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ABSTRACT 

     Crohn's disease is an inflammatory disease of the intestines that may affect any part of 

the gastrointestinal tract from mouth to anus. It’s classified as one type of inflammatory 

bowel disease and causes a variety of symptoms including vomiting, diarrhea and 

abdominal pain. The aim of this thesis is to investigate the characteristics of a new 

delivery method for the oral administration of thalidomide in treating Crohn’s disease. 

The suitability of Alginate-poly-L-lysine-alginate (APA) microcapsules for oral delivery 

of thalidomide is first evaluated in-vitro in a simulated gastrointestinal environment. The 

anti-inflammatory activities of microencapsulated thalidomide are then investigated on 

lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. Finally, the targeting delivery 

ability of APA microcapsules is tested in-vivo using a murine model of Crohn’s disease. 

Results show that APA microcapsules enable a slow release of thalidomide in a pH-

dependent manner. Moreover, this work demonstrates the efficiency of 

microencapsulated thalidomide in lowering the inflammation related to Crohn’s disease, 

both in-vitro and in-vivo. However, further animal study is required to evaluate the full 

potential of this approach.  
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RESUME 

     La maladie de Crohn est une maladie inflammatoire chronique intestinale qui peut 

atteindre une ou plusieurs parties du tube digestif. Les symptômes de cette maladie 

inflammatoire se manifestent par des vomissements, des diarrhées chroniques et des 

douleurs abdominales. L'objectif de cette thèse est d'étudier les caractéristiques d'un 

nouveau mode de prestation pour l'administration orale de la thalidomide dans le 

traitement de l'inflammation reliée à la maladie de Crohn. Le potentiel des Alginate-poly-

L-lysine-alginate (APA) microcapsules pour l'administration orale de la thalidomide est 

d'abord évaluée in-vitro en utilisant un modèle de simulation gastro-intestinal. Les 

activités anti-inflammatoires des microcapsules ont ensuite été examinés en utilisant des 

cellules RAW 264.7 stimulée avec du lipopolysaccharide (LPS). Enfin, la capacité de 

livraison de ciblage des microcapsules APA est testé in-vivo en utilisant un modèle 

animale de la maladie de Crohn. Les résultats montrent que les microcapsules APA 

permettent une libération lente de la thalidomide dépendente du pH de l’environnement 

extérieur. En outre, ce travail démontre le potentiel des microcapsules contenant de la 

thalidomide d’abaisser l'inflammation reliée à la maladie de Crohn à la fois in-vitro et in-

vivo. Cependant, une étude plus approfondie des animaux est nécessaire pour pleinement 

évaluer le potentiel de cette approche. 
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PREFACE 

     In accordance with the thesis preparation and submission guidelines, I have taken the 

option of writing the experimental section of this thesis as a compilation of original 

papers appropriate for publication. 

 

     This section is provided in the Thesis Preparation and Submission Guidelines, which 

reads as follows: 

“As an alternative to the traditional thesis style, the research may be presented as a 

collection of papers of which the student is the author or co-author (i.e., the text of one or 

more manuscripts, submitted or to be submitted for publication, and/or published articles 

(not as reprints) but reformatted according to thesis requirements as described below). 

These papers must have a cohesive, unitary character making them a report of a single 

program of research.” 

 

     The original papers presented in this thesis are divided into sections consisting of an 

Abstract, Introduction, Materials and Methods, Results and Discussion, and Conclusions. 

A common Abstract, Introduction, Literature Review, Summary of Results, Conclusions 

and References are included in this thesis in accordance to the guidelines. 
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LIST OF ABBREVIATIONS 

DMSO   Dimethyl Sulfoxide 

APA   Alginate-PLL-Alginate  

PBS    Phosphate Buffer Solution 

PLL                              Poly-l-lysine 

MTS                             3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 

                                     sulfophenyl)-2H- tetrazolium), 

LPS   Lipopolysaccharide 

TNBS    2,5,6-trinitrobenzene sulfonic acid 

 

Units 

cm    Centimeter 

g   Grams 

pg   Picograms 

Kg    Kilograms 

mg    Milligrams 

mL    Milliliter 

nm   Nanometer 

mM   Millimolar 

h                                   Hours 

S.D.                              Standard deviation    

U/g                               Units per gram                      
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1.0. GENERAL INTRODUCTION 

1.1. Overview 

     Crohn’s disease is a type of inflammatory bowel disease (IBD) that affects any part of 

the gastrointestinal tract, form the mouth to the anus. Between 400 000 and 600 000 

people in North America have this disease, males and females being equally affected 1. 

Although the exact cause of Crohn’s disease is not well known, genetic and 

environmental factors seem to play a crucial role in the predisposition of this disease 2, 3. 

Crohn’s disease is thought to be an autoimmune disease, with inflammation stimulated by 

an overactive T-helper 1 (Th1) response, leading to the production of pro-inflammatory 

cytokines. It has been shown that an enhanced secretion of the pro-inflammatory 

cytokines TNF-α, IL-6 and IL-1β is observed in patients affected by Crohn’s disease 4. 

