5 mM MgCl2, 150 mM NaCl, 1% (vol/vol) Triton X-100, protease 

inhibitors, and pull-downs or total lysates were then immunoblotted with monoclonal Rac1 

Ab. Rac1 (clone 102) mAb antibody was purchased from BD Biosciences (Breda, The 

Netherlands). Rac1 GTP levels were quantified and corrected for total Rac1 levels with 

ImageJ. Five experiments were performed. 

 

Western blotting 

SDS–PAGE samples were analyzed on 12% (wt/vol) polyacrylamide gels, depending on the 

size of the proteins of interest, and transferred onto PVDF membrane (Millipore; 

Immobilion™-P). Following blocking 1h in Odyssey blocking buffer (Li-cor
®

; Biosciences)  

mixed 1:1 with TBST, the blots were incubated with the primary antibody and addition of 

0,1% Tween-20 O/N at 4°C, washed 3 times for 5 min in Tris-buffered saline–Tween-20 
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(TBST), and subsequently incubated with Odyssey IRDye
®

 labeled secondary antibodies 

(dilution: 1:15000) in TBST and 0,01% SDS for 1 h at room temperature; this was followed by 

3 washes with TBST for 5 min each. Infrared signal was detected and analyzed with the 

Odyssey infrared detection system (LI-COR Biosciences, Lincoln, NE).  

 

JNK activation 

Endothelial cells were treated overnight with 6-MP (10μM) or Rac-1 inhibitor (ITX3; Sigma-

Aldrich) 100μM, followed by the next day 15 min. treatment with 10 ng/ml of TNF alpha. Cells 

were then washed with ice cold PBS and lysed with NP-40 lysis buffer supplemented with 

protease inhibitors. Lysate was cleared at 14.000 rpm for 5 min. Samples were blotted for 

Active JNK (p-SAPK/JNK Rabbit mAb; Cell Signaling), Total JNK (JNK1 2C6 Mouse mAb; 

Cell Signaling) and GAPDH (rabbit monoclonal; Cell Signaling). Five experiments were 

performed. 

 

c-Jun activity assay 

c-Jun TransAM™ Transkription Factor Assay Kit  was purchased from Acive Motif
® 

(Carlsbad, CA). The experiment was performed as described previously. Nuclear extracts 

were made and used according to manufacturer’s protocol. DNA binding capacity of active 

nuclear p-c-Jun was measured using TransAM™ AP-1 quantitative transcription factor 

ELISA, following manufacturer’s instruction. Quantification was performed using ELISA 

reader at 450 nm. Three experiments were performed. 

 

Mice 

Animal care and experimental procedures were approved by the animal experimental 

committee for Animal Welfare of the Amsterdam Medical Center. For the AngII-aneurysm 

model, Apolipoprotein E deficient (ApoE-/-; strain B6.129P2-ApoE tm1Unc/Crl) mice (Charles 

River, The Netherlands) were obtained and bred in our local animal facility for the de novo 

experiment. ApoE-/- mice were used for the Aza dose finding study (N= at least 3 mice per 

group). Food intake of Western type diet (WTD; containing 15% cacao butter, 1% corn oil 

and 0.25% cholesterol (Arie Blok, Woerden, the Netherlands)) was similar with and without 

medication. Consequently, the weight increase and the total serum cholesterol levels 

between control and Aza-treated mice did not differ (data not shown). Plasma cholesterol 

levels were measured with a colorimetric assay (bioMérieux®, Marcy l’Etoile, France). None 

of the mice died during this dose finding experiment. 

In the de novo aneurysm formation and aneurysm progression experiments 16-week old 

male mice were studied. The mice were fed a WTD, which was initiated 4 week before AngII-

osmotic minipump placement and continued until the end of the experiment. Osmotic 

minipumps were placed under inhalation isoflurane anesthesia (Baxter, Illinois, United 

States). Carprofen (5mg/kg mouse) was administered locally in the neck to provide pain 

relief. The osmotic minipumps (Alzet, DURECT Corporation, Cupertino, United States) 

released AngII (Sigma-Aldrich, St. Louis, United States) with a pump-rate of 1.44mg/kg/day.  

The Aza-treated groups switched from WTD to WTD containing Aza (0.1 mg/kg/day) one day 

after osmotic minipump placement in the de novo aneurysm formation experiment. In the 

progression experiment the mice switched after 10 days of AngII infusion.  

In the de novo aneurysm formation experiment, mice were harvested after 4 weeks (n=14 

Co, n=13 Aza). In the progression experiment (N=14 per group), mice were harvested 3 

weeks after switch of the diet, thus after 31 days of AngII infusion. Selection of the Aza-
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treated and control mice was based on non-significant differences between weight and 

cholesterol levels of the mice one week prior to Aza treatment. Before and after harvest of 

the mice, no significant differences were observed in weight and total serum cholesterol 

between control and Aza treated mice (data not shown). In the progression experiment 4 

mice died during the first ten days of AngII infusion due to aortic rupture, therefore when the 

switch to the Aza diet was introduced after ten days, both groups contained 10 mice, on 

which the analysis were performed. 

The mice were harvested under anesthesia and perfused under slight pressure by hand 

slowly, to prevent loss of EC due to perfusion pressure via the heart with 10 ml ice cold PBS 

(1 min). Then lymph nodes were removed for RNA extraction (1 min), upon which the mouse 

was perfusion fixed via the heart with 5 ml 4% paraformaldehyde (1 min). Incisions in the 

liver facilitate perfusion.  

To assess severity of aneurysm formation, the updated classification index for murine 

aneurysms was used26. In short, mice that did not develop an aneurysm were typed 0, 

aneurysms with a maximal diameter between 1.5 and 2 mm are type I, aneurysms of 2 mm  

and bigger are type II, multiple aneurysms and/or dissections are type III and mice that died 

during the experiment of aortic rupture are typed IV. Maximal thoracic and abdominal 

diameters were quantified macroscopically on photographs of the aorta using Adobe 

Photoshop CS4 by a researcher blinded to the treatment groups. When adding up all the 

aneurysm types, the severity score per group is divided by the number of mice in that group. 

 

Immunohistochemistry 

Murine descending thoracic aortic ring specimens (free of aneurysms) were fixed in 4% (w/v) 

paraformaldehyde and embedded in paraffin. Seven μm aortic sections of all surviving mice 

in the control and Aza treated group (de novo experiment) were mounted on glass slides and 

immunohistochemical staining was performed. Macrophages (MAC-3; Pharmingen), T cells 

(anti-CD3; Labvision) and matrixmetalloproteinase-2 (MMP2) and MMP9 were detected (anti-

MMP2; R&D and anti-MMP9; Abcam). Phosphorylated (active) JNK was detected using anti-

p-JNK antibody (Cell Signaling). HRP-conjugated secondary antibodies were used and the 

stainings were developed with DAB chromagen as substrate for detection.  

Immunopositive area was quantified in three sections per mouse using Leica QWin V3 

software. T cells, macrophages and endothelial cells were counted manually in each aortic 

ring and divided by the surface area of the vessel wall (Tcells and macrophages) or by the 

total number of endothelial cells in the aortic rings, in the de novo experiment (Control n=11, 

Aza n=12).  

To estimate the number of macrophages incorporated into the medial layer of the outer 

curvature of the ascending aorta, longitudinal sections of the aortic arches were generated 

from all mice of the progression experiment (n=10 per group). MAC-3 staining was performed 

as described and positive area was quantified by using Leica QWin V3 software. P-JNK 

positive endothelial cells were traced and divided by the total endothelial cell surface (as 

detemined with haematoxylin staining) lining the aortic arch, using Leica QWin software.  

The AAA of the progression experiment were also sectioned and cross-sections of the area 

where most luminal dilation/media pathology was observed were used for quantification of 

external AAA diameter and luminal diameter by calculating the diameter from the measured 

circumference with Leica QWin software. Sirius red (collagen), Lawson (elastin), smooth 

muscle alpha-actin (SMC), Mac-3 (macrophages), CD3 (T-cell) and p-JNK stainings (N=10 

per group) were performed and analyzed. All staining were analyzed by the QWin software, 

except CD3 positive cells, which were calculated as number of positive cells per area.  
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Statistics 

To measure a 50% difference in the total aneurysm severity score in the treatment group (on 

average 2.4 in control group) with a power of 80% and a significance of 95%, 14 mice per 

group are needed. For the murine aneurysm data, statistical analyses were established by 

non-parametric Mann Whitney U-test. For all cell culture experiments students t-tests were 

performed. P-values below 0.05 are considered significant. Data are presented as mean 

value +/- SEM. Outliers were calculated by Grubbs outlier test: 

http://www.graphpad.com/quickcalcs/Grubbs1.cfm 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.graphpad.com/quickcalcs/Grubbs1.cfm
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RESULTS  

 

6-MP decreases endothelial cell activation 

To study the effect of Aza on proliferation and migration of ECs, the cells were treated with 6-

MP and subsequently serum-induced BrdU incorporation was measured or a migration assay 

was performed. Treatment of ECs with 6-MP did not result in changes in DNA synthesis 

(Supplemental Fig IA) and also the migratory capability in the scratch assay was not affected 

(Supplemental Fig IB).  

To investigate EC activation, we determined THP-1 monocyte adherence to quiescent and 

TNFα-activated ECs in the presence or absence of 6-MP. Fluorescently labeled THP-1 cells 

predominantly adhered to TNFα-stimulated cells (Fig.1A). Pretreatment of either ECs or 

monocytes or both cell types with 6-MP, resulted in reduced attachment of THP-1 cells.  

 

 

 

Figure 1. 6-MP reduces the inflammatory response of endothelial cells. 
(A) Fluorescently labeled THP1 cells adhere to TNFα-treated ECs. Pre-incubation of either ECs, monocytes or 

both cells types with 6-MP reduces the number of adherent THP1 cells significantly (compared to TNFα only, all 

*P<0.0002). (B) 6-MP inhibits the pro-inflammatory response of ECs by reducing mRNA expression of IL12p35, 

CCL2, CCL5 and VCAM-1, while ICAM-1 was not affected. (*P<0.05) 
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Because treatment of just the ECs revealed reduced monocyte adherence, we analyzed the 

effect of low dose 6-MP on the expression of a number of characteristic cytokines and 

adhesion molecules in ECs. ECs were pretreated overnight with or without 6-MP and then 

incubated with or without TNFα for 24 hrs. TNFα significantly induced mRNA expression of 

Rantes (CCL5), monocyte chemoattractant protein-1 (CCL2), interleukin-12 (IL-12), vascular 

cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) (Fig.1B). 

6-MP strongly inhibited expression of IL-12, CCL2, CCL5 and VCAM-1, whereas mRNA 

levels of ICAM-1 were not changed.  

Together these data demonstrate that 6-MP inhibits the inflammatory response of ECs 

selectively and reduced the adherence of monocytes, which is a crucial process in 

inflammatory diseases.  

 

6-MP inhibits Rac-1 activation and Rac-1 mediated signaling 

In activated CD4+ T-lymphocytes, it has been established that the small GTPase Rac1 is a 

target of Aza/6-MP, which becomes permanently inactivated and thereby limits Tcell 

activation23,27. Rac1 is a small G-coupled protein and member of the Rho family of GTPases 

involved in multiple cellular processes. We anticipated that the 6-MP dependent disturbance 

of Rac1-mediated processes may not be limited to T-cells. Therefore, we set out to 

determine the amount of activated Rac1 after 6-MP treatment in cultured ECs. In active Rac1 

pulldown assays, the amount of GTP-bound Rac1 was increased upon TNFα stimulation 

(Fig.2).  

 

 
 
Figure 2. 6-MP reduces activation of Rac-1 in endothelial cells.  

Western blot showing pull down of active GTP-bound Rac1, revealing increased active Rac1 in response to TNFα 

stimulation and a lower level of active Rac-1 upon 6-MP pre-treatment. Levels of active Rac-1 are also reduced 

only upon 6-MP. Quantification of active Rac-1 was normalized for total Rac1. ICAM-1 protein served as the 

readout of EC activation by TNFα and the ICAM-1 expression level was not influenced by 6-MP. Data are means 

± SEM (n=5). *P<0.03 

 
 
Moreover, the extent of Rac1 activation was decreased in the presence of 6-MP, both in 

unstimulated and TNFα-activated ECs. As a control for TNFα activation the amount of ICAM-

1 protein was assayed and shown to be equal under control and 6-MP conditions (Fig.2), 

similarly independent of 6-MP as on RNA expression levels (Fig.1B).  

A pro-inflammatory pathway in ECs that is dependent on Rac1 activation involves JNK28.  We 

show that in TNFα-stimulated ECs, 6-MP decreases the amount of JNK phosphorylation (p-

JNK) and thus reduced JNK activation (Fig.3A,B). A similar reduction in p-JNK was also 
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observed when a Rac-1 inhibitor was used, suggesting that indeed inactivation of Rac-1 by 

6-MP could be responsible for reduced levels of p-JNK.  

Since JNK is an activator of the transcription factor partner c-Jun, a crucial component of the 

early response transcription factor AP-1, activation of c-Jun was determined. The amount of 

nuclear, active c-Jun was significantly abrogated in the presence of 6-MP or the Rac-1 

inhibitor (Fig.3C). These results suggest that pro-inflammatory responses in the presence of 

TNFα can be successfully dampened in ECs by 6-MP via inactivation of Rac-1 (Fig.3D). 

 

 
 
 

Figure 3. 6-MP reduces activation of the Rac-1 dependent JNK signaling pathway. 

(A) TNFα activated ECs show reduced levels of phosphorylated (p)-JNK in the presence of either 6-MP or Rac-1 

inhibitor. (B) Quantification of active p-JNK is normalized for GAPDH (n=5). The amount of active p-JNK 

increases upon TNFα stimulation and is reduced by 6-MP or Rac1 inhibitor to baseline levels. *P<0.003 (C) 

Activated ECs show a similar reduction in nuclear c-Jun transcriptional activity in the presence of either 6-MP or 

Rac-1 inhibitor (n=3). *P<0.01 (D)  A model of 6-MP interference in the JNK signaling cascade. 6-MP inhibits Rac-

1 activation and thus subsequent phosphorylation of JNK, which results in decreased c-Jun activation, which 

together with c-Fos forms activator protein 1 transcription factor (AP-1). Consequently transcription of 

downstream genes is inhibited, resulting in a decreased inflammatory response. 

 

Azathioprine reduces de novo aneurysm formation 

Inflammatory processes and JNK activation play key roles in aneurysm formation and both 

processes are inhibited by Aza; therefore we studied the effect of Aza on aneurysm 

formation. First, a dose finding study was performed to determine the optimal oral Aza dose 

for mice. Chronic immunosuppression of humans is maintained at a dose of 1-4 mg/kg/day 

Aza. Therefore, ApoE-/- mice were exposed to 10, 5, 1 and 0.1 mg Aza/kg/day, which was 
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administered orally in a Western Type Diet (WTD). Circulating cell numbers were determined 

after 4 weeks of treatment and we observed that only the low dose of 0.1 mg Aza/kg/day did 

not affect red blood cell counts and that these mice showed only limited reduction in white 

blood cell numbers (Supplemental Fig.II). Subsequent aneurysm experiments were 

performed with this low dose.  

The effect of Aza on de novo aneurysm formation was investigated in the AngII-infusion 

model and the mice were treated with Aza from the onset of aneurysm induction. Three mice 

(3/14) died in the control group, whereas only one mouse (1/13) in the Aza-treated group 

died due to aortic rupture within the first week of the experiment. After 4 weeks aortas were 

isolated and reveal that aneurysm formation is strongly inhibited by Aza, since only 17% 

(2/12) of the Aza-treated mice develop an aneurysm (Fig.4A), whereas in the control group 

73% (8/11) show aneurysm formation. 

Aneurysm severity is scored and mice in the control group show a more severe aortic 

phenotype with mostly type-III aneurysms, compared to the Aza-treated mice (Fig.4B) with 

predominantly healthy aortas. The type-III aneurysm score indicates that thoracic aneurysms 

are present in addition to AAA. Thoracic aneurysms of the descending aorta are clearly 

visible, whereas the so-called saccular aneurysms that develop in the ascending aorta (pink 

star in Fig.4A, enlarged in Supplemental Fig.III) are less obvious by macroscopic inspection, 

but can be identified by microscopic analyses of sections of aortic arches. All together Aza 

strongly reduces the number and the severity of aneurysm formation from a total score of 2.1 

to 0.6 (Fig.4C, P<0.01).  

 

Azathioprine reduces JNK activation in endothelial cells and inhibits inflammation 

To confirm the immunosuppressive effect of Aza, we isolated draining lymph nodes of the 

thoracic aorta and compare expression levels of Interferon- (IFN-). Application of Aza 

indeed results in decreased mRNA expression of IFN- in lymph nodes, as well as decreased 

Tcell (CD3) and Bcell (CD19) content, which represents the reduced inflammatory status of 

the mouse upon Aza treatment (Supplemental Fig.IV). To understand the protective effect of 

Aza on aneurysm formation we aimed to study JNK activation and inflammation in the aortic 

vessel wall29. Only two aneurysms were formed in the Aza-treated mice, and taking into 

account that the cellular composition of aneurysms is extremely variable, we rationalized that 

analysis of the vessel wall within the aneurysm lesions may limit quantitative analyses. To 

circumvent this problem, we analyzed the descending thoracic aorta of all mice, which is a 

region of the aorta that did not show overt pathology (N=11 control and N=12 Aza-treated 

mice), yet systemic effects of AngII and Aza can be measured. JNK phosphorylation is low in 

medial smooth muscle cells in these sections. However, JNK phosphorylation is abundantly 

present in ECs upon AngII infusion and significantly decreased by Aza in endothelium lining 

the lumen of the aorta segment (Fig.4D). On average 64% of the ECs show p-JNK in AngII 

infused mice, whereas only 47% is p-JNK positive in the Aza-treated AngII mice (P<0.0004).  

Subsequently, the presence of leukocytes in the media and adventitia is determined and we 

observe decreased numbers of macrophages and T-cells in the vessel wall of Aza-treated 

mice (Fig.4E,F). It is of importance to mention that in the AngII model, there is fibroblast 

hypertrophy, which causes thickening of the adventitia, which was not significantly different 

between control and Aza treated aorta’s, with regard to the aortic ring sections that were 

quantified here (data not shown), therefore the decreased inflammation upon Aza was not 

just a reflection of adventitial area. In line with reduced leukocyte recruitment to the vessel 

wall, the expression of MMP2 and -9 protein is also reduced after Aza treatment 
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(Supplemental Fig.V). We conclude that Aza reduces endothelial JNK activation, recruitment 

of inflammatory cells to the aortic vessel wall and attenuates protease expression.   

 

 
 

Figure 4. Aza decreases de novo aneurysm formation.  