     Crohn’s disease cannot be cured by surgery, and most anti-inflammatory drugs and 

immunomodulators currently available on the market show limited clinical efficiency in 

the remmision of this disease. One promising drug that has been successfully used in the 

remission of Crohn’s disease is thalidomide. This drug has antiangiogenic activities and 

can inhibit inflammatory cytokines that are up-regulated in Crohn’s disease 5. However, it 

has been shown that thalidomide can cause drowsiness, hypertension, skin rash, oedema 

and neutropenia 6. Therefore, an appropriate delivery platform must be introduced to limit 

the major side-effects associated with thalidomide. 

     In this thesis, artificial cell microcapsules have been designed and investigated for 

their clinical efficiency. Alginate-Poly-L-Lysine-Alginate (APA) microcapsules can be 

used for the delivery and targeting of thalidomide to desired locations of the 

Gastrointestinal Tract, thus optimizing clinical efficiency. 
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1.2. Thesis Hypothesis 

 

     Novel artificial cells loaded with sufficient amount of thalidomide will selectively 

target areas of the gastrointestinal tract affected by Crohn’s disease, allowing effective 

thalidomide delivery and lowering intestinal inflammation with minimal associated side 

effects. 

 
 
1.3. Thesis Research Objectives 

 
     The thesis research objectives are to: 

i. Design and prepare artificial cells containing thalidomide and evaluate their 

stability in a simulated GI model, 

ii. Analyze the anti-inflammatory effects of artificial microcapsules containing 

thalidomide in-vitro using cell lines, and 

iii. Investigate the efficacy of APA microcapsules containing thalidomide in lowering 

intestinal inflammation in a murine model of Crohn’s disease. 

 
1.4. Thesis Outline 

 
     This thesis is divided into 6 chapters. Chapter 1 describes the background and research 

objectives of this thesis. Chapter 2 consists of an extensive literature review of the subject 

matter while Chapters 3-5 are the collections of original papers ready to be submitted. 

These research papers talk about the main studies performed to achieve the objectives 

discussed above. Chapter 6 is a general discussion of the present study. Finally, Chapter 7 

summarizes the findings of the present study and provides future recommendations. 

 

 



15 

 

CHAPTER 2: BACKGROUND AND LITERATURE  

2.1. Introduction and current research objectives 

     Inflammatory bowel disease (IBD) is defined as a chronic intestinal inflammation that 

results from host–microbial interactions in a genetically susceptible individual 7. IBD is 

classified into two major types of diseases: Crohn's disease (CD) and ulcerative colitis 

(UC) 8. In Crohn’s disease, inflammation can affect any part of the Gastrointestinal Tract, 

while ulcerative colitis is characterized with an inflammation localized at the large 

intestine. The prevalence of Crohn’s disease is relatively high in highly industrialized 

countries. Medical treatment of Crohn’s disease and other inflammatory diseases is 

strongly dependent on the use of immunosuppressive drugs and anti-inflammatory 

compounds 9. Although immunosuppressive therapies such as azathioprine, 

mercaptopurine, and methotrexate are currently available, remission of Crohn’s disease in 

clinical patients remains a challenge 10. This class of therapeutic is very efficient in 

reducing the extent of inflammation, but presents a wide range of side effects. For 

instance, administration of such pharmaceutical compounds can cause fluid retention, 

insomnia, weight gain, drowsiness, hypertension, constipation, and vomiting. Therefore, 

in the ongoing research for additional therapeutics, this work focuses on the development 

of an artificial cell formulation containing thalidomide to treat Crohn’s disease. 

Thalidomide is an anti-inflammatory drug that significantly reduces the amount of pro-

inflammatory cytokines, thus dampening the inflammation associated with Crohn’s 

disease. The characteristics and effectiveness of this formulation is explored in details 

both in vitro, in a simulated dynamic gastrointestinal model, and in-vivo using 

experimental animals. 
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2.2. Inflammation and Crohn’s disease 

     T helper cells are a sub-class of lymphocytes that play a key role in mediating an 

immune response. They are involved in activating other immune cells and in determining 

the specificity of antibodies secreted by B cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Factors determining T-lymphocytes differentiation in Crohn's disease. 

 

Upon proliferation, a helper T cell differentiates into Th1 and Th2 cells. Th1 cells 

mediate the production of pro-inflammatory cytokines such as IFN-γ, TNF-α and IL-2, 

part of the cell mediated immunity. Th2 cells lead to the production of anti-inflammatory 

cytokines including IL-4, IL-5, IL-6, and IL-10 which constitutes the humoral immune 
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response. There is a mutual interaction between Th1 and Th2 lymphocytes: Th1 

cytokines suppress the proliferation of Th2 cytokines and vice versa. In a normal 

situation, there is a balance between the amount of Th2 and Th1 cells 11. The 

development of Crohn’s disease is strongly related to a polarized type-1 immune 

response that causes chronic gut inflammation 12. Administration of anti-inflammatory 

drugs will protect the individual from Crohn’s disease by attenuating the Th1 response 

and enhancing the Th2-mediated activity. This immune modulation will cause the switch 

of the immune response from a Th1 to a Th2-mediated activity, thus significantly 

reducing the extent of bowel inflammation 13, 14. 

 

2.3. Introduction to the Gastrointestinal Barrier 

     Being able to understand the properties and characteristics of the gastrointestinal tract 

can help clarify the bio-molecular mechanisms of inflammatory bowel diseases. The 

gastrointestinal tract consists of four different layers that reflect specialization in 

functional anatomy: Mucosa, submucosa, muscularis externa and adventitia. The mucosa 

is an inner layer of the gastrointestinal tract that plays a very important role in the 

digestion of food. It forms a barrier between the internal organs and the lumen of the 

gastrointestinal tract. It mainly consists of epithelial cells that are connected by tight 

junctions. The role of these tight junctions is to efficiently allow the transport of nutrients 

across the epithelium, while preventing the passage of molecules that might be harmful to 

the host 15.  These epithelial linings also contain goblet cells and endocrine cells 16. 

Goblet cells sole function is to secrete mucin, which forms mucus when dissolved in 

water. Endocrine cells, which are commonly found in the epithelium wall, secrete a type 

of hormone that plays a crucial role in the regulation of digestive processes. External 
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microorganisms that are able to breach the epithelial wall will have unrestricted access to 

the circulatory system, which is one of the main causes of gastrointestinal diseases. 

Indeed, murine and human studies have demonstrated that Crohn’s disease is 

characterized by a defect in the epithelial barrier and an alteration in mucus production, 

leading to an increase in intestinal permeability and in toxins adherence 17, 18.  

 

 

 

 

 

 

 

Figure 2.2:  Triggering of immune response in Crohn’s disease 19. 

As illustrated in Figure 2.2, Crohn’s disease is characterized by a defect in epithelial 

barrier integrity, resulting in the translocation of microbial antigens and other external 

agents 19. Several studies have demonstrated that there is an increase in adherent bacteria 

in patients with Crohn’s disease 17. Exposure of the mucosal immune system to external 

luminal contents will significantly increase the production of pro-inflammatory cytokines 

and favor a differentiation of T cells to Th1-type effector cells. 
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2.4. The role of TNF-α in Crohn’s disease 

     TNF-α is a pro-inflammatory cytokine that plays a major role in the inflammation 

caused by Crohn’s disease 20. Intestinal inflammation is characterized by a significant 

increase in TNF-α. Indeed, clinical studies have demonstrated that the level of TNF-α in 

serum was found to be elevated in patients affected by Crohn’s disease 4. It can be found 

in higher amount in both histologically normal mucosa and inflamed mucosa 21, 22. An 

increase in TNF-α induces cell proliferation and differentiation 23, and leads to an up-

regulation of adhesion molecules on endothelial cells 24. TNF-α binds on its receptor, 

TNF-R1 and TNF-R2, which can be found in most cells of the immune system. TNF-α is 

also involved in the following pathways, that play a major role in intestinal inflammation. 

 

a) TNF-α can activate the NFkB pathway 

     First of all, TNF-α can activate the classical NFkB pathway, leading to the production 

of more pro-inflammatory cytokines. The transcription of NF-Kappa B is crucial for 

several biological processes including inflammation, apoptosis, cell survival and 

differentiation 9. IkBα is an inhibitory protein which normally binds to NF-KappaB and 

inhibits its translocation into the nucleus, thus preventing its transcription. However, in 

the presence of TNF-α, The IκB (IKK) complex is recruited. This kinase can 

phosphorylate the inhibitory proteins of NF-kappaB and mark them for 

polyubiquitination, leading to their subsequent degradation and translocation of NF-

kappaB 25. 
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b) TNF-α plays a major role in the activation of the MAPK pathways 

     Indeed, the activation of the MAPK (Mitogen-activated protein kinases) pathway is 

strongly dependent on the presence of TNF-α. MAPK are serine/threonine-specific 

protein kinases that are sensitive to several external stimuli, such as heat shock, osmotic 

stress and pro-inflammatory cytokines 26. The MAPK pathway eventually leads to the 

translocation of JNK to the nucleus, which plays a crucial role in various biological 

activities, including cell proliferation, apoptosis, mitosis and gene expression 27. 

 

c) TNF-α is involved in death signaling 

     Various members of the TNF family have been shown to regulate apoptosis, a process 

of programmed cell death 28. The binding of TNF-α to its receptor will lead to the 

recruitment and auto-proteolytic activation of caspase 8. This caspase protein amplifies 

the apoptotic cascade and promotes cell death by mediating the cleaving of effector 

caspases 29. Current research tries to focus on designing an anti-TNF-α therapy in order to 

efficiently dampen the inflammation related to Crohn's disease in clinical patients.  

 

2.5. Types and symptoms of Crohn’s disease 

     There exist five different subtypes of Crohn’s disease which are classified according 

to the area of the gastrointestinal tract where the inflammation takes place. 

a) Gastroduodenal Crohn's disease mainly affects the stomach and the duodenum. 

This type of disease is found endoscopically in 20% 30 and up to 40% of cases 

histologically 31, 32. The most frequent symptoms include dysphagia, odynophagia, 

nausea, anorexia, epigastric pain and dyspepsia 33. 