(A) Macroscopic overview of aortas from control (n=11) and Aza-treated (n=12) mice. Arrows point at 

aneurysms/dissections and 2 aortas contain a saccular aneurysm (pink star). The interrupted blue line marks the 

diaphragm location. (B) Analysis of the aortas according to the aneurysm severity score reveal prevention of 

aneurysm development upon Aza treatment; healthy aortas of non-responders are indicated with ‘0’ and the four 

types of aneurysms in the control and Aza-treated groups are shown (percentage within group). (C) The average 

aneurysm severity score per group is decreased in the Aza-treated mice. *P<0.01 (D) A decrease in active 

phosphorylated (p)-JNK is observed in ECs in the aorta wall (*P<0.0004) in response to Aza treatment. Aza also 

causes reduction in the number of macrophages (Mac3; *P<0.05; E) and T cells (CD3; *P<0.003; F) in the vessel 

wall. Number of infiltrated macrophages and T cells is expressed per mm
2
 of the aortic tissue. L indicates lumen. 
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Azathioprine inhibits aneurysm progression 

After demonstrating that Aza inhibits de novo aneurysm formation, we aimed to assess 

whether Aza also stabilizes the growth of existing aneurysms. In the AngII-model, aortic 

dilation is already induced after one week30,31. We started the Aza intervention 10 days after 

the onset of AngII infusion to allow initiation of aneurysm formation. In this experiment, all 

mice that died because of aortic rupture within the first 10 days (N=4 per group), before Aza 

treatment was initiated, were excluded from further analyses. One mouse in the control 

group was euthanized one day before harvest (day 30) because of immobility due to aortic 

rupture (this mouse was typed as IV). Again, mice from the control group develop more 

severe aneurysms than the Aza-treated mice. According to the severity score, the most 

prevalent aneurysm types in the control group are type II and III, while Aza-treated mice 

develop predominantly type I and II aorta pathology (Fig.5A,B). Aza attenuates the 

progression of aneurysm formation, resulting in a significantly lower severity score of 1.8 

compared to 2.7 in controls (Fig.5C; P<0.02). The discrepancy between aneurysm incidence 

in the de novo and progression experiment is a feature of the AngII model, where incidence 

can vary between 50% and 100%. However, in our case the de novo experiment was 

performed in mice that were bred in our facility for a year and in the progression experiment 

the mice were delivered from Charles River directly.  

A similar pattern of p-JNK reduction is observed as in the de novo experiment. In the AngII 

infused aortas 62% of aortic ECs are positive for p-JNK in comparison to 47% in the delayed 

Aza-treated mice (Fig.5D; P<0.0001). Decreased EC activation is reflected by decreased 

inflammation in the vessel wall. In the control mice, one saccular aneurysm is detected in the 

outer wall of the ascending aorta (pink star in Fig.5A). Macrophage influx in the media is 

damaging and therefore quantified to locally monitor the effect of Aza on inflammation in the 

vessel wall. Medial macrophage influx in the thoracic aorta has not been observed in early 

timepoints31, however we find it in 9/10 mice after 31 days of AngII infusion at this location. 

Interestingly, the Aza-treated mice show a strongly reduced macrophage influx into the 

media (Fig.5E), demonstrating the anti-inflammatory effect of Aza-treatment, even when the 

onset of treatment was delayed in the disease process.  
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Figure 5. Aza inhibits aneurysm progression.  

(A) Macroscopic overview of aortas of control Aza treated mice (n=10 per group). Arrows point at 

aneurysms/dissections and 1 mouse shows a saccular aneurysm (pink star). The interrupted blue line marks the 

diaphragm location. (B) A shift in aneurysm severity score (%) towards a milder phenotype is observed upon Aza 

treatment. (C) The average aneurysm severity score per group is reduced in Aza-treated mice. *P<0.02 (D) 

Activated phosphorylated (p)-JNK in the aorta is shown next to elastic lamellae staining for orientation purposes 

and quantified, revealing a decrease in the percentage of p-JNK positive ECs in Aza-treated mice.*P<0.0001 (E) 

Macrophage infiltration into the media is shown and quantified. A decrease in the amount of macrophage positive 

area is measured after late onset of Aza treatment. *P<0.01 
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Azathioprine inhibits inflammation within AAA 

While the pathology score of the entire aorta is decreased by Aza in the progression 

experiment, the effect of Aza within the AAA can be analyzed as well, since all mice (N=10 

per group) had developed an AAA. The outer (maximal) diameter is measured 

macroscopically (Supplemental Fig.VI A) and microscopically (Fig.6A) and is equal in control 

and Aza treated mice, revealing that both methods are valid to determine aneurysm size. 

Also the luminal maximal diameter is measured and did not differ significantly between the 

groups. In addition, the matrix components collagen (Fig.6B) and elastin (Fig.6C) co-localize 

mostly with the smooth muscle cell area (Fig.6D), but are similar between the two groups. 

While the macrophages show only a modest trend towards a decrease in the Aza treated 

group (Fig.6E), the T cell (Supplemental Fig.VI B) content of the AAA is significantly lower in 

the Aza treated mice, indicative of reduced inflammation within the AAA. Yet, the p-JNK in 

luminal endothelial cells is not different within the AAA (Supplemental Fig.VI C), but a 

significant decrease in total AAA p-JNK is observed in the Aza group (Fig.6F).  

P-JNK is abundantly present in different cell types within the AAA and overlapped in part with 

macrophage positive area (compare Fig.6E,F). As a readout of the inflammatory state of the 

AAA, we analyzed proteases MMP2 and -9 positive area. Indeed MMP2 and -9 area is 

significantly lower in the Aza treated mice (Supplemental Fig.VI D,E).  

In conclusion, p-JNK is decreased in Aza treated mice and may result in the decreased 

inflammatory status within these AAA. This site specific decrease of p-JNK in the suprarenal 

aorta has been shown to be important to achieve improvement of aneurysm pathology32. 
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Figure 6. Histological assessment of Aza effect on pre-existing aneurysms. 

(A) Aortic aneurysms from control (n=10) and Aza (n=10) treated mice were assessed for differences in outer and 

luminal diameter which do not show any differences between two groups. Application of Aza did not influence 

collagen deposition (B) or the amount of elastin (C) present in the aneurysms. Aza did not alter smooth muscle 

cell (SMC) content (D) or macrophage presence (E). On the other hand, Aza administration led to less inflamed 

aneurysms reflected in reduced levels of active p-JNK (F).*P<0.04 
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DISCUSSION  

 

In this study, we examined the effect of Aza on EC function and aneurysm development. Aza 

is a well-known immunosuppressive drug, yet not much is known about its cellular working 

mechanism. We reveal that 6-MP has an anti-inflammatory effect on endothelium, resulting 

in reduced monocyte adhesion. The underlying mechanism involves inhibition of Rac1, 

similarly as decreased Rac1-GTP levels have previously been observed in T-cells treated 

with 6-MP23, 27. In ECs, active Rac1 is essential to activate signal transduction via JNK and 

subsequent activation of c-Jun, a constituent of the pro-inflammatory transcription factor AP-

1. We show decreased Rac-1 activation upon 6-MP treatment in ECs and a strong reduction 

of p-JNK and c-Jun activation. Since the Rac1-JNK signaling pathway is one of the main pro-

inflammatory pathways downstream of the AngII-receptor type 1 and because JNK has been 

shown to play an important role in aneurysm development24, 33-35, we performed aneurysm 

experiments using the AngII-mediated model. We demonstrate that Aza has a protective 

effect on de novo aneurysm formation in mice, where the incidence as well as aneurysm 

severity is reduced. Most meaningfully, Aza-treatment inhibited aneurysm progression in 

mice and mediated its effect through inhibition of macrophage infiltration and reduced JNK 

activation in the vessel wall. In human surgical AAA and cerebral aneurysm material, JNK 

levels are strikingly elevated24, 36 and even correlate with increased size and rupture risk in 

the latter37, suggesting that JNK inhibition could be a relevant target of intervention in the 

clinic. The protective effect of JNK inactivation can be explained by reducing the levels of the 

(active) proteases in the vessel wall and thus better preserved extracellular matrix24, 38. Along 

this line, we observe a reduction of MMP2 and -9 protein in the vessel wall and AAA of Aza-

treated mice. 

Furthermore, we show that the anti-inflammatory effect of 6-MP in ECs involves 

downregulation of expression of hallmark activation markers IL-12, CCL2/MCP1, 

CCL5/Rantes, and VCAM-1, which are involved in different steps of vascular inflammation. 

Cytokine IL-12 is secreted and can activate surrounding cells, chemokines CCL2 and CCL5 

attracts specific leukocytes and VCAM-1 will capture leukocytes to penetrate the vessel wall, 

which are all downregulated by Aza. Chemokine CCL2 is one of the most prominent 

chemokines found in aneurysms, yet its function is inconsistent. In mice, MCP1 is important 

for the attraction of monocytes, which clearly aggravates aneurysm pathology, but it also 

plays a role in tissue repair, which alleviates aneurysm development39-41. Interestingly, the 

role of CCL5 is more apparent, since recently, Iida et al showed in two different AAA mouse 

models that inhibition of CCL5 prevented AAA development and progression42. In addition, a 

polymorphism has been described for the receptor of CCL5 (CCR5 Delta 32 deletion) that 

correlates with aneurysm formation in two out of three human studies43-45, which suggests an 

active role for CCL5 in the human aneurysm.  

Attraction and penetration of macrophages to sites of activated aorta is key to achieve 

continuous aortic expansion from as early as 1 day after AngII infusion up to 56 days31, 46. 

The markedly reduced leukocyte influx that is observed after Aza treatment in both mouse 

aneurysm experiments involves reduced endothelial activation, but may also partly be 

explained by a direct immunosuppressive effect of 6-MP on macrophages22 and T-cells23, 27. 

This may also explain our reduced p-JNK found in the AAA upon Aza treatment. Since Rac1-

mediated pro-inflammatory signaling cascades are not limited to ECs, macrophages or T-

cells, it is likely that this pathway will also be inhibited by Aza in other cell types, including 

vascular smooth muscle cells and fibroblasts. Similarly, the effective chronic treatment of 

inflammatory bowel disease (IBD) patients with Aza47-49, may involve Rac1 inhibition in 
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inflammatory cells as well as in gut endothelial, smooth muscle and epithelial cells. Other 

functions of Rac1, apart from JNK activation, will also be affected by Aza. In most cell types 

Rac1 stimulates actin polymerization resulting in rearrangement of the cytoskeleton, which is 

necessary to change cell shape when migrating or for cell adhesion50, which we have not 

studied here.   

We believe that the lack of success to translate anti-inflammatory drug regimes that are 

successful in mouse models to the clinic is in part due to the limited progression studies that 

have been performed in mice. An informative example is the antibiotic doxycycline that has 

been demonstrated to very effectively prevent aneurysm development in multiple aortic 

aneurysm mouse models51-53, yet the first human clinical trial of 18 months doxycycline 

therapy versus placebo (NTR 1345, http://www.trialregister.nl/trialreg/index.asp) failed to 

show a beneficial effect of doxycycline therapy on aneurysm progression or repair55. This 

clinical observation is, however, in line with a recent progression study in mice, in which 

doxycycline did not show any effect on aneurysm progression56, suggesting that aneurysm 

initiation and progression involve more and different processes.  The mouse JNK study by 

Yoshimura et al. does comprise a progression study in which JNK-inhibitors indeed provoke 

aneurysm regression24. Here, we performed an aneurysm prevention and progression study, 

which both show beneficial effects on aneurysm severity. Analysis of the AAA in our 

progression study reveals decreased inflammation and protease activity presumably 

because of the decreased level of p-JNK. Yet, no decrease in AAA size was observed. 

Probably, the timeframe of 3 weeks Aza treatment was too short to expect a significant 

effect, when comparing it to the 6 weeks treatment in the CaCl2 aneurysm model by 

Yoshimura et al.24. Obviously, aneurysm prevention is less difficult than inhibition of the 

growth of existing aneurysms, as can be observed in our AAA, whereas the challenge in 

humans is to cure existing aneurysms, involving vessel wall repair. In our view, the 

compound-specific impact of distinct anti-inflammatory drugs, not only on immune cells, but 

also on endothelial and smooth muscle cells, has been overlooked and needs to be 

assessed. We demonstrate here that Aza reduces vascular inflammation, at least in part via 

an anti-inflammatory function in ECs and thus inhibits aneurysm pathology. Although Aza 

has its side effects and may therefore not be the ideal drug for use in elderly patients with 

existing aneurysms, our data is highly relevant to eventually define the necessary 

characteristics of the ideal drug to control aneurysm growth in humans.  

 

SIGNIFICANCE 

 

Abdominal aortic aneurysm (AAA) formation is characterized by progressive degradation of 

the vessel wall by inflammation. Apart from vascular repair surgery when the aorta diameter 

becomes to large, there is no standardized pharmaceutical treatment available to stabilize 

AAA growth.  

A candidate drug to treat AAA should reduce inflammation without having a detrimental effect 

on the vascular cell types within the aorta wall. The study presented here reports on the anti-

inflammatory function of immunosuppressive drug Azathioprine (Aza) on endothelial cells via 

inhibition of GTPase Rac1 and thereby reducing downstream Jun terminal N-Kinase (JNK) 

signaling. Aza inhibited de novo AAA and progression of aneurysm development in the 

Angiotensin II mouse model. We show that Aza has the capacity to decrease activation in 

http://www.trialregister.nl/trialreg/index.asp
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other cell types than immune cells alone, which may explain its potency as anti-inflammatory 

drug in chronic inflammatory diseases of which AAA may be next. 
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ABSTRACT  

 

Azathioprine and its metabolite 6-mercaptopurine (6-MP) are well-established 

immunosuppressive drugs. Common understanding of their immunosuppressive properties is 

largely limited to immune cells. However, here we study the mechanism underlying the 

protective role of 6-MP in endothelial cell activation. Since 6-MP and its derivative 6-

thioguanosine-5'-triphosphate (6-T-GTP) were shown to block activation of GTPase Rac1 

in T-lymphocytes, we focused on Rac1-mediated processes in endothelial cells. Indeed, 6-

MP and 6-T-GTP decreased Rac1 activation in endothelial cells. As a result, the compounds 

inhibited tumor necrosis factor–alpha (TNF)-induced downstream signaling via c-Jun-N-

terminal Kinase (JNK) and reduced activation of transcription factors c-Jun, Activating 

Transcription Factor-2 (ATF2), and additionally Nuclear Factor kappa-light-chain-enhancer of 

activated B cells (NFB), which led to decreased transcription of pro-inflammatory cytokines. 

Moreover, 6-MP and 6-T-GTP selectively decreased TNF-induced vascular cell adhesion 

molecule-1 (VCAM-1), but not intracellular adhesion molecule-1 (ICAM-1) protein levels. 

Rac1-mediated generation of cell membrane protrusions, that form docking structures to 

capture leukocytes, were also reduced by 6-MP/6-T-GTP. Consequently, leukocyte 

transmigration was inhibited after 6-MP/6-T-GTP treatment. These data underscore the anti-

inflammatory effect of 6-MP and 6-T-GTP on endothelial cells, by blocking Rac1 activation. 

Our data provide mechanistic insight that supports development of novel Rac1-specific 

therapeutic approaches against chronic inflammatory diseases. 
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INTRODUCTION 

 

Transmigration of leukocytes through the endothelial barrier is a crucial event in tissue 

inflammation, which results in a local immune response that can either promote tissue repair 

or lead to tissue damage depending on the type of immune cells that transmigrate. In chronic 

inflammatory conditions where the excessive immune response harms tissue repair, patients 

receive immunosuppressive drugs to halt disease progression. Azathioprine is one of the 

oldest immunosuppressive drugs used in the clinic, with an established reputation, yet its 

working mechanism is not extensively studied. Azathioprine and its metabolite 6-

mercaptopurine (6-MP) are used for treatment of various autoimmune and chronic 

inflammatory diseases1, such as rheumatoid arthritis2, inflammatory bowel disease 

(IBD){Escher, 2003 2 /id;Louis, 2003 33 /id}, as well as after kidney transplantations5 or in 

acute lymphoblastic leukemia6. Both azathioprine and 6-MP are biologically inactive pro-

drugs that demand intracellular enzymatic conversion. Azathioprine is converted to 6-MP, 

which is converted to 6-thioinosine monophosphate (6-T-IMP), of which either the purine 

analogues 6-thioguanosine-5'-monophosphate (6-T-GMP) or 6-thioadenosine-5'-

monophosphate (6-T-AMP) and downstream thio-purines can be synthesized7. Thereby, 

normal purine synthesis is hampered and incorporation of these alternative purines into 

newly synthesized DNA has long been the proposed therapeutic mechanism7. This effect is 

well described by the ability of 6-MP to prevent T-cell proliferation, relevant in a severe 

inflammatory condition with rapid T-cell expansion8. This effect is observed at a relatively 

high dose of 6-MP8, beyond clinically relevant dosages used chronically for IBD patients. In 

approximately 50% of all patients with IBD, a low dose of azathioprine or 6-MP is given and 

well tolerated without major complications9. This suggests that there may be a more subtle 

mechanism involved.  

Indeed, in the previous decade a new role for 6-T-GTP has been proposed, which involves 

small Rho-GTPase Rac1 that cycles between an active and inactive conformation. A 

GTPase is activated when guanosine-5'-diphosphate (GDP) is exchanged by guanosine-5'-

triphosphate (GTP). This process is catalyzed by guanine-nucleotide exchange factors 

(GEFs). Upon activation, the GTP-bound form of Rac1 can be hydrolyzed to Rac1-GDP, 

thereby becoming inactive. This reaction is regulated through GTPase-activating proteins 

(GAPs). It has been shown that 6-MP and its metabolite 6-T-GTP can target Rac1 in CD4+ T-

cells, blocking T-cell activation10. Interestingly, 6-T-GTP can also bind other small Rho-

GTPases such as Cdc42, RhoA and Rac2, yet, it can only block the activity of Rac1 and 

Rac211. The GEF Vav2 is unable to exchange 6-T-GDP, preventing re-activation of Rac1. 

These data indicate that 6-T-GDP may irreversibly inhibit Rac1, including its downstream 

signaling11. 

Migration of leukocytes through the vascular wall into injured tissues is a multi-step 

process12,13. A crucial phase is adhesion to inflamed endothelium. Adhesion initiates the 

formation of apical cell membrane protrusions on endothelial cells, which are called docking 

structures or transmigratory cups. These structures comprise cell adhesion molecules, such 

as vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 

(ICAM-1)14-16. Rac1 is essential for the formation of these docking structures in a VCAM-1 

and ICAM-1 dependent manner17,18.  

In this study we demonstrate that 6-MP and 6-T-GTP exhibit an anti-inflammatory effect on 

endothelial cells via inhibition of Rac1 and thus attenuate downstream signal transduction, 

resulting in downregulated transcription of pro-inflammatory proteins as well as preventing 

actin polymerization in docking structure formation.  
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MATERIALS AND METHODS 

 

Human endothelial cell culture 

Primary human umbilical vein endothelial cells (HUVECs) were isolated and cultured 

according to standard protocol. Briefly, HUVECs were isolated and cultured in M199 medium 

with 20% fetal bovine serum (FCS; Invitrogen), penicillin/streptomycin (P/S; 100 U/ml) and 

addition of heparin (0.05μg/ml), L-glutamin (2mM) and endothelial cell growth-supplement 

(ECGS; 25μg/ml). All experiments were performed in passage 1-3. One day prior to 

treatment of HUVECs with 6-MP, 6-T-GTP or Rac-1 inhibitor, medium was changed to M199-

medium without purine-based compounds adenosine-sulphate, ATP-disodium salt, guanine-

hydrochloride (Gibco). HUVECs were stimulated for 24h with tumor necrosis factor alpha 

(TNFα) [10ng/ml] to mimic inflammation with or without overnight pretreatment with 6-MP 

[10M], 6-T-GTP [10M] or Rac1 inhibitor (ITX-3; 100μM). 