21 

 

b) Jejunoileitis Crohn's disease: This disease affects the jejunum, which is the 

longest portion of the small intestine located between the duodenum and the 

ileum. It’s one of the most difficult locations in the gastrointestinal tract to treat, 

and patients may experience intestinal obstruction 34. 

 

c) Ileitis: This disease affects the ileum, which is the lowest part of the small 

intestine, as illustrated in figure 2.3. The patient affected by this disease has a 

higher risk of developing anemia. 

 

 

 

 

Figure 2.3: Areas of the gastrointestinal tract affected by Ileitis Crohn’s disease. 

This disease accounts for 20% of the cases. Symptoms include diarrhea, cramping or 

pain in the abdominal region. 

d) Ileocolic Crohn's disease: It’s the most common type of disease which accounts 

for fifty percent of the cases. As represented in figure 2.4, it affects both the 

ileum, which is the lowest part of the small intestine, and the colon. 
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Figure 2.4: Areas of the gastrointestinal tract affected by Ileocolic Crohn's disease. 

e) Granulomatous Colitis  

     Granulomatous Colitis is a disease which affects the colon. As illustrated in Figure 

2.5, the disease is not spread entirely over the colon. There are often areas of healthy 

tissues between areas of diseased tissues. 

 

 

 

 

Figure 2.5: Areas of the gastrointestinal tract affected by Crohn's Colitis. 

The main gross alterations found in granulomatous colitis are inflammation, edema and 

thickening of the tissues underlying the affected bowel. 
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2.6. Diagnosis of Crohn’s disease 

     Several techniques and medical tests are currently available to help the physician 

provide an effective diagnosis of Crohn’s disease. The use of capsule endoscopy is one of 

the best tests for making an effective diagnosis of Crohn’s disease. The capsule, which is 

of the size of a pill, can take pictures of the inside of the gastrointestinal tract when 

swallowed by a patient. These endoscopic images can localize small erosion and ulcer 

along the gastrointestinal tract and help physicians identify the type of Crohn’s disease 35. 

An alternative to endoscopy is the use of radiology tests that can aid in the diagnosis of 

the disease. A barium follow-through procedure is a useful medical imaging technique 

used when only the small intestine is involved in Crohn’s disease 36. In this technique, the 

patient drinks a solution containing barium-sulfate that appears white on X-rays, 

displaying the internal lining of the bowel. X-ray computed tomography (CT) and 

Magnetic resonance imaging (MRI) scans are also commonly used for looking at intra-

abdominal complications of Crohn's disease such as small bowel obstruction, abscesses 

or fistulae 37. Diagnosis of Crohn’s disease can also be done by testing blood samples of 

patients. Laboratory blood tests may show elevated sedimentation rates and white cell 

counts, both of which are associated with intestinal inflammation. Complete blood count 

from patients affected with Crohn’s disease may reveal anemia, caused by vitamin B12 

deficiency and autoimmune hemolysis 38. Moreover, increasing amounts and levels of 

serological antibodies including ASCA, anti-laminaribioside, anti-chitobioside, anti-

mannobioside, anti-Laminarin and anti-Chitin may be useful in the prognosis of Crohn's 

disease 39, 40. 
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2.7. Causes of Crohn’s disease 

a) Genetic factors  

     The exact cause of Crohn’s disease is not well known, but its appearance seems to be 

strongly dependent on genetic factors. Several factors such as bacterial contamination, 

change in the immune system and genetic variations, appear to be strongly correlated to 

Crohn’s disease. For instance, a mutation in NOD2 gene is associated with an increase 

susceptibility to Crohn's disease 41. Indeed, wild-type NOD2 can activate the nuclear 

factor NF-kB, leading to the production of pro-inflammatory cytokines. Furthermore, the 

XBP1 gene has recently been linked to the unfolded protein response pathway of the 

endoplasmic reticulum, which is characteristic of inflammatory bowel diseases 42, 43. 

 

b) Environmental factors  

     While genetic predisposition plays a key role in immune-mediated diseases, the major 

influence appears to be due to environmental factors. When individual moves from a low 

prevalence to a high prevalence area, their children have the same risk of developing 

autoimmune diseases as people born in extremely hygienic countries. While the 

environment present in highly industrialized countries produces a risk for immune-

mediated diseases such as Crohn’s disease, environmental factors in less-developed 

regions protects the host system from such diseases. Indeed, current research suggests 

that autoimmune diseases, such as Crohn’s disease, are most prevalent in highly 

industrialized nations but very rare in less developed countries 2. Diet seems to be 

strongly dependent to its higher prevalence in industrialized regions. Studies have shown 

that increased consumption of milk protein, animal protein and polyunsaturated fatty 

acids can increase the risk of getting inflammatory bowel diseases 44. Furthermore, it has 
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been suggested that smoking is also involved in the development of Crohn’s disease. This 

strong association could be due to tobacco’s influence on mucus permeability 19. 

 

2.8. Crohn’s disease, available treatments and their limitations 

a) Background information on available treatments 

     There is no known pharmaceutical or surgical cure for the treatment of Crohn's 

disease. Treatment of this disease involves the use of anti-inflammatory drugs that 

significantly reduce the symptoms of the disease and help maintain its remission. 