 

Monocyte-Endothelial cell co-culture 

To study the effect of azathioprine on monocyte adhesion to endothelial cells, HUVECs were 

pretreated or not with 6-MP and activated with TNFα. Human monocytic THP-1 cells were 

cultured in RPMI1640 medium, supplemented with 10% FCS and P/S.  THP-1 cells were 

added to a confluent monolayer of endothelial cells at a concentration of 2x105 cells/ml and 

incubated for 4h. Prior to co-culturing, the THP-1 cells were fluorescently labeled using the 

Cell Trace™ CFSE cell Proliferation Kit (Invitrogen), to visualize cell adhesion. After 4h co-

culturing, cells were washed and adhesion was analyzed by fluorescent microscopy (Zeiss, 

Axiovert 40 CFL). Fluorescent cells were counted per field of view (3 fields per well, 3 wells 

per condition).  

For RNA isolation a similar experiment was performed. After 4h of co-culturing, all cells 

attached to the well (endothelium and THP1 together) were harvested after 4h of co-culturing 

for RNA isolation. Expression of CD11b was determined as readout of the number of 

adhered monocytes. 

 

Rac1 and RhoA activation assays 

Levels of Rac1-GTP and RhoA-GTP were measured using colorimetric based G-LISA Rac1 

(BK128; Cytoskeleton) and RhoA (BK124; Cytoskeleton) activation assays. For these 

assays, HUVECs were plated in 6-well plates and cultured to 100% confluency followed by 

the switch to M199 medium without purine-based compounds. HUVECs were then treated 

with 6-MP, 6-T-GTP or ITX-3 and subsequently activated or not 24h with TNFα. Cell lysates 

were prepared and the assay performed following the protocols provided by the G-LISA kit 

manufacturer. Optical density (OD;490 nm) was measured with an EL808 Ultra Microplate 

Reader (Bio-Tek Instruments Inc.). Absorbance units in each sample were expressed after 

subtraction of the background units measured in protein-free lysis buffer. 

 

Constitutively active Rac1Q61L mutant overexpression in HUVECs 

HUVEC cells were grown in M199 medium (Gibco) supplemented with 20% FCS and P/S. 

Cells (8x105) were infected with the Adenovirus containing the constitutively active mutant 

Rac1Q61L construct or empty (mock) construct. This Rac1 mutant has a glutamine to 

leucine substitution at residue 61 (Rac1Q61L), stabilizing the protein in the active state 

independent of GTP. Multiplicity of infection (MOI) of 100 was used. Empty adenovirus 

carrying GFP was used as internal control for estimation of the success rate of the infection. 
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Medium was changed 24h after infection and the estimated infection rate was approximately 

80-90%. After 6h, the compounds 6-MP, 6-T-GTP or ITX-3 was added to the cells. After 24h 

of TNFα stimulation, cells were lysed and Rac1 activity was measured.  

 

Constitutively active Rac-1Q61L mutant overexpression in HEK293 cells 

HEK-293 were grown in Dulbecco's Modified Eagle Medium (DMEM; Gibco) supplemented 

with 10% FCS and P/S. Cells were transfected with the mutant Rac1Q61L construct 

according to the manufacturer's protocol with Fugene HD® reagent (Promega). Two days 

later, both transfected and non-transfected cells were treated either with 6-MP or 6-T-GTP or 

Rac-1 inhibitor, left overnight and subsequently treated or not with TNFα for the next 24h. 

Thereafter, cells were lysed and Rac-1 activity measurement was performed using G-LISA 

Rac-1 activation kit according to manufacturer’s instructions.   

  

Electric cell-substrate impedance sensing (ECIS)  

Permeability of endothelial monolayer was determined by measuring the electrical resistance 

using ECIS. Electrode arrays (8W10E; Applied BioPhysics) were pretreated with 10mM L-

cysteine (Sigma-Aldrich) for 15 min at 37°C after which they were washed with 0.9% NaCl 

and coated with fibronectin (Sigma-Aldrich) for 1h at 37°C. Cells were seeded at 100.000 

cells per well and grown to confluency. Electrical resistance was continuously measured at 

37°C with ECIS Model 9600 Controller (Applied BioPhysics). Increase or decrease of the 

resistance is measured to monitor when the cells have a resistance above 1000 ohm, 

indicating that the cells have formed a confluent monolayer. At this point 6-MP, 6-T-GTP or 

ITX-3 are added for overnight incubation. The next day, resistance measurements were 

started in real time and after 4h, TNFα was added. 

 

Transcription factor activity assays 

Transcriptional activity of c-Jun, ATF-2 and NFB was measured using the TransAM™ 

Transcription Factor Assay Kits (Active Motif). Nuclear extracts were prepared according to 

manufacturers’ instructions. DNA binding activity of the transcription factors was measured in 

an ELISA setup. Optical density was measured at 450nm. 

 

Gene expression  

RNA was isolated from cultured cells using the AurumTM Total RNA Mini Kit (BioRad) and 

cDNA was generated by reverse transcription of 200ng RNA with the iScript cDNA synthesis 

kit (BioRad). Real-time PCR was performed on cDNA samples using SYBR Green Supermix 

(BioRad) and specific forward and reverse primers, in an iCycler thermal cycler system 

(BioRad). The primer sequences are as listed in Table I. After amplification, mRNA levels 

were normalized for the average value of two housekeeping genes; namely large ribosomal 

phosphoprotein P0 and hypoxanthine-guanine phosphoribosyltransferase. 
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Table I- List of primers 
 
                                  Forward primer sequence                          Reverse primer sequence 

CD11b 
Homo Sapiens 

5’-CAGCACACGCAGACAGACACAG-3’ 
 

5’-GAGGTTCCCGAAAGCAGACAATGG-3’ 

 
IL-1  
Homo Sapiens 

5’-TGGCAGAAAGGGAACAGAAAGG-3’ 
 

5’-GTGAGTAGGAGAGGTGAGAGAGG-3’ 
 

IL-6 
Homo sapiens 

5’-CGCCTTCGGTCCAGTTG-3’ 
 

5’-TCGTTCTGAAGAGGTGAGTG-3’ 
 

IL-8 
Homo sapiens 

5’-TGTTCCACTGTGCCTTGGTTTCTCC-3’ 
 

5’-TGCTTCCACATGTCCTCACAACATCAC-3’ 
 

IP-10 
Homo Sapiens 

5’-AGCAGAGGAACCTCCAGTCT-3’ 
 

5’-ATGCAGGTACAGCGTACAGT-3’ 
 

HPRT 
Homo Sapiens 

5’-TGACACTGGCAAAACAATGCA-3’ 
 

5’-GGTCCTTTTCAGCAGCAAGCA-3’ 
 

P0 
Homo Sapiens 

5’-TCGACAATGGCAGCATCTAC-3’ 
 

5’-ATCCGTCTCCACAGACAAGG-3’ 
 

 

 

Western blot analysis 

HUVECs were pretreated with 6-MP, 6-T-GTP or ITX-3. The next day the HUVECs were 

activated for 15min (for p-JNK/JNK) or 24h (for VCAM-1/ICAM-1) with TNFα. The cells were 

washed using ice-cold PBS and lysed in NP-40 lysis buffer containing Complete Protease 

Inhibitor Mix (EDTA-free; Roche). Lysates were made by 20 min incubation at 4 °C, after 

which insoluble material was removed by centrifugation. The resulting supernatant was used 

for SDS-PAGE. Between 40 and 60μg of total protein was loaded on gel and blotted to an 

Immobilon-FL Transfer Membrane (Millipore) by a TransBlot Turbo™ transfer system 

(BioRad). Membranes were stained overnight using antibodies specific for phosphorylated 

JNK (p-SAPK/JNK Rabbit mAb; Cell Signaling), JNK (JNK1 2C6 Mouse mAb; Cell 

Signaling), VCAM-1 (C-19, Santa Cruz), ICAM-1 (Rabbit polyclonal, Santa Cruz) and beta 

actin (Rabbit polyclonal, Cell Signaling). For detection, IRDye-tagged secondary antibodies 

(LI-COR Biotechnology) were used. Analysis and quantification was performed on an 

Odyssey Infrared Imaging system (LI-COR). Values were corrected for beta-actin. 

 

Antibody-coated beads 

Polystyrene beads (3μm; Polysciences) were pretreated with 8% glutaraldehyde overnight, 

washed with PBS, and incubated with 300μg/ml ICAM1 monoclonal antibody (R&D systems) 

to create ICAM-1-antibody coated beads to induce docking structure formation on endothelial 

cells17. 

 

ICAM-1 crosslinking-dependent Rac1 activation  

To analyze whether cross-linking of ICAM-1 can induce Rac1 activation and whether that 

activation can be dampened by 6-MP we cultured a confluent monolayer of HUVECs, 

pretreated with/without 6-MP overnight and activated the cells by TNFα for 4h. Thereafter, 

we added anti-ICAM-1 Ab coated beads (1:60 dilution). The beads were incubated for 

30min, after which the medium with unattached beads was removed, cell were washed 

twice with ice-cold PBS and lysed to measure Rac1 activity as described above.  
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Apical docking structure quantification 

Using confocal laser-scanning microscopy, Z-stacks were taken to reveal the formation of 

docking structures around beads. HUVECs were stained for F-actin with phalloidin 

(Invitrogen) and Vascular Endothelial (VE)-cadherin (BD Bioscience). The endothelial cell 

protrusions can reach 6μm above of the HUVEC apical surface. To quantify the protrusions, 

images were taken 2μm above the apical plane. When protrusions appeared as F-actin-

positive rings, they were scored as docking structures. Differential interference contrast 

microscopy (DIC) was included to visualize the beads. 

 

Scanning Electron Microscopy 

HUVECs were grown on glass coverslips coated with fibronectin and treated with the 

experimental conditions. Fixation was performed in 2.5% glutaraldehyde/PBS for 20 min, and 

the cells were dehydrated in a graded ethanol series and hexamethyldisilazane. Samples 

were mounted on aluminium SEM specimen mount stubs, and sputter-coated with gold, 

using Balzers Union SCD040. Cells were examined in a scanning electron microscope 

(Phillips 525, Orion Frame Grabber), operated at 15kV with a spot size of 30nm. Scanning 

electron microscopy images were used to assess the maturation of the docking structures. A 

scoring system was acquired to quantify ICAM-1-mediated docking structures maturation, 

starting with: 0 = no visible interaction between the endothelial cell and the bead; 1= 

attachment of bead by endothelial cell “fingers”; 2= bottom of bead is covered by endothelial 

membrane; 3= up to 50% bead coverage by cell membrane; 4= >50% coverage of the bead 

(mature cup).    

 

Neutrophil transendothelial migration across Transwell  

A cell migration assay was performed using Transwell plates (Falcon, HTS Fluoroblock™ 

Insret) of 6.5mm diameter with 3µm pore-filters. HUVECs were seeded on fibronectin- coated 

Transwell filters (black) and cultured for two days, after which medium was changed to M199 

without purine based compounds. The following day cells were treated or not with 6-MP, 6-T-

GTP or ITX-3, and after 3h followed by activation with TNFα overnight. Neutrophils were 

freshly isolated from healthy volunteers using density gradient cell separation with 

Lymphoprep. Cells were labeled by green fluorescent Cell Trace™. Neutrophils 

(2x105cells/well) were added to the upper compartment and were allowed to migrate to 

100nM Formyl-Methionyl-Leucyl-Phenylalanine (fMLP, Sigma-Aldrich) placed in the lower 

chamber to create a chemotactic gradient. Immediately after neutrophil addition, the plate 

was placed in a pre-warmed NovaStar system and green fluorescent signal was measured in 

time in the lower compartment up to 45 min. 

 

Neutrophil transendothelial migration under physiological flow conditions 

HUVECS were cultured in a fibronectin-coated Ibidi μ-slide VI0.4 (Ibidi, München, Germany) 

for two days until confluency and subsequently changed to experimental medium, as 

described above. One day prior to the experiment the compounds 6-MP and 6-T-GTP (each 

10M) were added to the cells and the next day, cells were stimulated with TNFα (10 ng/ml) 

for 4h. Freshly isolated neutrophils were resuspended at 0.4 x106 cells/ml in HEPES medium 

and were incubated for 20 minutes at 37 °C. Neutrophils were perfused over the HUVEC 

monolayers at 0.5 ml/min (correlates to shear stress of 0.9 dyn/cm2). Subsequently, HEPES 

medium was perfused for a minimum of 20 minutes. During this time, leukocyte-endothelial 

interactions were recorded in three random fields with a Zeiss Axiovert 200 microscope (10x 
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objective) equipped with a motorized stage. Images were recorded with Zeiss Zen 2012 

software. Live imaging was performed at 37 °C and 5% CO2. Upon flow, adhesion is 

measured 2 min after a single bolus injection of cells. Thereafter buffer was introduced and 

the number of transmigrated leukocytes is quantified after 15 min and calculated as 

percentage of adherent cells. 

 

Statistics 

For all experiments a Students t-test was performed. P-values ≤0.05 are considered 

significant. Data are represented as mean value ± SEM. 
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RESULTS 

 

Inhibition of monocyte adhesion and Rac1 activation 

Leukocyte recruitment and transmigration through the endothelial cell layer into the subjacent 

tissues is a crucial event in inflammatory diseases. We show that TNFα-treated endothelial 

cells, that were pre-incubated with 6-MP, bare reduced adhesion capacity of monocytes 

(Figure 1A,B). Azathioprine, 6-MP and the downstream metabolite 6-T-GTP have been 

shown to decrease Rac1 activation in T-cells11, which could be the underlying mechanism in 

endothelial cells as well. Indeed, we recently revealed that TNFα-induced Rac1 activation is 

impaired when endothelial cells are pretreated with 6-MP, by pulldown of active Rac119. Here 

we show that pretreatment of the endothelial cells with 6-T-GTP also blocked TNFα-induced 

Rac1 activation to a similar extent as 6-MP and Rac1 inhibitor ITX-3, in an ELISA-like setup 

(Figure 1C). This Rac1 inhibitor is specific for guanine-nucleotide exchange factor (GEF) 

Trio, the most relevant Rac1 targeting GEF in endothelial cells20.  

Clearly, Rac1 inhibition by 6-MP and 6-T-GTP is not reserved for T-cells only, and 6-T-GTP 

is presumably a Rac1-binding metabolite of azathioprine and 6-MP. Interestingly, 

pretreatment of endothelial cells with 6-MP and 6-T-GTP was not able to dampen the TNFα-

induced activity of another small GTPase, namely RhoA (Figure 1C), pointing out specificity 

of these compounds for Rac1. We now further investigate the consequence of Rac1 

inhibition in endothelial cells by 6-MP and 6-T-GTP. 

 

GTP-dependent inhibition of Rac1 by 6-MP/6-T-GTP 

To show that 6-MP and 6-T-GTP affect Rac1 via a GTP-dependent mechanism, adenoviral 

overexpression experiments were performed in endothelial cells with a Rac1-Q61L mutant 

construct. This mutant Rac1 is constituently active and thus lacks the GTP-dependency, 

which is key to activate endogenous Rac1. In mock-infected endothelial cells, endogenous 

Rac1 can be induced by TNFα and inhibited again by 6-MP, 6-T-GTP and the Rac1 inhibitor 

(Figure 1D). Overexpression of constitutive active Rac1 in endothelial cells already shows 

high Rac1 activity without TNFα stimulation. Yet, Rac1 activity was equal in all conditions, 

indicating that 6-MP, 6-T-GTP and the Rac1 inhibitor were unable to block Rac1-Q61L 

activity (Figure1D). A similar experiment in HEK293 cells, transfected with the Rac1-Q61L 

mutant construct, gave equal results, showing that the Rac1 inhibitory function of 6-MP and 

6-T-GTP are not unique to endothelial cells (Supplemental Figure I). The lack of Rac1-Q61L 

inhibition by the compounds demonstrates that 6-MP and 6-T-GTP inhibit endogenous Rac-1 

via a GTP-dependent mechanism, which is absent in Rac1-Q61L protein.  
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Figure 1. 6-MP inhibits monocyte adhesion to activated endothelium and reduces Rac-1 activity.  

(A) Fluorescently labeled THP1 monocytes show increased adherence to TNFα-activated HUVEC monolayers. 

Pre-incubation of HUVECs with 6-MP reduced the number of adherent THP1 cells (*P<0.0002). (B) 6-MP also 

reduces monocyte adhesion as determined by levels of mRNA for monocyte marker CD11b (*P<0.005). (C) 6-MP 

as well as its metabolite 6-T-GTP reduce Rac-1 activity in TNFα-activated HUVECs to a similar extent as Rac1 

inhibitor ITX-3, but there is no effect on the activity of GTPase RhoA. (D) Upper panel; In HUVEC cells 

endogenous Rac-1 activity was increased after TNFα stimulation and markedly reduced by 6-MP, 6-T-GTP and 

Rac1-inhibitor (*P<0.03). Lower panel; Upon overexpression of constitutively active Rac-1 mutant (Q61L) in 

HUVECs, overall Rac1 activity was increased and could not be inhibited by the compounds.   
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The effect of 6-MP and 6-T-GTP on endothelial barrier function 

Rac1 is known to influence endothelial barrier function and therefore we determined the 

effect of 6-MP and 6-T-GTP on endothelial cell monolayer integrity, using electric cell-

substrate impedance sensing (ECIS).  The electrical resistance of the endothelial monolayer 

is monitored in real time in the absence or presence of TNFα. The experiment started when 

the endothelial cells had formed a confluent monolayer, which is marked by a resistance 

above 1000. The resistance was continuously increasing, even in the presence of the 

compounds (Supplemental Figure II).  TNFα  gave a rapid, but transient increase in 

resistance in all conditions. Where 6-T-GTP slightly decreased the resistance compared to 

control and 6-MP treated cells, they were all significantly higher than the Rac1 inhibitor-

treated cells. Thus, 6-MP and 6-T-GTP behave differently than the Rac1 inhibitor, suggesting 

that these compounds also have other functions beyond Rac1 inhibition. Interestingly, all 

conditions remained above 1000, suggesting that the reduction of Rac1 activity did not 

harm the endothelial monolayer integrity. Apparently, the concentrations that we use are not 

strong enough to induce a detrimental effect on endothelial cell barrier function.  

 

Inhibition of signaling cascades by 6-MP/6-T-GTP 

TNFα-induced Rac1 activation initiates downstream signaling, leading to phosphorylation of 

specific transcription factors, resulting in altered gene expression. Rac1 is best known for its 

involvement in the c-Jun N-terminal kinase (JNK)-mediated pathway21,22 (via activation of 

mitogen-activated protein kinase kinase 4/7 (MEKK 4/7)22,23. Here, we study if suppression of 

Rac1 activity by 6-MP or 6-T-GTP will influence TNFα-induced downstream signaling. Both, 

6-MP and 6-T-GTP efficiently perturb TNFα-induced JNK phosphorylation (p-JNK), like the 

Rac1 inhibitor (Figure 2A).  