Medications used to treat the symptoms of Crohn's disease include anti-inflammatory 

drugs such as 5-aminosalicylic acid (5-ASA) 45, and immunomodulators such as 

azathioprine, mercaptopurine, methotrexate, infliximab, adalimumab, certolizumab and 

natalizumab. These pharmaceutical compounds will regulate the immune system by 

efficiently triggering a Th2-mediated response that dampens Th1-mediated inflammation. 

This will result in the production of anti-inflammatory cytokines such as IL-4, IL-5, IL-6 

and IL-10 that inhibits the production of pro-inflammatory cytokines. Oral delivery of 

such as compounds has shown to be successful against intestinal inflammation 46, but 

presents several limitations when administered in high dose. These limitations are mainly 

due to the fact that most of the administered drug is delivered to non-specific cells of the 

body. 

 

b) Lifestyle changes 

     A change in lifestyle can help reduce the symptoms of Crohn’s disease and 

significantly improve the quality of life of patients. This includes regular exercise and 
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enough sleep to avoid fatigue. Moreover, a proper adjustment in the diet can help the 

patient manage the symptoms of Crohn’s disease. For instance, eating small, frequent 

meals, instead of a few big ones can help control the symptoms. Finally, avoiding alcohol 

and smoking can make the symptoms of Crohn’s disease go away, since tobacco is 

directly involved in mucus production and epithelial barrier integrity 47.  

 

c)  Use of monoclonal antibodies  

     Anti-TNF-α antibodies are frequently used for the treatment of Crohn’s disease 

because they are able to efficiently reduce the amount of TNF-α in the body 48. Recent 

studies suggest that infliximab is a potential antibody to treat Crohn’s disease since it 

neutralizes TNF-α by preventing it from interacting with its receptor 49, 50, 51. Infliximab is 

a monoclonal antibody against TNF-α, and was approved by the FDA for the treatment of 

Crohn’s disease in August 1998. The complementarities between TNF-α molecule and 

the variable region of infliximab make this antibody a promising treatment for Crohn’s 

disease and other autoimmune diseases. Other antibodies, such as adalimumab and 

certolizumab, have shown significant positive results in the treatment of inflammatory 

bowel diseases 52. The major limitation associated with infliximab is that patients can 

develop problems with tuberculosis as a result of TNF-α neutralization 53. Delayed 

hypersensitivity reactions are also frequently observed following administration of 

infliximab 54. Moreover, infliximab cannot be administered orally, since the digestive 

system would destroy it. Administration of infliximab must be done by intravenous 

infusion at 6-8 week intervals. Therefore, it’s more suitable to eliminate this method and 

treat Crohn’s disease using oral drug delivery. 
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2.9. Introduction to thalidomide and its potential in Crohn's disease 

     Thalidomide was first manufactured by a German pharmaceutical company 

Grünenthal and found to be an effective sedative and tranquilizer for insomnia, colds and 

headaches. It was introduced in the market in 1957 in several countries as an 

immunomodulatory agent to treat diseases such as multiple myeloma. However, it was 

withdrawn from the market in 1961 after being found to be associated with severe birth 

defects when taken during pregnancy 55. The use of thalidomide for the treatment of the 

lesions associated with erythema nodosum leprosum (ENL) was approved in July 1988 

by the FDA. The drug can now be administered to patients in the United States under 

strict guidelines in accordance to the STEPS program (System for Thalidomide 

Education and Prescribing Safety). The systematic name of thalidomide is (RS)-2-(2,6-

dioxopiperidin-3-yl)-1H-isoindole-1,3(2H)-dione. As illustrated in figure 2.6, 

thalidomide is a tricyclic molecule. Its half-life in blood plasma ranges from 5 to 7 hours 

following administration of a single dose. Thalidomide is often solubilized in dimethyl 

sulfoxide (DMSO) since its solubility is high in this organic solvent. Because thalidomide 

has an absorbance at 220 nanometers, spectrophotometry can be used to detect the 

concentration of this drug in solution. 

 

 

 

 

Figure 2.6: Structure of thalidomide. 
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The mechanisms of action of thalidomide are not fully understood. This drug has 

antiangiogenic effects and can inhibit inflammatory cytokines 5. It also stimulates the 

production of cytotoxic T-cells, resulting in an increase in the number of T-lymphocytes 

56. Thalidomide is involved in the pathophysiology of Crohn’s disease since it suppresses 

all major cytokines that participates in intestinal inflammation. The production of pro-

inflammatory cytokines as seen in Crohn’s disease mainly depends on the activity of NF-

kB. As previously discussed, the activation of this transcription factor is tightly regulated 

57, 58.  Several external stimuli, including some tumor necrosis factor receptors (TNFR), 

can activate the NF-kB pathway 57. When translocated inside the nucleus, NFKB is 

responsible for secretion of several pro-inflammatory cytokines such as IL-2, TNF-α and 