Downstream of activated JNK are the transcription factors c-Jun24-27 and activating 

transcription factor 2 (ATF2; also known as cAMP-dependent transcription factor)24,27,28.  

c-Jun usually forms heterodimers with transcription factor c-Fos and as such is a constituent 

of early response transcription factor complex AP-129,30. In addition, c-Jun forms 

heterodimers with ATF2 and then binds to the cAMP-response-element binding (CREB) site 

(CRE). Both 6-MP and 6-T-GTP reduce TNFα-induced transcriptional activation of c-Jun and 

ATF2, similar as the Rac1 inhibitor (Figure 2B,C).  

Yet, another pro-inflammatory transcription factor that can be activated by TNFα, and 

regulated by Rac1 activation, is NFB31. In addition to c-Jun and ATF2, TNFα-induced NF-B 

activation is also significantly reduced by 6-MP, 6-T-GTP or the Rac1 inhibitor (Figure 2D). 

Interestingly, under baseline culture conditions (without TNFα) , c-Jun and ATF2 are 

somewhat active, whereas NFB is not. 6-MP can down-regulate c-Jun and ATF2 activity 

below the activity in baseline conditions (P<0.03 and P<0.0009, respectively).  Together, 

these data indicate that both 6-MP and 6-T-GTP effectively suppress TNFα-induced gene 

transcription. We explore this further by measuring expression of hallmark pro-inflammatory 

endothelial cell genes. 
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Figure 2. 6-MP reduces activation of signaling pathways downstream of Rac-1. 

(A) In HUVECS, increased (active) phosphorylated (p)-JNK is observed in response to TNFα stimulation, which is 

lowered upon 6-MP, 6-T-GTP and Rac-1 inhibitor pre-treatment. Quantification of p-JNK is shown in the right 

panel (n=3;*P<0.05). (B-D) The activity of the transcription factors was significantly reduced by 6-MP, 6-T-GTP 

and Rac1-inhibitor in TNFα treated HUVECs; c-Jun (*P<0.008), ATF-2 (*P<0.002) and NFB (*P<0.05).    

 

 

A suppressed pro-inflammatory gene expression profile by 6-MP 

Knowing that 6-MP inhibits TNFα-induced activation of the transcription factors c-Jun, ATF2 

and NFB, we analyzed gene expression of a subset of inflammatory markers to determine 

the effect of 6-MP on their expression profile. Previously, we have shown that 6-MP can 

potently reduce the mRNA expression level of pro-inflammatory cytokine interleukin (IL)-12 

and chemokines C-C motif ligand (CCL)-2 and CCL5, also known as monocyte 

chemoattractant protein-1 (MCP1) and Rantes, respectively19. Here, more cytokines and 

chemokines are studied, namely IL-1β, IL-6, IL-8, as well as C-X-C motif chemokine 10 

(CXCL10) also known as interferon gamma-induced protein 10 (IP-10). In TNFα-stimulated 

endothelial cells that were pre-treated with 6-MP, IL-6, IL-8 and IP-10 are significantly down-

regulated (Figure 3) in addition to IL12, CCL2 and CCL5 that we reported earlier19. The fact 

that IL-1β mRNA expression is not suppressed, shows that 6-MP inhibits specific pro-
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inflammatory pathways. In conclusion, a decreased inflammatory gene expression profile is 

observed upon 6-MP treatment, probably as a result of 6-MP-mediated transcriptional 

inactivation of c-Jun, ATF2 and NF-ĸB. 

 

 

 

  

Figure 3. 6-MP decreases pro-inflammatory gene expression response.  

6-MP modulates the pro-inflammatory gene expression response of HUVECs by suppressing mRNA production 

of cytokines IL-6, and chemokines IL-8 and IP-10 (*P<0.04). Expression of IL-1 is not affected. 

 

 

Reduced VCAM-1 protein by 6-MP/6-T-GTP 

After activation and attraction of leukocytes by cytokines and chemokines, these immune 

cells need to adhere to the endothelium to transmigrate into the injured tissue. To accomplish 

leukocyte adhesion, cell surface adhesion molecules are essential. Previously, we have 

demonstrated in TNFα-stimulated endothelial cells that 6-MP reduces the mRNA expression 

level of VCAM-1, but not of ICAM-119. Here, we show that 6-MP also suppresses VCAM-1 

protein expression. Not only 6-MP, but also 6-T-GTP and the Rac1 inhibitor effectively 

prevent VCAM-1 protein upregulation by TNFα (Figure 4A), suggesting that 6-T-GTP is a 

potent purine analogue that is responsible for Rac1 blockade. Interestingly, while VCAM-1 

protein levels are markedly abrogated, ICAM-1 protein levels are unaffected by 6-MP, 6-T-

GTP or the Rac1 inhibitor (Figure 4B), again showing that 6-MP and 6-T-GTP inhibit specific 

inflammatory processes.  
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Figure 4. 6-MP/6-T-GTP decreases VCAM-1 protein.  

(A) An increase in the amount of VCAM-1 protein in response to TNFα stimulation is observed, which is 

significantly reduced upon 6-MP, 6-T-GTP and Rac1-inhibitor pretreatment (*P<0.04). (B) ICAM-1 levels are 

significantly increased in the presence of TNFα, but are not changed in response to pretreatment with 6-MP, 6-T-

GTP or Rac1-inhibitor. 

 

 

6-MP/6-T-GTP inhibit ICAM-1 mediated docking structure formation 

It has been established that cross linking of ICAM-1 or VCAM-1 results in activation of 

Rac117,32. Moreover, ICAM-1 or VCAM-1 clustering is essential in the formation of docking 

structures, required for proper leukocyte transendothelial migration, for which Rac1 is the 

molecular engine14,16. Since 6-MP does not affect ICAM-1 protein levels, this allows us to 

study the effect of 6-MP on ICAM-1-mediated docking structure formation, also known as 

transmigratory cup formation.  ICAM-1-induced docking structure formation was achieved 

with beads that were coated with anti-ICAM-1 antibodies, mimicking leukocytes. Endothelial 

cells were incubated with these beads to provoke Rac1 activation. F-actin and VE-cadherin 

staining visualizes the actin cytoskeleton and cell membrane, respectively. Using confocal 

laser-scanning microscopy, Z-stacks were taken to reveal the docking structures around the 

beads. Differential interference contrast microscopy (DIC) is included to visualize the beads. 

The endothelial cell protrusions around the beads reach approximately 6μm above the 

endothelial cell apical surface (Supplemental Figure III). To quantify these protrusions, 

images were taken at 2μm above the apical plane, where protrusions appear as F-actin-

positive rings around a bead and were scored as docking structures (Supplemental Figure 

III). The number of attached beads, after washing, reveal that 6-MP significantly reduces 

adhesion of beads to the endothelial cells (Figure 5A,B).  

This is in line with our observations that 6-MP reduces the binding of THP-1 monocytes to 

endothelial cells (Figure 1). In addition, our results show that 6-MP significantly prevents the 
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formation of ICAM-1-induced docking structures because a reduced number of captured 

beads (beads surrounded by an F-actin ring) is observed (Figure 5A,C). 

In conclusion, even though 6-MP does not affect TNFα-induced ICAM-1 expression, ICAM-1 

function is strongly inhibited by 6-MP, most likely through Rac1 inhibition resulting in 

decreased formation of docking structures that can capture anti-ICAM-1 antibody-coated 

beads.  

 

ICAM-1-clustering mediated activation of Rac1 

As it was previously reported that clustering of ICAM-1 results in Rac1 activation17,32, and 

based on our findings that 6-MP impairs docking structure formation, it is important to verify 

whether 6-MP can actually reduce Rac1 activity induced by cross-linking of ICAM-1. In the 

absence of TNFα, addition of anti-ICAM-1 antibody-coated beads does not induce Rac1 

activity (Supplemental Figure IV A). On the other hand, in the presence of TNFα, when also 

ICAM-1 protein production is induced (Figure 4B), there is induced Rac1 activation, which is 

significantly further increased by the anti-ICAM-1 antibody-coated beads (Supplemental 

Figure IV A). Activation of Rac1, could again be inhibited by 6-MP. From these data, it can be 

concluded that the reduction in docking structure formation surrounding the beads is the 

direct consequence of reduced Rac1 activity by 6-MP. 
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Figure 5. 6-MP inhibits ICAM-1 mediated docking structure formation.  

(A) Anti-ICAM-1 antibody-coated beads were incubated with TNFα-activated HUVECs. F-actin and VE-cadherin 

staining was performed and confocal microscopy was performed at the basolateral (0μm) and apical (2μm) plane. 

Cell membranes at the basolateral plane are detected with VE-cadherin. Membrane protrusions that form the 

docking structures are visible as F-actin rings surrounding anti-ICAM-1-antibody-coated beads in the apical plane 

(see Supplemental Figure III for detailed scheme). To assess bead localization on the membrane surface 

Differential Interference Contrast (DIC) microscopy was performed. (B) Treatment of HUVECs with 6-MP prior to 

TNFα activation leads to a reduction in overall number of adherent beads (*P<0.02). (C) 6-MP treatment results 

also in a decrease in beads captured by a mature docking structure (*P<0.0001).  
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6-MP/6-T-GTP reduces docking structure maturation and neutrophil migration 

In the experiments with anti-ICAM-1 antibody-coated beads mainly mature F-actin-rich 

docking structures can be detected. To visualize maturation of these transmigratory cups we 

performed scanning electron microscopy. Furthermore, we included 6-T-GTP and the Rac1 

inhibitor in these experiments to confirm that the observed docking structure formation is 

Rac1-dependent.  We introduce a scoring system to quantify docking structure maturation 

(induced by anti-ICAM-1 antibody-coated beads) by determining the amount of bead 

coverage by the endothelial cell membrane protrusions (Figure 6A). Similarly as observed for 

adhesion of beads to 6-MP-treated endothelium, the application of either 6-T-GTP or Rac1 

inhibitor leads to a significant reduction in docking structure maturation (Figure 6B). Thus, 6-

MP and 6-T-GTP prevent maturation of ICAM-1-induced transmigratory cups.  

Transendothelial migration of monocytes is mediated through both VCAM-1 and ICAM-1, 

whereas neutrophils show exclusive ICAM-1 dependent transmigration across endothelial 

cells. Therefore, we examined whether reduced docking structure maturation by 6-MP or 6-

T-GTP has functional implications on neutrophil adhesion and transmigration. Transwell 

migration assays were performed in which endothelial cells were pretreated with the 6-MP, 6-

T-GTP or Rac1 inhibitor, and activated with TNFα as a pro-inflammatory stimulus to induce 

ICAM-1 expression. Analogous to the reduction in numbers of captured anti-ICAM-1 antibody 

coated beads, application of either 6-MP or 6-T-GTP or Rac1 inhibitor leads to a reduction in 

neutrophil migration through the confluent endothelial cell monolayer, confirming that indeed 

ICAM-1 mediated adhesion and transmigration is functionally diminished by inhibition of 

Rac1 (Supplemental Figure IV B). Still, it could be argued that due to decreased adhesion, 

there is decreased transmigration. In an attempt to discriminate between these two 

processes, we performed neutrophil transendothelial cell migration studies under flow 

conditions using in vitro imaging (Figure 6C). In this perfusion-based flow model, we 

quantified neutrophil adhesion and transmigration under physiological flow conditions. We 

previously described that Rac1 inhibition by blocking GEF Trio in endothelial cells decreased 

both adhesion and transmigration in this setup18. When using 6-MP or 6-T-GTP, we again 

observed a large reduction in neutrophil adhesion to endothelial cells, under flow. In addition, 

when studying the attached cells only, and then calculate the percentage of cells that actually 

transmigrate through the endothelial layer, the compounds also reduce the diapedesis 

capacity of the neutrophils. Thus both adhesion and transmigration is inhibited by 6-MP and 

6-T-GTP. 

Taken together, these results show that 6-MP disables Rac1-mediated signaling downstream 

from TNFα via 6-T-GTP, resulting in an impaired transcriptional inflammatory response and 

impaired cytoskeletal rearrangement in endothelial cells affecting leukocyte adhesion and 

transmigration (Fig 6D). 
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Figure 6. 6-MP/6-T-GTP inhibit transmigratory cup maturation and neutrophil transmigration.  

(A) Scanning electron microscopy images illustrate the scoring system (explained in Methods section) used to 

determine the extent of transmigratory cup maturation. (B) 6-MP and 6-T-GTP reduce transmigratory cup 

maturation back to the baseline level of unstimulated endothelial cells, similar as the Rac1 inhibitor (*P<0.04). (C) 

6-MP and 6-T-GTP functionally disable ICAM-1-dependent transmigration of neutrophils in a flow chamber; Upper 

panel: Number of adherent neutrophils per mm
2
 after 2 min of flow (*P<0.05), Lower panel: The percentage of 

transmigrated neutrophils per mm
2
 after 15 min of flow (*P<0.03). (D) A schematic overview of the mechanism by 

which azathioprine (Aza) and its metabolites inhibit Rac1 activation and the subsequent consequences are 

shown.  Gene expression is influenced by inhibition of the NFB and JNK signaling cascades.  Decreased 

phosphorylation (P-) of JNK, c-Jun and ATF-2 results in reduced AP-1 and CRE dependent transcription. Rac1 

inhibition also prevents cytoskeletal rearrangement to form transmigratory cups, to capture leukocytes. 
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DISCUSSION 

 

We have recently shown that low dose azathioprine effectively prevents the chronic 

inflammatory aortic disease of abdominal aortic aneurysm formation in mice, by reducing 

endothelial JNK activation and macrophage infiltration of the vessel wall19. To date, there is 

limited information on the exact cellular mechanism underling the immunosuppressive 

properties of azathioprine in T cells10,11 and monocytes/macrophages33. Poppe and 

colleagues demonstrated that azathioprine, and its metabolites 6-MP and 6-T-GTP have the 

ability to potently block the activity of Rac1 and Rac-2 in T cells11. These observations are in 

line with our results, showing that treatment of endothelial cells with 6-MP or 6-T-GTP 

strongly reduces Rac1 activity, comparable with the inhibition by Rac1 inhibitor ITX-3, which 

is an inhibitor of GEF Trio, the most relevant Rac1 targeting GEF in endothelial cells. 

Moreover, Rac1 activity of constitutively active Rac1 mutant Q61L could not be inhibited by 

6-MP, 6-T-GTP or Rac1 inhibitor, revealing that 6-MP and 6-T-GTP inhibit Rac1 in a GTP-

dependent fashion. 

In the present study, we demonstrate in depth that azathioprine-derived metabolites 6-MP 

and 6-T-GTP have the ability to diminish monocyte and neutrophil adhesion and 

transmigration, by inhibiting TNFα-induced Rac1-dependent pro-inflammatory signaling 

pathways, as well as ICAM-1-induced Rac1-mediated transmigratory cup formation. 

Both activation pathways, i.e. TNFα- and ICAM-1-mediated Rac1 activation, are believed to 

occur in parallel but with distinct kinetics during inflammation. ICAM-1-induced Rac1 

activation occurs when leukocytes adhere to the endothelium and engage ICAM-1 through 

integrin-binding. This process also involves recruitment of actin-adapter proteins such as 

filamin20. Actin remodeling, resulting in docking structure formation, is a prominent 

downstream effect from ICAM-1-induced Rac1 activation. We show here that 6-MP as well 

as its metabolite 6-T-GTP blocks the maturation of ICAM-1-induced docking structures, 

which are necessary to capture leukocytes.  

In the TNFα signaling pathway, filamin is not involved although actin remodeling takes 

place20,34. Rather, TNFα induces stress fiber formation and upregulation of essential 

adhesion molecules like ICAM-1 and VCAM-1.  Clustering of these molecules has been 

shown to induce phosphorylation of VE-cadherin35 and as a consequence loss of VE-

cadherin-mediated cell-cell contact. This in turn facilitates leukocyte migration35,36. Pro-

inflammatory stimuli, such as TNFα, lead to strong activation of Rac137,38  which in turn is a 

potent activator of the JNK signaling cascade21,22. The Rac1-dependency of JNK activation 

was demonstrated by downregulation of Rac1 expression by an siRNA approach that led to 

decreased phosphorylation (activation) of JNK39, which we also observe when using 6-MP or 

6-T-GTP. A less well described Rac1-mediated signaling pathway is inducing NFB 

activation, and the Rac1-dependency is demonstrated in different cell types40-42. We observe 

that 6-MP and 6-T-GTP effectively reduce transcriptional activation of JNK-dependent 

transcription factors c-Jun /ATF2,  and of (JNK-independent) NFB and their downstream 

inflammatory gene expression profiles. It should however be noted that some of the 6-MP 

effects may also be caused by “off target” effects on other GMP/GDP/GTP- or 

AMP/ADP/ATP-dependent pathways, whereas 6-T-GTP may influence alternative GTPases 

or GTP-dependent processes, which deserves more extensive investigation. 

Previous studies have shown that azathioprine treatment of T cells leads to downregulation 

of inflammatory gene expression11,43. We show a similar effect in endothelial cells, 

previously19 and here, where application of 6-MP reduces the expression level of most 

cytokines, chemokines and specifically VCAM-1 upon TNFα stimulation, which may be 
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attributed to reduced activity of the above mentioned transcription factors. Interestingly, 

although TNFα-induced VCAM-1 expression was effectively inhibited by 6-MP, ICAM-1 

expression was not changed neither at mRNA19 nor at protein level. Since both adhesion 

molecules have NFB and AP-1 sites in their promoter44-46, there must be additional 

transcription factors involved that determine ICAM-1 transcription, since the 6-MP- and 6-T-

GTP-mediated decrease in NFB and AP-1 does not reduce ICAM-1, but is sufficient to 

reduce VCAM-1.  Indeed, in TNFα-induced activation of the ICAM-1 promoter the AP-1 sites 

are not essential46. 

The increase in expression of ICAM-1 in response to TNFα is stable in the presence of 6-MP 

or 6-T-GTP, and thus provided the opportunity to study ICAM-1 functionality on the cell 

membrane. ICAM-1 ligation, induced by anti-ICAM-1 antibody-coated beads, resulted in 

Rac1-dependent transmigratory cup formation, which was inhibited by 6-MP and 6-T-GTP.  

Since neutrophils are solely dependent on ICAM-1 for transmigration, we assessed the 

biological relevance of diminished ICAM-1 functionality, by showing that neutrophils 

transmigrate less over an endothelial cell monolayer in the presence of 6-MP or 6-T-GTP.  

Taken together, our data suggest that azathioprine inhibits adhesion and transmigration of 

leukocytes through the endothelial barrier in three ways. First, endothelial cells are less 

activated and therefore do not contribute to leukocyte attraction and activation. Second, 

VCAM-1 mRNA and protein expression is inhibited, leading to reduced VCAM-1-mediated 

adhesion of predominantly monocytes, which are more dependent on VCAM-1. Third, ICAM-

1-mediated adhesion is reduced due to inhibition of docking structure maturation, which 

predominantly affects neutrophil adhesion and migration.  

Our results demonstrate that low dose 6-MP and 6-T-GTP have an intricate mechanism of 

action, which goes beyond its described effect on incorporation of purine antagonists that 

block DNA synthesis as observed in immune cells in response to high dose azathioprine or 

6-MP. Part of the anti-inflammatory effect of azathioprine can now be attributed to inhibition 

of endothelial cell Rac1 activity. In conclusion, this implicates that Rac1 inhibition has 

potential to block excessive leukocyte invasion in inflammatory diseases. Interestingly, one of 

the pleiotropic anti-inflammatory effects of statins to protect against cardiovascular disease is 

also via inhibition of endothelial cell Rac1 activity47. Since the effect of 6-MP and 6-T-GTP is 

presumably not limited to T cells, monocytes/macrophages and endothelial cells, the Rac1 

pathways in other cell types are probably also affected and in part responsible for reduced 

tissue inflammation when azathioprine is used in a clinical setting. This study provides insight 

into the crucial role of Rac1 in inflammatory responses of endothelial cells, revealing this 

signaling molecule as a valid target for future pharmaceutical approaches to treat tissue 

inflammation. 
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ABSTRACT 

 

Background: Inflammatory bowel disease is characterized by chronic intestinal inflammation. 

Azathioprine and its metabolite 6-mercaptopurine (6-MP) are effective immunosuppressive 

drugs that are widely used in patients with inflammatory bowel disease. However, established 

understanding of their immunosuppressive mechanism is limited. Azathioprine and 6-MP 

have been shown to affect small GTPase Rac1 in T cells and endothelial cells, whereas the 

effect on macrophages and gut epithelial cells is unknown. 

Methods: Macrophages (RAW cells) and gut epithelial cells (Caco-2 cells) were activated by 

cytokines and the effect on Rac1 signaling was assessed in the presence or absence of 6-

MP. 

Results: Rac1 is activated in macrophages and epithelial cells, and treatment with 6-MP 

resulted in Rac1 inhibition. In macrophages, interferon-g induced downstream signaling 

through c-Jun-N-terminal Kinase (JNK) resulting in inducible nitric oxide synthase (iNOS) 

expression. iNOS expression was reduced by 6-MP in a Rac1-dependent manner. In 

epithelial cells, 6-MP efficiently inhibited tumor necrosis factor-a–induced expression of the 

chemokines CCL2 and interleukin-8, although only interleukin-8 expression was inhibited in a 

Rac1-dependent manner. In addition, activation of the transcription factor STAT3 was 

suppressed in a Rac1-dependent fashion by 6-MP, resulting in reduced proliferation of the 

epithelial cells due to diminished cyclin D1 expression. 

Conclusions: These data demonstrate that 6-MP affects macrophages and gut epithelial cells 

beneficially, in addition to T cells and endothelial cells. Furthermore, mechanistic insight is 

provided to support development of Rac1-specific inhibitors for clinical use in inflammatory 

bowel disease. 
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INTRODUCTION 

 

Crohn’s disease (CD) and ulcerative colitis (UC), the 2 major forms of inflammatory bowel 

disease (IBD), are characterized by chronic relapse of intestinal inflammation. In Europe, 

an estimated 2.5 to 3 million people are affected by IBD.1 Over the years, various 

pharmaceutical approaches were evaluated, but only the thiopurines, consisting of 

azathioprine and its metabolites, have proven effective to suppress IBD relapse.2,3 The 

immunosuppressive drug azathioprine has been used in clinical practice for more than 50 

years.4 Since the CD clinical trial from 1980, reported by Present et al,5 described the 

efficacy of 6-mercaptopurine (6-MP), various randomized trials have reported remission 

rates for 6-MP/azathioprine in adult CD populations of 40% to 80%.6–9 In approximately 

50% of patients with IBD, a low dose of azathioprine or 6-MP is prescribed and well 

tolerated without major complications.10 Patients with IBD (both UC and CD) have an 

increased risk of developing colorectal cancer11,12 through inflammation-induced genetic 

mutations.13,14 6-MP has been shown to prevent advanced colorectal cancer in patients 

with IBD.15 

Azathioprine and 6-MP are inactive prodrugs demanding enzymatic conversion to 

become biologically active as purine analogs. Azathioprine is enzymatically converted to 

6-MP in the intestinal mucosa and liver, which is, in turn, converted to 6-thioinosine 

monophosphate (6-T-IMP) and subsequently to purine analogs 6-thioguanosine-50-

monophosphate (6-T-GMP) or 6-thioadenosine-5’-monophosphate (6-T-AMP).16 

Azathioprine is mostly known for its mechanism of action related to decreased purine 

synthesis and subsequent apoptosis of fast proliferating cells such as CD4+ T cells.17 

This cytotoxic effect was for a long time the only proposed mechanism for Azathioprine-

induced immunosuppression18. Relatively recently, Azathioprine, 6-MP and 6-

thioguanosine-5'-triphosphate (6-T-GTP) have been shown to inhibit specific GTP-

dependent proteins Rac1 and Rac2 in CD4+ T-cells, blocking T-cell activation19.  

Interestingly, 6-T-GTP can also bind other small Rho-GTPases such as Cdc42 and RhoA, 

yet, it can only block the activity of Rac1 and Rac2.20 In addition, we have recently shown 

that 6-MP reduces endothelial cell (non-immune cell) activation in a Rac1-dependent 

manner, thereby decreasing leukocyte attachment and transmigration.21,22 

Rac1 cycles between an active and inactive conformation and the GTPase is activated 

when guanosine-5’-diphosphate (GDP) is exchanged by guanosine-5’-triphosphate 

(GTP). On activation, the GTP-bound form of Rac1 can be hydrolyzed to Rac1-GDP, 

thereby becoming inactive again. 

The potential role of 6-MP in Rac1-mediated signals has not yet been investigated in 

macrophages and gut epithelium, 2 key cell types involved in IBD pathology. The 

intestinal epithelium acts as a protective physical barrier and is actively involved in 

immune cell regulation. These epithelial cells are connected by intercellular junctions, and 

defects in this structure have been reported in patients with IBD to lead to increased 

permeability.23,24 Epithelial cells are also able to take up antigen, deliver it across the cell, 

and efficiently transfer it to antigen presenting cells, such as dendritic cells and macro-

phages.25 In addition, epithelial cells can express a range of inflammatory cytokines and 

chemokines such as tumor necrosis factor-a (TNFα) and interleukin (IL)-8 to regulate a 

proper immune response when necessary.26–28 Key immune cells that maintain intestinal 

immune homeostasis are T cells and macrophages.29–31 Dysregulation of macrophages 

leads to development of IBD in part through activation of specific T-cell populations. 

Thiopurines have been shown recently to cause cytotoxicity of specific subsets of T cells 
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by modulation of a small number of transcription factors.32 The effect of thiopurines on 

macrophages has been relatively unstudied, but we already demonstrated that 6-MP 

enhances macrophage apoptosis and induces an anti-inflammatory macrophage 

phenotype.33 Because Muise et al34 revealed that single-nucleotide polymorphisms-

enhancing Rac1 activity strongly affect IBD onset and progression, we hypothesized that 

azathioprine and its downstream metabolites are effective in treatment of IBD because of 

their Rac1 inhibitory capacity in cells localized in the gut. Here, we demonstrate that 6-MP 

and 6-T-GTP reduce pro-inflammatory signaling pathways in macrophages and have an 

antiproliferative and anti-inflammatory effect on epithelial cells, in part, through inhibition 

of Rac1. 
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MATERIALS AND METHODS 

 

RAW264.7 and CaCo-2 Cell Cultures and Transfection Procedure 

RAW264.7 cells were cultured in RPMI-1640 (GIBCO; Invitrogen; Life Technologies, 

Bleiswijk, The Netherlands) supple-mented with 100 U/mL Penicilline/Streptomycine and 

10% heat-inactivated fetal calf serum ([FCS]; GIBCO; Invitrogen). Caco-2 cells (p41–55) 

were cultured in Dulbecco’s modified eagle’s medium-high glucose (GIBCO; Invitrogen) 

supplemented with 100 U/mL Penicilline/Streptomycine, 20% FCS, and 4 mM L-

glutamine (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands) and were 

passaged when 50% confluent.35 Transfection with empty plasmid or plasmid encoding 

constitutively active Rac1 Q61L was performed using the LTX lipofectamine kit 

(Invitrogen) according to the manufacturer’s instructions for these specific cell lines.  

  

Rac1 and c-Jun Activity Assays 

RAW264.7 and CaCo-2 cells were treated for 16 hours with 10 mM 6-MP, 10 mM 6-T-

GTP, or 100 mM Rac-1 inhibitor (553502; Calbiochem, San Diego, CA) followed by a 24-

hour incubation with either 50 ng/mL interferon-g (IFNγ) for RAW264.7 or 50 ng/mL TNFa 

for Caco-2 cells. Cell lysates were prepared, and levels of active Rac1-GTP were 

measured using a colorimetric Rac1 activation G-LISA assay (BK128; Cytoskeleton Inc., 

Denver, CO) according to the manufacturer’s protocol. Transcriptional activity of c-Jun 

was measured using the TransAM Transcription Factor Assay Kits (Active Motif, La 

Hulpe, Belgium). Nuclear extracts were prepared, and DNA binding activity of the 

transcription factors was measured in an enzyme-linked immunosorbent assay setup, and 

Optical density was determined at 450 nm. 

 

DNA Synthesis Assay 

Caco-2 cells were seeded in 96-well plates at a density of 2 · 103 cells per well and 

incubated overnight in full medium. Cells were made quiescent by incubation in medium 

without FCS for 24 hours. Subsequently, the cells were treated with 10 mM 6-MP, 10 mM 

6-T-GTP, 100 mM Rac-1 inhibitor, or 10 mM STAT3 inhibitor Stattic (Sigma) for 16 hours 

and stimulated with FCS (20% vol/vol) and TNFα (10 ng/mL) for 24 hours. DNA synthesis 

was measured by the bromodeoxyuridine (BrdU) incorporation assay (Roche, Woerden, 

The Netherlands) according to manufacturer’s instructions. 

 

mRNA Isolation and Inflammatory Gene Expression 

Both RAW264.7 and Caco-2 cells were treated for 16 hours with 10 mM 6-MP, 10 mM 6-

T-GTP, or 100 mM Rac-1 inhibitor, additionally, RAW264.7 were treated with 50 mM JNK 

activation inhibitor SP600125 and CaCo-2 cells with 10 mM STAT3 inhibitor Stattic, 

followed by a 24-hour incubation with either 50 ng/mL IFNγ or 50 ng/mL TNFα, 

respectively. Total RNA was extracted using the Aurum Total RNA Mini Kit (Bio-Rad, 

Veenendaal, The Netherlands), and cDNA was synthesized from 200 ng total RNA using 

iScript cDNA Synthesis kit (Bio-Rad). Semiquantitative real-time PCR was performed 

using MyIQ SYBR Green Supermix (Bio-Rad) and was measured with the MyIQ system. 

Specific pri-mers for inducible nitric oxide synthase (iNOS), monocyte chemo-attractant 

protein-1 (MCP-1/CCL2), IL-6, IL-8 (and KC as murine equivalent), and ribosomal protein 

P0 (and 36B4 as murine equivalent, to correct for cDNA content) were designed (Table1). 

Each experiment was performed at least in duplicate. 
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Table I- List of primers 

                                         Forward primer sequence                           Reverse primer sequence 

 
 
 
Immunoblotting 

RAW264.7 and CaCo-2 cells were treated for 16 hours with 10 mM 6-MP, 10 mM 6-T-

GTP, 100 mM Rac-1 inhibitor or in the case of Caco-2 cells, with 10 mM STAT3 inhibitor 

Stattic followed by a 15-minute incubation with either 50 ng/mL IFNγ or 50 ng/mL TNFα, 

respectively, after which the cells were washed twice with phosphate-buffered saline and 

lysed in ice-cold NP-40 lysis buffer (50 nM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM NaF, 1 

mM Na3PO4, 10% glycerol, and 1% Nonidet, supplemented with Sigma protease inhibitor 

cocktail). After 10 minute incubation on ice, the lysates were collected, sonicated for 1 

minute, and boiled in sample buffer containing DTT. Samples were thereafter analyzed by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 12% gels. Proteins were 

transferred to either 0.2 mm nitrocellulose membranes or PVDF (Bio-Rad) using the 

Transblot Turbo transfer system (Bio-Rad). Nitrocellulose membranes were subsequently 

blocked in 5% (wt/vol) nonfat milk in Tris-buffered saline and incubated with specific 

primary antibodies overnight at 48C, followed by horse radish peroxidase-labeled 

secondary antibodies (Bio-Rad) for 1 hour. Proteins were visualized with an enhanced 

chemiluminescence detection system (Thermo Scientific, Leusden, The Netherlands), 

and quantification of signal was performed using intensity measurements in ImageJ 

software (by NIH, Bethesda, MD). PVDF membranes were blocked with Odyssey 

blocking buffer (LI-COR Biosciences, Bad Homburg, Germany)/Tris-buffered saline (1:1) 

and incubated with specific primary antibodies overnight at 48C, followed by IRDye-

labeled secondary antibodies (LI-COR Biosciences) for 1 hour. Proteins were visualized 

with an Odys-sey infrared imaging system (LI-COR Biosciences), and quantification was 

performed using Odyssey software (LI-COR Biosciences). Phosphorylated (p) STAT3 and 

pJNK expression were corrected for total STAT3 and JNK, respectively. The following 

primary antibodies were used: anti-Cyclin D1 (Cell Signaling Technology, Inc., Leiden, 

The Netherlands), anti-STAT3 (Millipore, Amsterdam, The Netherlands), anti-pSTAT3 

(Y705), anti-JNK, anti-pJNK (all 3; Cell Signaling Technology, Inc.), and anti-a-tubulin 

(Cedarlane, Tebu-Bio, Heerhugowaard, The Netherlands). 

IL-6 
Mus Musculus 

5’-GTTCTCTGGGAAATCGTGGA-3’ 5’-GGAAATTGGGGTAGGAAGGA-3’ 

IL-8 
Mus Musculus 

5’-GCTGGGATTCACCTCAAGAA-3’ 5’-AGGTGCCATCAGAGCAGTCT-3’ 

CCL2 
Mus Musculus 

5’-AGCACCAGCCAACTCTCACT-3’ 5’-CGTTAACTGCATCTGGCTGA-3’ 

CCL5 
Mus Musculus 

5’-TCGTGCCCACGTCAAGGAGTATTT-3’ 5’-TCTTCTCTGGGTTGGCACACACTT-
3’ 

iNOS 
Mus Musculus 

5’-CCAAGCCCTCACCTACTTCC-3’ 5’-CTCTGAGGGCTGACACAAGG-3’ 

CCL2 
Homo sapiens 

5’-CCTAGCTTTCCCCAGACACC-3’ 5’-CCCAGGGGTAGAACTGTGG-3’ 

IL-8 
Homo Sapiens 

5’-CTGCGCCCAAACCGAAGT-3’ 5’-TCTTAACTATGGGGGATGCAGGA-
3’ 

P0 
Mus Musculus 

5’-GGACCCGAGAAGACCTCCTT-3’ 5’-GCACATCACTCAGAATTTCAATGG-
3’ 

P0 
Homo Sapiens 

5’-TCGACAATGGCAGCATCTAC-3’ 5’-ATCCGTCTCCACAGACAAGG-3’ 
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IL-8 Determination 

IL-8 protein levels were measured in the supernatants of Caco-2 cells treated for 16 

hours with 10 mM 6-MP, 10 mM 6-T-GTP, and 100 mM Rac1 inhibitor followed by a 24-

hour incubation with 50 ng/ mL TNFα using the Cytometric Bead Array Human 

Inflammation kit (BD Biosciences, San Jose, CA) according to the manufacturer’s 

instructions. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5 software (La Jolla,Ca). Statistical 

significance was calculated using the unpaired Student’s t-test (Welch corrected when 

necessary). Values are represented as mean ± SEM. The significance level was set at 

p<0.05.  
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RESULTS 

 

6-Mercaptopurine Inhibits the Inflammatory Response of Macrophages 

Macrophages play a key role in the altered immune response as a consequence of 

disturbed normal intestinal flora, a hallmark of IBD pathogenesis. To elucidate the potential 

beneficial effect of 2 metabolites of azathioprine on macrophages, we investigated the in 

vitro response of macrophage cell line RAW264.7 to IFNγ-activation in the presence or 

absence of 6-MP or 6-T-GTP. Because 6-MP/6-T-GTP is known to exert part of their anti-

inflammatory effect through repression of Rac1 activity, we first studied Rac-1 activation. As 

shown in Figure 1A, Rac1 activity was significantly induced by IFNγ and diminished by 

pretreatment with 6-MP or 6-T-GTP. The reduction in Rac1 activation was similar in cells 

treated with the synthetic Rac1 inhibitor (Fig. 1A). c-Jun N-terminal Kinase (pJNK) is 

activated by Rac1 and both 6-MP/6-T-GTP strongly downregulated IFNγ-induced 

phosphorylation of JNK (Fig. 1B) and c-Jun activity (Fig. 1C), like the Rac1 inhibitor. To 

determine which downstream genes were affected, the expression of a number of 

proinflammatory genes, such as cytokines and chemokines, was screened. 6-MP/6-T-GTP 

significantly decreased expression of IL-6, IL-8, CCL2, and CCL5 (Fig. 1D). Interestingly, 

the expression of none of these genes was reduced by the Rac1 inhibitor, indicating that 6-

MP/6-T-GTP also have Rac1-independent anti-inflammatory effects in macrophages. 

Inducible nitric oxide synthase (iNOS) was the only gene screened, which was repressed in 

a Rac1-dependent manner (Fig. 1E). Of note, a specific iNOS single-nucleotide poly-

morphism (rs2297518) is considered detrimental in 2 early onset IBD cohorts.36 Excessive 

iNOS activity may lead to enhanced NO production, causing increased tissue damage. In 

addition to the Rac1 inhibitor, iNOS expression could also be reduced by inhibition of JNK 

signaling, suggesting that 6-MP/6-T-GTP decreased iNOS expression in a Rac1/JNK-

dependent fashion. To substantiate these findings, iNOS mRNA levels were measured in 

macrophages transfected with a construct encoding constitutively active Rac1 mutant 

(Q61L). Transcription of iNOS was strongly induced by IFNγ and was markedly reduced by 

6-MP, 6-T-GTP, and the Rac1 inhibitor in mock transduced cells, whereas iNOS 

transcriptional repression was not observed in cells overexpressing the Rac1-Q61L protein 

(Fig. 1F). In conclusion, these data reveal that part of the beneficial effect of azathioprine in 

patients with IBD involves inhibition of Rac1 in macrophages and suppression of excessive 

iNOS expression. 
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Figure 1. 6-MP and 6-T-GTP inhibit inflammation in macrophages.  

(A) Rac1 activity is increased after IFNγ stimulation in RAW264.7 macrophages, and decreased by 6-MP and 6-T-

GTP to a similar extent as with Rac1 inhibitor (*P<0.03). (B) Increased phosphorylated (p)-JNK is observed in 

response to IFNγ stimulation, which is lowered after 6-MP, 6-T-GTP and Rac1 inhibitor pre-treatment. 