IFN-γ. This translocation inside the nucleus depends on the action of the IKB kinase.  It 

was shown that thalidomide is able to suppress the activity of IKB kinase, leading to the 

inhibition of NFkB transcription 59. Moreover, thalidomide destabilizes TNF-α mRNA, 

leading to a significant decrease in the amount of the TNF-α protein, a pro-inflammatory 

cytokine responsible for Crohn’s disease inflammation 60, 61. Although thalidomide is 

beneficial in dampening the production of pro-inflammatory cytokines, it presents several 

limitations. Such limitations include drowsiness, hypertension, skin rash, oedema and 

neutropenia 6. In order to minimize the side effects of thalidomide, an appropriate 

delivery platform must be used to successfully deliver this drug to affected parts of the 

gastrointestinal tract. This research focuses on the development of a new delivery method 

using artificial microcapsules. 
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2.10. Introduction of microencapsulation and its potential in targeted delivery of 

thalidomide in Crohn's disease 

     Microencapsulation is a promising tool in scientific research that allows the delivery 

of pharmaceutical compounds at specific tissues in the body, in a time dependent fashion 

62.  An artificial cell involves the preparation of an artificial structure of cellular 

dimensions using different types of polymers and proteins. It can contain a variety of 

molecular structures including DNA, drugs, enzymes, antibodies, bacteria cells, 

mammalian cells and other microorganisms 63. Alginates are certainly the most frequently 

employed polymer for microencapsulation due to their abundance, easy gelling 

characteristics and apparent biocompatibility. Although the suitability of other 

biomaterials is under investigation, none has reached the same level of performance as 

alginates 64. APA microcapsules are formed by the ionic interactions between negatively 

charged alginate molecules and positively charged calcium ions. Furthermore, the 

membrane coating in an APA microcapsule is held by electrostatic and chemical 

interactions between alginate and Poly-L-Lysine layers. 

 

 

 

 

 

 

 

Figure 2.7: Molecular structure of the Alginate-Poly-L-Lysine-alginate formulation. 
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Poly-L-Lysine is a polymer of lysine units, an essential amino acid. It’s used as a control 

of membrane porosity and protection from external environment. Several publications 

suggest the use of APA microcapsules as an efficient platform for the delivery of 

pharmaceutical compounds 62. Preliminary data suggest that APA capsules remain intact 

in low pH environment normally encountered in the stomach 65. In the small intestine, the 

capsules degrade at a slow rate and release its content in a time-dependant manner. By 

enabling successful delivery of thalidomide to specific sites of the Gastrointestinal Tract, 

APA microcapsules will limit the major side effects associated with thalidomide. 

 

2.11. In-vitro and in-vivo models for studying Crohn’s disease 

a) In-vitro model of Crohn’s disease 

     Crohn’s disease can be modeled by the use of appropriate mammalian cells that 

expresses the inflammatory markers when grown in culture. The appearance of this 

disease in individuals is largely due to environmental and genetic factors that elicit an 

immune response leading to increased pro-inflammatory cytokine production. The 

lipopolysacharide (LPS) layer of bacteria have shown to efficiently create a strong 

immune response that result in an increased production of pro-inflammatory cytokines by 

cells in the intestinal epithelial, submucosal and endothelial layers 66. Upon stimulation of 

monocytes and macrophages by LPS, an increased production of pro-inflammatory 

cytokines including TNF-α and IL-1 ensues 15.  In this study, RAW 264.7 mouse 

macrophage cells derived from Balb/c mice are used to mimic intestinal inflammation. 

LPS-activated RAW 264.7 macrophages cells have shown to produce pro-inflammatory 
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cytokines and can thus be used to closely mimic the inflammation related to Crohn’s 

disease 62. 

 

b) In-vivo model of Crohn’s disease 

     Crohn’s disease is an inflammatory disease that affects any part of the gastrointestinal 

tract, from the mouth to the anus. Several animal models, including chemically-induced 

and genetically modified, have been developed in order to study the different 

characteristics of the disease pathogenesis 67. Murine model are ideal for studying 

Crohn’s disease and mimicking gut inflammation with regard to disease location and 

clinical response to therapy. The use of genetically modified mice requires the 

understanding and proper use of transgenic and knockout methodologies. Transgenic 

technology is a technique in which foreign genes are introduced into the germ line of a 

mouse while gene knockout refers to the “silencing” of a gene using appropriate genetic 

techniques 68. Examples of genetic models include the IL-2, T-cell receptor (TCR) a/b, 

IL-10 and knockout models 67. These genetic models can greatly contribute in 

understanding the key biochemical and immunological pathways involved in the 

inflammation associated with Crohn’s disease.  