Quantification of p-JNK is corrected for total JNK (*P<0.02). (C) In line with these findings, the activity of the 

transcription factor c-Jun was significantly increased in IFNγ treated macrophages and reduced by 6-MP, 6-T-

GTP and Rac1-inhibitor (*P<0.01). (D) Increased gene expression of cytokine IL-6, and chemokines IL-8, CCL2 

and CCL5 was observed in response to IFNγ, which is reduced by 6-MP/6-T-GTP, but not by the Rac1 inhibitor. 

(*P<0.05). (E) iNOS mRNA expression in IFNγ-activated macrophages is reduced by 6-MP/6-T-GTP, as well as 

by the Rac1- and JNK- inhibitors (*P<0.04). (F) RAW264.7 cells were transfected with control plasmid or plasmid 

encoding the constitutively active Rac1-mutant (Q61L). iNOS mRNA expression was no longer inhibited by 6-

MP/6-T-GTP and Rac1 inhibitor, when Rac1- Q61L was overexpressed (*P<0.03), indicating that iNOS production 

is Rac1-mediated.   
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Reduced Inflammatory Response of Intestinal Epithelial Cells by 6-MP 

Because 6-MP and downstream metabolite 6-T-GTP reduce the inflammatory gene 

expression profile in T cells, endothelial cells, and now in macrophages, we analyzed gene 

expression of 2 macrophage-attracting chemokines in an intestinal epithelial cell line (Caco-

2). Caco-2 cells were pretreated overnight with 6-MP, 6-T-GTP, or the Rac1 inhibitor and 

subsequently incubated with TNFα for 24 hours. TNFα significantly induced mRNA 

expression of CCL2 and IL-8, whereas 6-MP/6-T-GTP strongly diminished the expression of 

both chemokines, similarly as observed in endothelial cells and macrophages (Fig. 2A). 

Comparable with the macrophages, CCL2 expression was not diminished by the Rac1 

inhibitor; however, in contrast, IL-8 expression was sensitive to Rac1 inhibition. To confirm 

that reduced levels of IL-8 mRNA result in reduced IL-8 protein expression, we measured 

this chemokine in the supernatant of the epithelial cells. As expected, IL-8 protein 

expression was increased upon TNFα stimulation and reduced by 6-MP/6-T-GTP or the 

Rac1 inhibitor (Fig. 2B), suggesting a possible Rac1-dependent decrease in IL-8 by the 

thiopurines, which may reduce macrophage and neutrophil attraction to the gut.  

 

 

Figure 2. 6-MP/6-T-GTP treatment decreases chemokine expression in gut epithelial cells.  

(A) mRNA expression of chemokines CCL2 and IL-8 is increased upon TNFα stimulation of gut epithelial Caco-2 

cells. 6-MP/6-T-GTP modulate the pro-inflammatory gene expression response by suppressing mRNA production 

of both chemokines. IL-8 mRNA production is also reduced by the Rac1 inhibitor (*P<0.03).  (B) IL-8 protein 

expression in conditioned culture medium is also suppressed by 6-MP, 6-T-GTP and the Rac1 inhibitor (*P<0.04). 
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6-MP Inhibits Rac1-mediated STAT3 signaling and proliferation of epithelial cells 

Patients with IBD exhibit a proliferative epithelial cell phenotype that may result in colon 

cancer.37 To determine the involvement of Rac1 in proliferation of intestinal epithelial 

cells, we investigated their response to TNFα stimulation in the presence or absence of 

6-MP/6-T-GTP or the Rac1 inhibitor. In line with our previous results in non-immune 

cells, such as endothelial cells,22 the amount of active Rac1 was increased on TNFα 

stimulation and decreased in the presence of 6-MP/6-T-GTP or the Rac1 inhibitor (Fig. 

3A). To study the effect of 6-MP/6-T-GTP on proliferation of epithelial cells, serum-

induced BrdU incorporation was measured in Caco-2 cells. The 10 mM dosage of 6-

MP/6-T-GTP is low and therefore considered not to interfere directly with DNA synthesis. 

Yet, pretreatment of epithelial cells with 6-MP/6-T-GTP resulted in decreased DNA 

synthesis, similar to the use of the Rac1 inhibitor (Fig. 3B). In contrast, overexpression of 

constitutively active Rac1-Q61L resulted in increased proliferation which could not be 

reduced by 6-MP/6-T-GTP or the Rac1 inhibitor. Signal transducer and activator of 

transcription-3 (STAT3) is an important transcription factor in activated epithelial cells in 

IBD, known for its pro-proliferative effect38,39 and Rac1-dependency.40–43 Here, we show 

that STAT3 inhibitor Stattic reduced proliferation of the Caco-2 cells, suggesting that 6-

MP/6-T-GTP may inhibit proliferation in a Rac1/STAT3-dependent fashion. To further 

substantiate these findings, we revealed that STAT3 phosphorylation (pSTAT3) is 

induced by TNFα in epithelial cells, which was reduced by 6-MP/6-T-GTP or the Rac1 

inhibitor (Fig. 3C). In hepatocellular carcinoma cells, it is known that 6-MP has a strong 

anti-proliferative effect, which involves 6-MP-mediated reduction of Cyclin D1.44 Here, we 

demonstrated that indeed, levels of Cyclin D1 were decreased on 6-MP/6-T-GTP and 

Rac1 inhibitor treatment, as well as with the STAT3 inhibitor (Fig. 3D), suggesting that 

the thiopurines block epithelial proliferation in a Rac1/STAT3/Cyclin D1-dependent 

manner.  
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Figure 3. Inhibition of epithelial cell proliferation by 6-MP/6-T-GTP.   

(A) Rac1 activity is increased in gut epithelial Caco-2 cells upon TNFα stimulation, and is inhibited by 6-MP/6-T-

GTP pre-treatment to a similar extent as the Rac1 inhibitor (*P<0.03). (B) TNFα activation increases epithelial cell 

proliferation as measured by enhanced BrdU incorporation.  6-MP, 6-T-GTP or Rac1 inhibitor treatment results in 

reduced DNA synthesis in cells transfected with the control empty vector (*P<0.003). Upon overexpression of 

constitutively active Rac1-mutant Q61L, proliferation is increased, already at baseline, and is not influenced by 

TNFα stimulation, 6-MP, 6-T-GTP or the Rac1 inhibitor. (C) Phosphorylation of transcription factor STAT-3 is 

significantly increased by TNFα and repressed by 6-MP, 6-T-GTP and the Rac1-inhibitor, similarly as by the 

STAT-3 inhibitor (*P≤0.05). Quantification of p-STAT-3 is corrected for total STAT-3. (D) CyclinD1 is significantly 

increased by TNFα and repressed by 6-MP, 6-T-GTP, the Rac1-inhibitor, and the STAT-3 inhibitor (*P<0.05). 
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In conclusion, the azathioprine metabolites 6-MP and 6-T-GTP display Rac1-independent 

and Rac1-dependent anti-inflammatory properties in immune and non-immune cells and 

have an anti-proliferative effect on gut epithelial cells, possibly decreasing susceptibility to 

cancer development in IBD. The Rac1-dependent functions of 6-MP/6-T-GTP in different 

cell types in the gut are summarized in a scheme (Fig. 4). 
 

  

 Figure 4. Schematic overview of inflamed intestine with various cell types involved in IBD and the Rac1-

dependent processes that are inhibited by 6-MP.  

6-MP affects immune cells, specifically, T-cells and macrophages, and non-immune cells, such as endothelial 

cells and epithelial cells, in a Rac1-dependent fashion, contributing to the resolution of IBD. Poppe et al. (45) 

reported that 6-MP efficiently blocks Rac1 activity in T cells. This blockade leads to a suppressed ability of T-

cells to interact with antigen presenting cells (APC), reduced  IFNγ, and thus a reduced immune response. 

Here, we showed that in macrophages (MФ), 6-MP reduces activation of pro-inflammatory pJNK-mediated 

signaling and transcription of iNOS. The production of inflammatory cytokines and chemokines was also 

diminished by 6-MP, although not in Rac1-dependent manner. The vasculature in the gut attributes to 

inflammation by promoting leukocyte influx into the activated/inflamed area. We previously reported (37) that, 

6-MP reduces the activity of pro-inflammatory transcription factors AP-1, ATF-2 and NFkB in a Rac1-

dependent manner in endothelial cells (EC). It reduces the expression of various chemotactic proteins and 

VCAM-1/ ICAM-1-mediated transmigration of leukocytes. In the current study, we revealed that 6-MP 

additionally effectively decreases chemokine IL-8 expression in intestinal epithelial cells (IEC) and blocks 

activation of STAT-3 and cyclinD1, resulting in a reduced proliferative capacity, which is beneficial 

considering the increased colon cancer risk in IBD. 
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DISCUSSION 

 

Azathioprine is effective to combat IBD; nonetheless, the mechanism of action of this 

immunosuppressive drug on the intestinal wall remained elusive. Here, we demonstrate that 

the Azathioprine metabolites 6-MP and 6-T-GTP inhibit inflammatory and proliferative 

processes in macrophages and gut epithelial cells, at least partly through Rac1 inhibition. In 

macrophages, these thiopurines reduce the inflammatory response, which is largely Rac1-

independent, except for iNOS expression which is reduced through Rac1-inhibition. Nitric 

oxide produced by iNOS is known to cause tissue damage in IBD36 and therefore inhibition 

of iNOS expression by 6-MP and 6-T-GTP may be considered beneficial in IBD. In epithelial 

cells, the thiopurines decrease expression of the chemokines CCL2 and IL-8; and in these 

cells, IL-8 production was shown to be Rac1-dependent. On secretion from activated 

epithelial cells, CCL2 strongly attracts macrophages, whereas IL-8 is a potent chemokine for 

both macrophages and neutrophils, together resulting in local inflammation in the bowel. 

Here, we provide evidence that this process is favorably influenced by 6-MP and 6-T-GTP. 

IBD coincides with an increased risk of colon cancer due to chronic inflammation and 

subsequent STAT3-mediated epithelial proliferation.45 6-MP/6-T-GTP inhibits proliferation in 

a Rac1/ STAT3/Cyclin D1-dependent manner and may therefore contribute to a decreased 

risk to develop colon cancer.15 In line with our results, Triptolide, a diterpenoid triepoxide 

isolated from a traditional Chinese medicinal herb, is a potent Rac1 inhibitor decreasing 

proliferation of colon cancer cells (SW480 cell line) and Caco-2 cells by inhibition of the 

STAT3-Cyclin D1 pathway. Moreover, Triptolide prohibits growth of primary tumors in nude 

mice.46 

The anti-proliferative effect of 6-MP in epithelial cells has also been observed in vascular 

smooth muscle cells, where 6-MP induced the cell cycle inhibitor p27kip1.47 In gut, smooth 

muscle cells are abundant, and our previous data suggest that the thio-purines may also 

affect this cell type beneficially. This requires further investigations to assess the effect of 6-

MP/6-T-GTP on both proliferation and inflammatory processes in smooth muscle cells and 

the impact on development and resolution of IBD. 

The potent inhibitory effect of 6-MP/6-T-GTP on STAT3 activation seems highly relevant 

because single nucleotide polymorphisms for STAT3 were shown to associate with 

excessive STAT3 signaling and increased sensitivity to IBD.48,49 In addition, increased 

phosphorylation of STAT3 was observed in epithelium of patients with active IBD as 

compared with patients with inactive IBD.38 Of note, a dual role has been described for 

STAT3 signaling in the gut; STAT3 activation is required to establish quiescence after acute 

infection, whereas chronic STAT3 activation induces susceptibility to bacterial infection 

causing ulceration.50 Prolonged STAT3 activation increases the production of cytokines IL-6 

and IL-23, which promote the maturation of pro-inflammatory Th17 cells that have been 

implicated in IBD.51,52 Along this line, Rac1 is essential for CD4+ T-cell differentiation, and 6-

MP/6-T-GTP efficiently block Rac1 activity in these cells, thus inhibiting their activation and 

inter-action with antigen presenting cells, such as macrophages,19 resulting in reduced 

inflammation.  

The presence of activated macrophages in the intestinal wall is a key feature of IBD 

pathology. We have previously shown that 6-MP has a pro-apoptotic and an anti-

inflammatory effect on macrophages.33 Pro-inflammatory stimuli, such as TNFα or IFNγ, 

lead to strong activation of the JNK signaling cascade,53,54 which is a consequence of Rac1 

activation.55,56 Blocking the JNK pathway with inhibitors in animal IBD models led to the 

resolution of intestinal inflammation.57 In patients with IBD, JNK phosphorylation is increased 
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in colon tissue with active disease. JNK phosphorylation is present in the intestinal cells, 

macrophages, and lymphocytes and localized predominantly in the nucleus.57 We have 

shown here that, like in endothelial cells,21,22 6-MP/6-T-GTP can efficiently attenuate 

activation of JNK-mediated signaling in macrophages. In this investigation, we propose 

Rac1-JNK-cJun-dependent iNOS expression in macrophages. Ultimately, enhanced iNOS 

expression will result in increased production of nitric oxide, a reactive oxygen species, that 

is highly associated with tissue damage in IBD,36,58  which is prevented by 6-MP/6-T-GTP. 

In conclusion, we demonstrate that the metabolites of azathioprine, namely 6-MP and 6-T-

GTP, suppress the inflammatory response in macrophages and gut epithelial cells, 2 

important cell types involved in IBD pathology. The effect is in part mediated by Rac1-

specific inhibition and in part through another GTP-dependent mechanism because the 

Rac1-independent features of 6-MP were inhibited by 6-T-GTP. In addition, epithelial cell 

proliferation is suppressed by 6-MP/6-T-GTP through targeting of Rac1-STAT3-Cyclin D1. 

Azathioprine is essential in treatment of IBD, but it has serious side effects signifying the 

clear need for more specific drugs. Our data provide clues why thiopurines are so effective 

in treatment of IBD by targeting multiple cell types. This knowledge is instrumental to 

eventually define the necessary characteristics of the ideal drug to control this disease. 

Specific inhibition of Rac1 is a realistic option, for which therapeutic strategies are being 

developed in the cancer field.59 However, blocking Rac1 with inhibitor NSC23766 delayed 

UC healing in a rat model for UC,60 revealing a beneficial role for Rac1 that should be kept in 

mind. 

Finally, azathioprine and 6-MP are not just immunosuppressive drugs affecting T-cells and 

macrophages, but also favorably influence endothelial cells21,22 and as shown in this study, 

epithelial cells. 
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ABSTRACT 

Small GTPase Rac1 becomes activated in response to extracellular stimuli and transfers 

these signals by activation of specific signal transduction pathways to induce a rapid cellular 

response to environmental cues. While Rac1 is essential for normal cellular physiology, 

excessive Rac1 activity is often associated with pathology in inflammatory disease and 

cancer. The well-known immunosuppressive drug azathioprine, and its metabolites 6-

mercaptopurine (6-MP) and 6-thio-guanosine-triphosphate (6-T-GTP), have been shown to 

inhibit Rac1 activity, which is considered an important therapeutic effect of azathioprine. 

Interestingly, this therapy does not affect other small GTPases, like RhoA and Cdc42. An 

important question is how specificity of the final metabolite 6-T-GTP for Rac1 is determined? 

We investigated three possible modes of action of 6-T-GTP on Rac1 activity via modeling of 

the interaction of 6-T-GTP to Rac1. First, we assessed the relative affinities of 6-T-GTP and 

GTP for Rac1. Secondly, we analyzed whether the close proximity of the 6-T-GTP thiol 

functionality to a cysteine sulfhydryl in the Rac1 active site allows formation of an inter-

molecular disulfide bond, thus preventing the release of the hydrolyzed thio-compound. 

Thirdly, docking studies were performed on other Rac1 conformers to identify other binding 

sites for 6-T-GTP that, for instance, interfere with the interaction of Rac1 to guanine 

nucleotide exchange factors (GEFs). Our detailed analysis shows that the latter hypothesis 

offers the most attractive explanation, since 6-T-GTP efficiently binds to a groove on the 

surface of Rac1, located exactly in the binding interface of Rac1 to GEF.  

The aim of the current was to understand the specificity and the effect of 6-T-GTP on Rac1 

activity through extensive molecular protein modeling. 
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INTRODUCTION 

Small GTPase Rac1 belongs to the Rho protein family, together with members RhoA and 

Cdc42, which affect signaling pathways that regulate a plethora of functions in different cell 

types, such as oxidative stress, cellular contacts, migration and proliferation.1 Rac1 activity is 

regulated by cycling between the active GTP-bound and inactive GDP-bound state of Rac1.1  

Several classes of proteins are involved in this process. GTPase Activating Proteins (GAPs) 

enable activation of GTPases by facilitating GTP hydrolysis to GDP. The exchange of GDP 

for a new GTP molecule within the binding pocket of Rac1 is regulated by Guanine 

nucleotide Exchange Factors (GEFs). Guanine nucleotide Dissociation Inhibitors (GDIs) 

inhibit exchange of GDP for GTP, as well as hydrolysis of Rac1-bound GTP.1 

We, and others have previously shown that immunosuppressive drug azathioprine and its 

derivatives 6-MP and 6-T-GTP inhibit Rac1 signaling activity2-6, which is now regarded an 

important therapeutic effect of this drug. Azathioprine is used in the clinic for 60 years to 

prevent rejection of organ transplants and autoimmune diseases. For a long time most of its 

therapeutic functions were ascribed to incorporation of the formed thiopurines into the 

RNA/DNA synthesis pathway, changing gene expression and proliferation of inflammatory 

cells.7,8  However, chronic use of azathioprine by, for instance, inflammatory bowel disease 

patients, a patient group a widely using this drug9 suggests a more subtle anti-inflammatory 

mode of action of azathioprine because of the limited number of complications upon chronic 

use. In this context inhibition of Rac1 seems very plausible. The metabolite responsible for 

Rac1 inhibition is 6-T-GTP, which specifically inhibits Rac1 (and Rac2) without affecting its 

family members RhoA and CDC42.6 Here, we investigate how 6-T-GTP may interfere with 

Rac1 activation. Knowledge of the actual inhibitory capacity of 6-T-GTP is crucial to design 

specific Rac1 inhibitors, which may be considered as therapeutic strategy in the cancer and 

inflammation field. 

 

MATERIALS AND METHODS 

Multi-threaded docking of compounds to protein surfaces were carried out using the 

Autodock vina software suite.10Compounds were downloaded from the ZINC repository 

(zinc.docking.org) in .sdf format and transformed into .pdbqt ligand file format using the 

AutoDock Tools (ADT) software suite. 11 Definition of rotatable bonds allowed flexible docking 

and optimal orientation of target molecules to the protein. Protein structure (.pdb) files were 

obtained from the RCSB protein data bank (www.rcsb.org) and transformed to .pdbqt 

receptor files using ADT. A search space (defined by the Grid Box module in ADT) spanning 

the whole Rac1 protein was defined to allow the identification of multiple binding sites. Rac1 

protein structure files used in this study were 2P2L (RAC1-GDP complex12) and 2VRW 

(RAC1-Vav1 complex13) The monomeric Rac1 structures were isolated from the .pdb files 

and additional molecules (ligands, detergents, H2O) were removed. Comparison of the 2P2L 

and 2VRW Rac1 structures showed structural changes in protein fold and surface 

conformation and both structures were used in the calculations to assess the effect of these 

changes on GXP/thioGXP binding. 