The chemically-induced group of animals requires the administration of an external 

chemical agent for induction of intestinal inflammation, including trinitrobenzene 

sulfonic acid (TNBS), dextran sodium sulfate (DSS), and oxazolone 67. The advantage of 

using these models is their relatively low cost compared to genetically modified animals 

while sharing similar biochemical and immunological pathologies as seen in Crohn’s 

disease. This research focuses on the use on chemically-induced model for the study and 

treatment of Crohn’s disease. In order to induce intestinal inflammation, TNBS will be 
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administered to Balb/c mice by anal injection. Acute inflammation in response to TNBS 

administration seems to be associated with increased levels of TNF-α and other pro-

inflammatory cytokines such as IFN-γ in this strain of mice 69. 
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PREFACE FOR CHAPTERS 3-5: 

     In order to evaluate the suitability of microencapsulated thalidomide for the treatment 

of Crohn’s disease, artificial cells were designed using an Alginate-Poly-L-Lysine-

Alginate (APA) membrane. Chapter 3 describes the design and preparation of APA 

microcapsules containing thalidomide. Moreover, Chapter 3 investigates the 

characteristics of APA microcapsules containing thalidomide. In-vitro experiments are 

conducted in the proposed paper to better understand the drug release profile using a 

simulated gastrointestinal model. 

     The objective of Chapter 4 is to further understand the anti-inflammatory properties of 

artificial cells containing thalidomide. In this study, RAW 264.7 mouse macrophage cells 

derived are used to mimic intestinal inflammation. Activation of RAW 264.7 cells with 

Lipopolysacharides (LPS) will stimulate the production of pro-inflammatory cytokines, 

thus closely mimicking intestinal inflammation as seen in Crohn’s disease. 

     Chapter 5 investigates the potential of this approach in an experimental murine model 

of Crohn’s disease. In this paper, 2,4,6-trinitrobenzene sulfonic acid (TNBS) is used to 

induce Crohn’s disease in Balb/c mice. After treating the mice with APA microcapsules 

containing thalidomide, several parameters are measured to assess the extent 

inflammation. 
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PREFACE FOR CHAPTER 3 

     Preliminary data have shown that alginate-poly-L-lysine-alginate (APA) 

microcapsules could successfully enable the delivery of thalidomide in a pH-dependent 

fashion 30. In this work APA microcapsules containing thalidomide were prepared and 

characterized in-vitro. Moreover, simulated intestinal fluid (SIF) and simulated gastric 

fluid (SGF) were prepared to mimic the gastrointestinal tract and to evaluate the drug 

delivery potential of APA microcapsules. 
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Chapter 3: Artificial cell microcapsule for oral delivery of thalidomide: design, 

preparation, and in-vitro characterization for Crohn’s disease application 

 

 

3.1. Abstract 

        Crohn's disease is a chronic inflammatory disorder of the gut and is classified as a 

type of inflammatory bowel disease. The anti-inflammatory drug thalidomide has shown 

to be very effective against Crohn’s disease, but presents several limitations such as 

drowsiness, skin rash and hypertension. Therefore, development of novel delivery system 

is urgent and necessary. The aim of this paper is to present the formulation of Alginate-

Poly-L-Lysine-Alginate (APA) microcapsules for the delivery of thalidomide to desired 

locations of the Gastrointestinal Tract. APA microcapsules were designed, prepared and 

characterized in-vitro for thalidomide release. Mechanical stability of capsules and the 

drug release profile were monitored in a simulated gastrointestinal model. Data suggest 

that APA microcapsules enable a slow release of thalidomide in a pH and time-dependent 

manner. Indeed, the characteristics of APA microcapsules make it a suitable carrier for 

the targeted delivery of thalidomide to specific areas of the gastrointestinal tract. 

Keywords: Alginate-Poly-L-Lysine-Alginate (APA); Simulated gastric fluid (SGF); 
Simulated Intestine fluid (SIF) 

 

3.2. Introduction 

     Crohn's disease is a chronic inflammatory disorder of the gut and is classified as one 

type of inflammatory bowel disease. More than 400 000 people are affected by Crohn’s 

disease in North America 1. Epidemiological studies suggest that this disease occurs in 
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genetically susceptible individuals as a result of defects in mucosal barrier function and 

dysregulated Th1-type mucosal inflammation 70, 71. In Crohn’s disease, inflammation can 

affect any part of the Gastrointestinal Tract, from the mouth to the anus. Most common 

symptoms include abdominal pain, diarrhea, vomiting, and weight loss 72, 73. 

      There is no cure for Crohn’s disease and surgery cannot be used to treat this disease 

74. Medications used to treat Crohn’s disease include anti-inflammatory drugs such as 5-

aminosalicylic acid (5-ASA) and immunomodulators such as azathioprine, 

mercaptopurine, methotrexate, infliximab, adalimumab, certolizumab and natalizumab 75, 

76. Although these pharmaceutical compounds have shown to be effective against Crohn’s 

disease, they show limited clinical efficiency and several side effects. The anti-

inflammatory drug thalidomide has shown to be very successful in inhibiting the 

inflammation associated with Crohn’s disease but presents side effects due to his high 

dose requirements 62.  