 

http://www.rcsb.org/
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Autodock vina was run on the AMC grid-enabled Docking Gateway for virtual screening14. 

Docking results are averages of 30 runs for each compound. Binding modes are visualized 

using PyMOL.15 
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RESULTS 

Affinity of GDP, GTP and the thiopurines for Rac1 

Poppe and colleagues have shown that 6-T-GTP efficiently competes with radiolabeled-GTP 

for binding to a large number of small GTPases, including RhoA, Cdc42, and Rac1-3.6 So 

initial binding of the 6-T-GTP to the small GTPases does not seem to be a problem. Perhaps, 

the enhanced affinity of 6-T-GTP (over GTP) for Rac1 skews towards preferred binding of 

the thio-compound. Modeling GDP, GTP, 6-T-GDP and 6-T-GTP on the surface of 

“nucleotide-binding” Rac1 (taken from the PDB 2P2L crystal structure with the co-crystalized 

GDP removed) revealed that GDP (Figure 1A) and GTP (Figure 1B) overlap in the Rac1 

binding pocket with the nucleotide orientation in the crystal structure. Upon modeling, 28 out 

of 30 GDP molecules bound to the Rac1 active site in the correct orientation with a 

calculated binding affinity of -8.63 kcal/mol +/- 0.17 (n=28). Likewise, GTP modeling showed 

that 26 of 30 molecules bound to the Rac1 nucleotide binding pocket in the correct 

orientation with an affinity of -8.63 kcal/mol +/- 0.37 (n=26). However, only 3 of 30 6-T-GDP 

molecules inserted the pocket in the GDP-like orientation (Figure 1C), with an affinity of -7.63 

kcal/mol +/- 0.15 (n=3). Modeling of 6-T-GTP molecules showed that only in 11 out of 30 

runs the compound bound the pocket in a GDP-like fashion (Figure 1D), with an affinity of -

7.94 kcal/mol +/- 0.23 (n=11).  

 

Figure 1. Docking of GDP, GTP, 6-T-GDP and 6-T-GTP to “nucleotide-binding” Rac1 (PDB 2P2L).  

Modelling was performed with the “nucleotide-binding” Rac1 conformation (light blue), from which the co-

crystalized GDP ligand was removed. It reveals that GDP (A) and GTP (B) overlap perfectly (thin lines) with the 

GDP from the crystal structure (thick lines). For clarity only 10 of 30 docking conformations are shown. The 

thiopurines, 6-T-GDP (C, n=3) and 6-T-GTP (D, n=11) also fit into the Rac1 active site in the correct orientation 

with the thiol group pointing deep into the pocket in close vicinity of the two cysteine side chains (orange). 

However, the majority of the docked thio-purines were adopting alternative conformations at or near the active 

site. 
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These docking studies show that thiopurines bind to the GTP-binding pocket of Rac1 with an 

approximately 4-fold lower affinity than GDP or GTP. Thus, our in silico data imply that 6-T-

GDP / 6-T-GTP binding can occur, however with a reduced preference and affinity. 

We next evaluated whether an alternative mechanism of the inhibitory action of the 6-T-GTP 

or 6-T-GDP may be the putative reactivity of the thiol group towards Rac1. Interestingly, the 

GTP-binding pocket of Rac1 contains two cysteines (C18 and C157; orange in Figure 1C,D), 

that could potentially form disulfide bonds with the thiol group of 6-T-GDP or 6-T-GTP via 

their sulfhydryl groups, thus retaining the thio-compound in the Rac1 active site. However, 

RhoA and Cdc42 have almost identical GTP-binding pockets with conserved cysteines at the 

same location. These structural homologies imply that cross-linking of the guanosine to Rac1 

might also occur in other members of the family of Rho-GTPases and is an unlikely scenario 

to explain exclusive inhibition of  Rac1.  

In conclusion, since both inhibition of Rac1 via direct binding of 6-T-GTP or via the formation 

of disulfide bonds in the active site provided inadequate explanation for the inhibitory action 

of thiopurines towards Rac1, we performed additional docking studies to characterize binding 

of 6-T-GDP and 6-T-GTP to “nucleotide-binding” Rac1 (conformation of 2P2L without GDP) 

and “GEF-binding” Rac1 (conformation of 2VRW without GEF Vav1). In these studies the 

docking was performed using the whole protein structure to identify potential binding sites to 

possibly explain the inhibitory capacity of the thio-compounds towards Rac1. 

 

The thiopurines bind to Rac1 at the GEF-interface 

Structure comparison of “nucleotide-binding” Rac1 (2P2L) with  “GEF-binding” Rac1 (2VRW) 

showed mainly conformational changes in the loops located in the Rac1-GEF interface 

(Figure 2). In particular a random-coil loop structure present in the “nucleotide-binding” Rac1 

conformer forms a small α-helix in the “GEF-binding” conformation and defines the contact 

interface with the GEF Vav1. In addition, minor structural changes were observed in the loop 

covering the top of the Rac1 active site (Ala27-Val36). Docking of GDP and GTP on the 

“GEF-binding” Rac1 conformation, indicated that the affinity of the GTP-binding pocket 

(active site) for guanosines is decreased, most likely due to small conformational changes in 

the Ala27-Val36 loop (Figure 2). Specifically, the side chain of Phe28 moves away from the 

GTP-binding pocket in the “GEF-binding” conformation, thus reducing the contact surface of 

the active site and lowering the substrate affinity.  

Docking of the thiopurines, 6-T-GDP and 6-T-GTP, to “GEF-binding” Rac1 revealed an 

additional binding site for both thio-compounds outside the GTP-binding pocket (Figure 3). 

The novel binding site is located in the groove that is subject to conformational changes at 

the Rac1-GEF interface. Binding of neither thio- nor regular nucleotides to this part of the 

protein was observed for the “nucleotide-binding” Rac1. In contrast, docking of 6-T-GDP and 

6-T-GTP to the “GEF-binding” conformation showed that 30/30 molecules bound to the 

contact interface between Rac1 and GEF with an affinity of -7.69 kcal/mol +/- 0.05 and -7.65 

kcal/mol +/- 0.09, (n=30) respectively. Contact sites on the Rac1 surface (Figure 2; indicated 

in dark green) form a horse-shoe-shaped binding domain that is defined by Val36 and Ala59 

(interacting with the hydrophobic aromatic structure of the thiopurines), Asn39 and Asp57 

(hydrogen-bonding with the ribose moiety), and finally Gln61 and Ser71 (interacting with the 

phosphates).  
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Figure 2. Conformational changes of Rac1 in crystalized “nucleotide-binding” (2P2L) and “GEF-binding” (2VRW) 

complexes. 

Most of the Rac1 structures overlap perfectly, however there are differences in the core of the structure, namely 

the flexible loops, around the GEF-Rac1 interface and near the Rac1 active site (A). A small α-helix is formed to 

create the GEF-binding interface. Phe28 moves away from the nucleotide-binding site. When depicting the “GEF-

binding” Rac1 conformation (green) as surface and the “nucleotide-binding” Rac1 conformation (cyan) as sticks, it 

can be appreciated that there are side chains sticking out of the “GEF-binding” Rac1 structure, probably blocking 

the GEF-Rac1 interface (B). GDP (stick-representation in dark blue) is shown to indicate the nucleotide-binding 

site (active site) of Rac1. 

  

 

Figure 3. Docking of 6-T-GDP and 6-T-GTP on “GEF-binding” Rac1 (PDB 2VRW) crystal structure.  

Modelling was performed with the “GEF-binding” Rac1 structure (light green), the GEF Vav1 was removed from 

the docking receptor file and the complete Rac1 structure was probed for ligand binding sites. Thio-purines, 6-T-

GDP (A) and 6-T-GTP (B), bind very efficiently to an additional Rac1 site, distinct from the active site. For clarity 

only 10 of 30 docked structures are shown, all structures adopted similar orientations and occupied the same 

binding site. The interacting residues of the horse-shoe-shaped Rac1 groove with the thio-purines are indicated in 

dark green.  
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This groove is located at the interface of the Rac1-GEF contact site, where an α-helix of the 

GEF covers the groove on Rac1 (Figure 4). Compounds occupying this groove may act as a 

„wedge‟ to break the Rac1-GEF interaction, which would prevent recycling and re-activation 

of Rac1.  

 

Figure 4. The thio-purines bind to a groove at the Rac1-GEF interface. 

 Modelling of 6-T-GDP (red) was performed with the “GEF-binding” Rac1 PDB 2VRW structure (light green), in 

the absence of the GEF Vav1 as described in the previous Figure (A). The horse-shoe-shaped groove is again 

indicated in dark green and the active site cysteins (in orange) indicate the nucleotide-binding pocket. Adding the 

ribbon structure (grey) of the GEF-Vav1 of the original crystal structure shows that the groove is situated at the 

Rac1-GEF interface, and that an α-helix of the GEF normally interacts with the groove (B). Showing the surface of 

the GEF reveals that the groove is completely covered by the GEF (C), suggesting that occupation of the groove 

by the thiopurines interferes with Rac1-GEF binding and Rac1 activation. 
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Interestingly, the same groove was previously identified as the binding site of 2 known Rac1 

inhibitors; namely NSC2376616 and EHop-01617, confirming that targeting of this site provides 

an effective strategy to inhibit Rac1-GEF interaction, and inactivation of  Rac1 signaling. The 

interacting residues of Rac1 with the thiopurines overlap with binding sites for both 

NSC23766 (Val36, Asn39, Asp57, and Ser71) and EHop-016 (Val36, Ala59, Asn39 and 

Asp57). It is known that NSC23766 can inhibit Rac1-Trio and Rac1-Tiam1 interaction18, while 

EHop-016 inhibits Rac1-Vav1 interaction.17 In view of the overlap between the newly 

identified thiopurine binding groove, and specific interactions described for other Rac1 

inhibitors, we hypothesize that the thiopurines inhibit all three Rac1-GEF interactions. 

In conclusion, binding of 6-T-GDP and 6-T-GTP in the Rac1 groove at the GEF binding 

interface offers the most attractive explanation for the specific Rac1 inhibition by thiopurines. 
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DISCUSSION 

Docking of 6-T-GTP and 6-T-GDP to the ”nucleotide-binding” Rac1 protein structure revealed 

that the thio-compounds fit properly in the GTP-binding pocket of Rac1, although with less 

preference and an approximately 4-fold lower affinity than the cognate substrates GDP/GTP. 

However, binding of the thiopurines into the active site of Rac1 does not seem to be the 

mechanism of Rac1 inhibitory action, such as for the endogenous Rac1 inhibitor 8-Hydroxy-

2-deoxyguanosine, which is an oxidatively damaged DNA product released by cells, that 

blocks the active site.19  

An additional docking site for 6-T-GTP and 6-T-GDP was discovered on Rac1 when that 

structure was adopting the “GEF-binding” conformation. This conformation was observed 

when Rac1 was crystalized in a complex with Vav1, a Guanine nucleotide Exchange Factor. 

The horse-shoe-shaped groove to which the thiopurines docked with great efficiency is 

exactly at the interface between Rac1 and Vav1. It is therefore quite conceivable that binding 

of 6-T-GTP or 6-T-GDP prevents Rac1 recycling by preventing GEF binding to Rac1. The 

interaction of 6-T-GTP or 6-T-GDP within the groove overlaps with interaction residues of 

Rac1 inhibitors NSC2376616,18 and EHop-016 that were previously proposed to interact with 

the same groove.17 Interestingly, NSC23766 and 6-T-GTP have been described to also 

inhibit Rac26,18, and EHop-016 has been demonstrated to inhibit Rac1 and Rac317, possibly 

because of structural homologies of the GEF-binding groove between Rac1,-2 and-3. 

It has been shown that Vav1 did not co-immunoprecipitate with Rac1 when T cells were 

treated with azathioprine, 6-MP or 6-T-GTP, most likely because Rac1-Vav1 interaction was 

disturbed.6 We have previously shown that the efficacy of 6-MP and 6-T-GTP in the inhibition 

of endothelial cell Rac1 signaling was equal to that of the specific GEF-Trio-inhibitor ITX-

3.3,4,19 In macrophages and epithelial cells, 6-MP and 6-T-GTP were equally effective as 

Rac1 inhibitor NSC237662, which is known to block GEF-Tiam1 and GEF-Trio interaction 

with Rac1. These data suggest that thiopurines inhibit Rac1 binding to multiple GEFs, 

namely Tiam1, Trio and Vav1. The other known inhibitor of Rac1 signaling, EHop-016, is 

only described to inhibit the Rac1-Vav2 interaction.17 We hypothesize that the broad Rac1-

inhibitory effects of the thiopurines may be due to the fact that the identified binding site for 

the thiopurines occupies a large part of the protein surface interfacing Rac1 and GEFs. In 

fact, binding of thiopurines to Rac1 overlaps with both the binding sites of Rac1 inhibitors 

NSC23766 and EHop-016. 

Bid and colleagues1 recently reviewed the role of Rac1 in cancer angiogenesis and 

metastasis, revealing that collectively, the NSC23766 Rac1 inhibitor reduced angiogenesis 

and cell migration, blocking cancer metastasis. In addition, it induced apoptosis in certain 

cancer cells.1 Also rac1 inhibitor EHop-016 decreased migration of metastatic cancer cells 

and cancer development.17,21 Like for the previous Rac1 inhibitors, azathioprine and its 

downstream metabolites have been demonstrated to reduce colon cancer development in 

IBD patients in a number of studies, although a recent meta-analysis could not demonstrate 

a significant benefit.22 In addition, active use of the thiopurines in IBD patients enhanced the 

risk for development of lymphoma, which is obviously not beneficial. 23  Thus thiopurines as 

anti-cancer drugs deserve more research. 

Apart from the anti-cancer effects, Rac1 inhibition has also been described to overcome 

cancer drug resistance.1 So in addition to inhibition of the pathological processes that 
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stimulate cancer progression, Rac1 inhibition may also attribute to sensitization of cancer 

cells to medical treatment, which is encouraging in itself. 

Azathioprine, 6-MP and the thiopurines have been used in the clinic for 60 years and proven 

effective without too many complications upon chronic use. Now knowing that one of the 

major roles of these immunosuppressive drugs is Rac1 inhibition, it is clear that chronic Rac1 

inhibition is a relatively safe and feasible therapeutic strategy. An advantage of broad GEF-

Rac1 inhibition by thiopurines is that the disease is targeted simultaneously in different cell 

types, namely cancer cells, endothelial cells and inflammatory cells, which may provide 

stronger beneficial effects in concert. On the other hand, some Rac1 functions may be 

beneficial and should be left untouched, which would support disturbance of specific Rac1-

GEF interactions. Future research will determine the particular Rac1-inhibitory approach for 

each disease. 
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GENERAL DISCUSSION 

 

The aim of this thesis is to explore the function of immunosuppressive drug azathioprine by 

inhibition of GTPase Rac1 in different inflammatory diseases. Metabolites of azathioprine 

have a beneficial impact on aneurysm development and progression, vascular inflammation 

and on gut epithelial cells, which are diseased in IBD. Many other immunosuppressive drugs 

are targeting mainly the immune cells, which is indeed also shown for azathioprine and its 

metabolites, which inhibit Tcell activation1 and inhibit macrophage activation in a Rac1 

dependent and independent manner. In addition, other cell types are targeted in a Rac1 

dependent fashion by 6-MP and 6-T-GTP, the main metabolites of azathioprine. Moreover, 

we show that 6-T-GTP inhibits Rac1 by docking to a groove on the Rac1 surface and thereby 

inhibiting interaction with a Rac1 activating GEF. These findings shed light on (part of) the 

actual function of azathioprine, which has been used in the clinic for over 60 years without 

this knowledge.  

 

Positive effect of Rac1 inhibition in the vasculature 

The role of Rac1 and other Rho GTPases, RhoA and Cdc42 guiding various cellular 

processes in the vasculature is intricate and diverse. As discussed in Chapter 2, Rac1 is in 

control of NOX enzyme activation and subsequent ROS generation, pro-inflammatory gene 

expression, fibrosis, proliferation and migration, maintenance of functional endothelial barrier 

and guidance of leukocyte transmigration. Unbalanced Rac1 activity has been implicated in 

many vascular pathologies such as hypertension, vascular leakage, angiogenesis, 

atherosclerosis and aneurysm formation. This thesis in part, provides evidences for Rac1-

mediated endothelial cell involvement in aneurysm onset and propagation, by promoting the 

influx of inflammatory cells into the vessel wall. Macrophage influx is often depicted as a 

primary trigger for aneurysm formation and progression. In animal models of AAA 

development, whether we talk about CaCl2-, elastase- or AngII-induced aneurysm formation, 

accumulation of macrophages within the medial layer of the aorta represents a common 

denominator for initial as well as for advanced stages of the disease2-6. This is one of the 

reasons why many of the approaches in treatment of aneurysm formation were based on 

anti-inflammatory drugs, which almost always resulted in effective prevention of AAA in these 

animal models. We showed decreased aneurysm formation, and to a lesser extent 

decreased aneurysm progression by using the immunosuppressive drug azathioprine. In 

response to angiotensin-II treatment, endothelial cell activation and macrophage influx was 

observed in the aorta (Chapter 3). In addition, we demonstrated that azathioprine and its 

metabolites show Rac1-inhibition and Rac1-independent anti-inflammatory effects in 

endothelial cells (Chapter 4) and macrophages7 (Chapter 5). In human AAA patients a limited 

number of (anti-inflammatory) clinical trials have been performed; in the most recent meta-

analysis, statins have been described to modestly diminish aneurysm growth8, while ACE-

inhibitors and doxycycline increased aneurysm growth unexpectedly9, 10. An ACE-inhibitor 

does not only decrease AngII-mediated signaling via the AT1R, but also via the AT2R. 

Signaling via the latter receptor has been suggested to be beneficial to prevent aneurysm 

formation in various murine AAA studies, thus should not be inhibited11, 12 although later 

experiments in AT2R deficient mice downsize the relevance of this receptor13. Statins are 

very effective against  arterial inflammatory disease atherosclerosis, and have been shown to 

reduce Rac1 activation amongst other pleiotropic anti-inflammatory effects (Chapter 2). Still, 

the statin effect on aneurysm progression is not overwhelming in human AAA patients. In 

addition, the pleiotropic anti-inflammatory effects of doxycycline did not prevent aneurysm 
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growth, but promoted it. In line with these data, Lindeman et al.14 presented a case study in 

which a patient with AAA had a sudden increase in aortic dilatation upon immunosuppressive 

therapy after kidney transplantation. In addition, in 18 patients with abdominal or thoracic 

aneurysms, the aneurysm dilatation rate was increased 2-fold after transplant operation and 

the start of immunosuppressive drugs15. Similarly, in the Blotchy mouse aneurysm model, 

aortic rupture occurred upon anti-inflammatory glucocorticoid treatment16. These data 

suggest that not all anti-inflammatory strategies may be helpful against aneurysm growth. 

The lack of success in translating anti-inflammatory drug regimens to effective 

pharmaceutical strategies in human AAA patients may also be attributed to the limited 

number of progression studies in animal models. As observed in Chapter 3 of this thesis, we 

conducted a prevention and progression study, and indeed it was more difficult to influence 

already existing aneurysms with the immunosuppressive drug azathioprine. The aneurysm 

severity score was mainly decreased in the progression experiment due to less secondary 

aneurysm development, while the primary AAA did not decrease in size after (only) 3 weeks 

treatment. In another progression model, mice develop AAA for one month and are then 

treated for an additional 2 months. This strategy showed that doxycycline, which prevented 

AAA in all animal models, did not reduce aneurysm progression in already existing AAA17 . It 

illustrates that preventing AAA may be a different process than inhibiting AAA progression, 

and probably requires promotion of vascular repair responses, rather than inhibition of 

inflammation per se. In that light, the finding that SMC proliferation was important to reduce 

AAA formation18 may be considered a repair response to compensate for SMC loss in the 

medial layer of the aorta. Interestingly, it is also known that 6-MP, a metabolite of 

azathioprine, inhibits SMC proliferation19, 20, which may be considered detrimental in reducing 

AAA progression. Thus, the combined effect of a drug on all the different cell types of the 

inflamed vascular wall will probably determine if the drug is able to promote vascular repair.  

Recently, more AAA progression studies are performed in mice, revealing that renin inhibitor 

Aliskiren has potential to reduce AAA growth21. Fenofibrate, a drug commonly used to reduce 

low-density lipoprotein and triglycerides levels, and increase high-density lipoprotein 

concentrations, was reported to inhibit AAA progression22. Inhibition of pro-inflammatory 

Cyclooxygenase-2 by Celecoxib, leads to reduced AAA incidence and severity23. In addition, 

it was recently demonstrated that Celecoxib application also effectively reduces progression 

of AngII-induced AAA, by preserving a “healthy” SMC phenotype24. Also reduction in 

testosterone levels was linked with arrested progession of AngII-iduced AAA, since 

castration of male mice, which are more prone to AAA development, led to reduced aortic 

lumen expansion25.  

Despite the modest effect of azathioprine on AAA progression, azathioprine and its 

downstream metabolites very effectively prevented AAA formation by inhibiting 

transendothelial migration of macrophages. Interestingly, both in endothelial cells and 

macrophages, 6-MP and 6-T-GTP inhibit Rac1-mediated JNK activation, which seems an 

important Rac1-mediated signaling route (Chapter 3-5). In other cell types, such as epithelial 

cells and fibroblasts26,27 Rac1-mediated JNK activation has been reported. However, in the 

gut epithelial cells, the JNK pathway was not the prominent Rac1-mediated signaling route 

upon activation (Chapter 5). In those cells, STAT3 signaling was influenced strongly, and 

Rac1 inhibition by 6-MP and 6-T-GTP resulted in decreased epithelial proliferation, as we 

also observed in SMC19,20. Rac1-mediated STAT3 activation has also been reported in 

endothelial cells and cardiomyocytes28,29. Rac1-mediated proliferation is an important issue in 
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cancer, which is a field with an interest in Rac1 inhibitors. The long history of azathioprine 

use in the clinic has shown that it is relatively safe to use this drug chronically, and thus 

shows that moderate Rac1 inhibition over a long period of time is feasible.  

Interestingly, the fact that 6-MP and 6-T-GTP have anti-inflammatory properties beyond 

Rac1 inhibition in macrophages and epithelial cells is illustrated by the observation that not 

all anti-inflammatory effects, such as reduced cytokine expression, are inhibited with Rac1 

inhibitor NSC23766 (Chapter 5). NSC23766 inhibits the interaction of Rac1 with GEF Trio or 

GEF Tiam-1. For endothelial cells we have not demonstrated yet whether all anti-

inflammatory effects of 6-MP and 6-T-GTP are exclusively regulated through Rac1 inhibition, 

or other GTP-dependent pathways. Based on the macrophage and epithelial cell results, it 

seems that there are other GTP-dependent pathways influenced by 6-T-GTP that decrease 

the activation status of these cells. This implies that the search for additional GTP-dependent 

mechanisms that modulate inflammation and are blocked by 6-T-GTP is still relevant. Poppe 

and colleagues1 already excluded an effect of 6-T-GTP on the Rho GTPase family members 

RhoA and CDC42. However, they did demonstrate that 6-T-GTP inhibits Rac21. Since 6-T-

GTP, NSC23766 and Rac1 inhibitor EHop-016 bind in the same groove on the Rac1 surface 

(Chapter 6), and it has been shown that EHop-016 inhibits Rac330, we hypothesize that 6-T-

GTP may also inhibit this third Rac member.  

Apart from GTP dependent pathways, the use of azathioprine also results in the formation of 

6-T-AMP, 6-T-ADP and 6-T-ATP, which have not been studied yet. Azathioprine decreases 

normal purine synthesis in endothelial cells31. We have also observed this phenomenon in 

endothelial cells (data not shown) as well as in monocytes32. Such metabolic changes may 

influence the cells and turn them from physiological into pathogical cells33. The potential anti-

inflammatory effects of azathioprine via the AMP pathway deserves future research.   

Finally after 60 years of azathioprine use as immunosuppressive drug in the clinic, it has 

become clear that part of its working mechanism is via inhibition of Rac1 in multiple cell 

types, via direct binding to Rac1 and preventing the Rac1-GEF binding that is required for 

Rac1 activation. Understanding this working mechanism will drive development of more 

specific drugs to inhibit Rac1 or other GEF-dependent GTPases. 
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SUMMARY 
 

The studies presented in this thesis report on the pharmacological effect of 

immunosuppressive drug azathioprine and its downstream metabolites 6-mercaptopurine (6-

MP) and thiopurine 6-T-GTP on different cell types, by modulation of the activity of small 

GTPase Rac1. This immunosuppressive drug is mostly used in the clinic after transplantation 

and in chronic autoimmune diseases such as in inflammatory bowel disease patients. 

Because of its anti-inflammatory properties it is reasonable to assume that azathioprine may 

also be beneficial in other chronic inflammatory diseases, such as during abdominal aortic 

aneurysm development. 

In Chapter 1 we provide the general background information necessary to comprehend the 

studies presented in this thesis. We describe the disease settings for abdominal aortic 

aneurysm formation and inflammatory bowel disease, which both involve chronic 

inflammation, leading to destruction of the artery or bowel, respectively. Inflammatory 

macrophages (immune cells) are important in both pathologies. We give a brief overview of 

the main properties of azathioprine, and its metabolites 6-MP and 6-T-GTP, and its relation 

to small GTPase Rac1, which is the main target of this drug.  

In Chapter 2 we review the available literature on the function of Rac1 in the three main cell 

types of the vessel wall, namely endothelial cells, smooth muscle cells and fibroblasts. Rac1 

is involved in regulation of numerous cellular functions such as oxidative stress, cytoskeletal 

changes, migration and proliferation. We conclude that chronically enhanced Rac1 activity 

plays a role in many vascular pathologies, with partial overlapping and partial cell type 

specific effects of Rac1.  

Chapter 3 describes a murine study, measuring the effect of azathioprine treatment on 

prevention and progression of aneurysm development in the angiotensin-II-induced 

aneurysm model. Azathioprine reduces aneurysm initiation and progression, by inhibition of 

the inflammatory response and thus decreasing macrophage influx into the vessel wall. This 

effect is at least in part mediated by inhibition of endothelial cell activation, a process which 

facilitates macrophage adhesion and transmigration, to exit from the circulation into the 

tissues upon inflammation. In endothelial cells, pro-inflammatory cytokines such as IL-12, 

CCL5 and CCL2, as well as adhesion molecule VCAM-1 mRNA expression is reduced upon 

6-MP treatment, which suppressed Rac1 activation, consequently reducing activation of the 

JNK-mediated signaling pathway. This demonstrates for the first time that the 

immunosuppressive drug has anti-inflammatory effects on non-immune cells, namely 

endothelial cells.  

Chapter 4 discusses the in depth mechanisms which are underlying the immunosuppressive 

effect of 6-MP on endothelial cells. In this chapter we demonstrate in an in vitro setup of 

cultured endothelial cells that 6-T-GTP, the downstream metabolite of 6-MP, is probably 

responsible for Rac1 inhibition. 6-MP can inhibit TNFα-induced endothelial activation by 

diminishing the activity of several pro-inflammatory transcription factors such as cJun, ATF2 

and NFkB. In turn, this leads to reduced mRNA expression of many pro-inflammatory 

cytokines and reduced protein expression of VCAM-1. Expression of adhesion molecule 

ICAM-1 was not influenced by 6-MP or 6-T-GTP, however, the ICAM-1-dependent process of 

assembling leukocyte capturing structures, was abrogated due to inhibition of Rac1 activity. 

Rac1 activation is needed for the cytoskeletal changes to form mature capturing structures 

on the endothelial surface, which is hampered by 6-MP. The functional relevance of this 

finding is revealed in transmigration experiments where neutrophils should transmigrate 
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through an endothelial cell monolayer.  Incubation with 6-MP or 6-T-GTP indeed decreased 

neutrophil transmigration.   

In Chapter 5 we anticipate that the Rac1 inhibiting capacity of 6-MP is not limited to 

endothelial cells (our data) and T cells (shown by others). Here, we investigate if 

macrophages are also sensitive to 6-MP and 6-T-GTP. Interferon-γ-induced activation of 

macrophages leads to JNK-mediated signal transduction and an increase in iNOS 

production, which could be reduced by 6-MP or 6-T-GTP in a Rac1-dependent manner. In 

addition, expression of a number of cytokines is suppressed by 6-MP or 6-T-GTP, yet not 

Rac1-dependent. This shows that these drugs influence additional GTP-dependent pathways 

beyond Rac1. Since azathioprine is most extensively used in inflammatory bowel disease 

patients, we investigate gut epithelial cells. In epithelial cells, 6-MP or 6-T-GTP treatment 

diminished expression of cytokines CCL2 and IL-8, of which only IL-8 production is Rac1-

dependent. The drugs decrease the activity of transcription factor STAT-3 in a Rac1-

dependent fashion, consequently diminishing cyclin D1 and thus the proliferative response. 

Summarizing the data shows that azathioprine and its metabolites inhibit activation of 

immune cells and non-immune cells, which is in part Rac1-dependent, and thereby 

effectively blocks disease progression. 

In Chapter 6 we perform in silico docking studies to determine if and how 6-T-GTP can 

inhibit Rac1, if this would be via a direct interaction with Rac1. We examine the relative 

binding affinities of 6-T-GTP and GTP for the Rac1 GTP-binding pocket. 6-T-GTP can bind 

into the GTP-binding pocket of Rac1, although with low specificity and lower affinity than its 

natural substrate GTP. In addition, 6-T-GTP shows a high specificity and affinity for a groove 

on the surface of Rac1, when Rac1 is in the conformation to bind its guanine nucleotide 

exchange factor (GEF). This groove is at the Rac1-GEF interface and necessary for binding 

of the GEF to Rac1. Binding of 6-T-GTP at this position suggests that it can block GEF 

binding and thus Rac1 activation, which is what we observe in our previous studies. 

Interestingly, two known Rac1 inhibitors bind in the same groove, which is considered their 

mode of function.   

This thesis ends with Chapter 7 where the general outcomes of the different studies are 

reviewed in the context of other relevant literature, extrapolated to human data, and future 

research is discussed. 
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SAMENVATTING 
 

De studies in dit proefschrift beschrijven het farmacologische effect van het 

immuunsuppressivum azathioprine en zijn metabolieten 6-mercaptopurine (6-MP) en 

thiopurine 6-T-GTP op verschillende cel types, door de activiteit van small GTPase Rac1 te 

moduleren. Dit immuunsuppressivum wordt het meest gebruikt na transplantatie of bij 

autoimmuun ziekten, zoals bij patiënten met chronische darmontstekingen. Door de anti-

inflammatoire eigenschappen van dit medicijn is het denkbaar dat azathioprine ook een 

gunstig effect zou kunnen hebben op andere chronische ontstekingsziekten, zoals bij het 

ontstaan van een buik-aneurysma van de aorta. 

In Hoofdstuk 1 wordt een algemene introductie gegeven om de verdere studies in dit 

proefschrift te begrijpen. Het ontstaan van buik-aneurysmata en darmontstekingen wordt 

beschreven, waarbij chronische ontsteking leidt tot afbraak van respectievelijk de vaatwand 

en de darmwand. Macrofagen zijn immuun cellen die belangrijk zijn bij beide ziektebeelden. 

Er wordt ook een overzicht gegeven van de omzetting van azathioprine in zijn metabolieten 

6-MP en 6-T-GTP, en de relatie met GTPase Rac1, wat een belangrijk aangrijpingspunt is 

van deze metabolieten. 

In Hoofdstuk 2 wordt een overzicht gegeven van de huidige literatuur over de functie van 

Rac1 in de drie voornaamste cel typen van de vaatwand; namelijk de endotheelcellen, 

gladde spiercellen en fibroblasten. Rac1 is betrokken bij de regulatie van verschillende 

cellulaire functies, zoals oxidatieve stress, cytoskelet veranderingen, migratie en proliferatie. 

We kunnen concluderen dat chronisch verhoogde Rac1 activiteit een rol speelt in veel 

vasculaire ziekten, met overeenkomstige en cel type specifieke effecten van Rac1. 

In Hoofdstuk 3 wordt een muis studie beschreven in het angiotensine-II geïnduceerde 

aneurysma model, waarbij het effect van azathioprine op de preventie en progressie van 

aneurysma ontwikkeling wordt gemeten. Azathioprine vermindert de initiatie en progressie 

van aneurysma ontwikkeling, door de inflammatoire respons te remmen, waardoor er minder 

macrofaag influx plaats vindt in de vaatwand. Dit effect is gedeeltelijk afhankelijk van de 

remming van endotheelcel activatie, een proces dat normaliter macrofaag adhesie en 

migratie faciliteert, waardoor macrofagen vanuit de circulatie het ontstoken weefsel in 

trekken. In endotheelcellen is de expressie van cytokines zoals IL-12, CCL5, CCL2 en 

adhesie molecuul VCAM-1 verlaagd na behandeling met 6-MP, door middel van Rac1 

remming, wat activatie van de JNK signaal transductie route vermindert. Het laat voor het 

eerst zien dat dit immuunsuppressivum ook een anti-inflammatoire werking heeft in niet-

immuun cellen zoals endotheelcellen. 

Hoofdstuk 4 bestudeert de verschillende mechanismen die ten grondslag liggen aan het 

immuunsuppressieve effect van 6-MP op endotheelcellen. In dit hoofdstuk wordt aangetoond  

in gekweekte endotheelcellen dat 6-T-GTP, gevormd uit 6-MP, waarschijnlijk 

verantwoordelijk is voor de Rac1 remmende werking. 6-MP blokkeert TNFα-geïnduceerde 

endotheelcel activatie door de activiteit van meerdere pro-inflammatoire transcriptie factoren, 

zoals cJun, ATF2 en NFkB, te verlagen. Dit leidt tot verminderde mRNA expressie van veel 

pro-inflammatoire cytokines en verminderde eiwit expressie van VCAM-1. Expressie van 

adhesie molecuul ICAM-1 wordt niet beïnvloed door 6-MP of 6-T-GTP, maar de vorming van 

membraan uitstulpingen voor het omkapselen van migrerende leukocyten, een ICAM-1-

afhankelijk proces, is wel verminderd door Rac1 remming.  Rac1 activatie is nodig om de 

cytoskelet veranderingen mogelijk te maken om de membraan uitstulpingen te vormen, wat 

verstoord wordt door 6-MP. De functionele relevantie wordt aangetoond door middel van 
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transmigratie experimenten, waarbij neutrofielen migreren over een endotheelcel monolaag.  

Incubatie met 6-MP of 6-T-GTP vermindert inderdaad de neutrofiel transmigratie.   

In Hoofdstuk 5 veronderstellen we dat de Rac1 remmende werking van 6-MP niet is 

voorbehouden aan de endotheelcellen (onze data) of T cellen (zoals aangetoond door 

anderen). Hier wordt onderzocht of ook macrofagen gevoelig zijn voor 6-MP en 6-T-GTP. 

Interferon-γ-geïnduceerde activatie van macrofagen leidt tot JNK-gemedieerde signaal 

transductie en een verhoging van iNOS expressie, wat verlaagd kan worden door 6-MP en 6-

T-GTP op een Rac1-afhankelijke manier. Expressie van een aantal cytokines is ook verlaagd 

door 6-MP en 6-T-GTP, maar blijkt niet Rac1-afhankelijk te zijn. Dit laat zien dat er meer 

GTP-afhankelijke routes geremd worden, naast GTPase Rac1.  

Aangezien azathioprine het meest voorgeschreven wordt in patiënten met chronische 

darmontstekingen, zijn ook darm epitheelcellen bestudeerd. TNFα-geïnduceerde epitheelcel 

activatie wordt sterk geremd door 6-MP en 6-T-GTP. CCL2 en IL-8 expressie is verlaagd, 

maar alleen de IL-8 productie blijkt Rac1-afhankelijk te zijn. Het medicijn vermindert de 

activatie van transcriptie factor STAT3, welke ook Rac1-afhankelijk is, met als gevolg dat er 

minder cyclin D1 wordt geproduceerd, waardoor de proliferatieve respons uit blijft. 

Samenvattend laten de data zien dat azathioprine, en zijn metabolieten, activatie van 

immuun cellen en niet-immuun cellen remt, voor een deel via Rac1-afhankelijke processen, 

en op deze manier effectief ziekte progressie kan blokkeren.  

In Hoofdstuk 6 worden in silico docking studies uitgevoerd om te bepalen of en hoe 6-T-

GTP de GTPase Rac1 kan remmen, en of er een directe interactie mogelijk is met Rac1. De 

relatieve binding-affiniteiten van 6-T-GTP en GTP voor de GTP-bindingsplaats op Rac1 laten 

zien dat 6-T-GTP kan binden aan Rac1 op die locatie, maar met een minder hoge affiniteit 

dan zijn natuurlijke substraat GTP. Daarnaast laat 6-T-GTP een hoge specificiteit en affiniteit 

zien voor een groeve aan het oppervlak van Rac1, waar normaliter de guanine nucleotide 

exchange factor (GEF) bindt. Binding van 6-T-GTP op deze Rac1-GEF interactie locatie 

suggereert dat het de binding van de GEF kan voorkomen, waardoor Rac1 activatie geremd 

wordt, wat we ook zien in de voorgaande studies. Het is opmerkelijk dat twee andere 

bekende Rac1 remmers in dezelfde groeve binden, wat het werkingsmechanisme is van die 

Rac1 remmers. 

Dit proefschrift eindigt met Hoofdstuk 7, waar de uitkomsten van de verschillende studies 

worden belicht in de context van relevante literatuur, geëxtrapoleerd naar de humane 

situatie, en vervolg onderzoek wordt besproken. 
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