     Appropriate delivery systems must be developed in order to overcome the limitations 

and issues of the currently available treatment for Crohn’s disease. Artificial cell 

microencapsulation is a promising tool in scientific research that allows for the delivery 

of pharmaceutical compounds to specific tissues in the body, in a time dependent fashion 

77, 78.  Creating an artificial cell involves the preparation of artificial structure of cellular 

dimension using different types of polymers and proteins. Although several encapsulation 

techniques are being used, the most promising formulation is the encapsulation of 

calcium alginate beads with poly-L-lysine (PLL), forming alginate-poly-L-lysine-alginate 

(APA) microcapsules 64. APA microcapsules are formed by the ionic interaction between 

negatively charged alginate molecules and positively charged calcium ions. This allows 

the entrapped material to be protected from the external environment. This paper 
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proposes the use of APA microcapsules for the specific delivery of thalidomide to treat 

Crohn’s disease. The goal of this study is to evaluate the drug release characteristics in 

different intestinal segments and to determine the effect of thalidomide on a simulated 

intestinal inflammation by using RAW 264.7 macrophage cells. 

 

3.3. Material and methods 

Chemicals and laboratory equipment 

     The Research IER-20 cell encapsulator was supplied by Inotech Biosystems 

International. The Lab-Line Environ Shaker 3527 was supplied by Lab-Line Designers 

and Manufacturers and the Varian Cary 100 Bio Spectrophotometer was supplied by 

Varian. The chemicals thalidomide, alginic acid, poly –L-lysine (Hydrobromide) and 

dimethyl sulfoxide were supplied by Sigma-Aldrich Canada.  

 

Preparation of APA microcapsules containing thalidomide 

     Alginic acid was added to deionized water to make a 1.5% alginate solution. (±)-

Thalidomide ((±)-2-(2,6-Dioxo-3-piperidinyl)-1H-isoindole-1,3(2H)-dione) was 

dissolved in deionized water at a concentration of 0.035 mg/ml by stirring and heating for 

24 hours and added to the alginate solution. Alginic acid was additionally added to 

maintain a 1.5% concentration after the thalidomide and water solution were included.  

APA beads were then formed by running the above solution through an Inotech 

encapsulator pump using a 300µm nozzle.  Frequency was set to 528 Hz, flow rate to 

20.8 ml/min and voltage to 1.48 kV.  Formed beads were collected in a prepared 0.1M 

calcium chloride solution to avoid cell aggregation. The beads were then washed with 

deionized water and soaked in a 0.1% poly-l-lysine bath for 10 minutes.  Beads were 
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washed again and soaked in 0.15% alginate solution for 15 minutes.  Final washing was 

done with water and beads were transferred into calcium chloride for storage.  The 

capsules were visually evaluated for uniformity and integrity through a Lomo light 

microscope with 250X magnification. 

 

Characterization of thalidomide 

     A standard curve for thalidomide in deionized water was prepared. Thalidomide was 

dissolved in deionized water at a concentration of 0.035 mg/ml by stirring and heating for 

24 hours. The absorbance of different dilution factors was measured at 220 nm and 

plotted against the concentration of thalidomide in mM (Figure 3.1). 

 

Physical integrity of APA microcapsules 

     In-vitro experiments were conducted to study the physical integrity of APA 

microcapsules containing thalidomide. In order to simulate in vivo shear stress, 

microcapsules were incubated for 48 h in saline solution and shaken at 150 rpm 79. The 

percentage of damaged and undamaged microcapsules were visually determined using a 

light microscope from supernatant samples taken at 1h, 9h, 12h, 24h and 48h after 

incubation. Pictures were taken before and after incubation to analyze the morphology of 

the microcapsule. Moreover, the release of thalidomide was measured 

spectrophotometrically over time as a marker of membrane permeability. 

 

Evaluating thalidomide release in simulated gastric and intestine fluid  

     Simulated gastric fluid (SGF) and simulated intestine fluid (SIF) were prepared in 

order to mimic the external environment encountered in the stomach and small intestine. 
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SGF was prepared by dissolving Sodium Chloride (NaCl) and pepsin in deionized water. 

Hydrochloric acid was added to acidify the solution. The final pH of the solution was 1.5. 

Then, 250 mg of dried APA microcapsules containing thalidomide was added to 1 ml of 

SGF and shaken at 125 rpm for 30 min. The optical density at 220 nm (OD 220) was 

measured from the supernatant every 10 min and the results are shown in figure 4. SIF 

was prepared by dissolving potassium phosphate monobasic, sodium Hydroxide and 

pancreatin in deionized water. The pH of the solution was 6.5. In this experiment, 305 mg 

of APA microcapsules containing thalidomide were added to 1 ml of SIF and shaken at 

125 rpm from 60 min. The absorbance was measured from the supernatant every 10 min 

and plotted on Figure 3.5. 

 

In-vitro analysis of APA microcapsules in full simulated gastrointestinal model 

     The aim of this experiment was to evaluate the resistance and the survival of APA 

microcapsules containing thalidomide in the gastrointestinal environment. Different 

solutions were prepared in order to mimic the stomach, the small intestine, the colon 

ascendans, the colon transversum and the colon descendans with respect to their pH. 

Table 3.1 describes the retention time and pH of each solution. 15.65 g of dry capsules 

was initially added to the first solution and shaken at 250 rpm for 46h. HCl (0.102 M) 

and NaOH (0.2 M) are added throughout the experiment in order to reach the desired pH. 

OD 220 of supernatant was measured at several time points and the concentration of 

thalidomide was calculated in g/ml as shown in figure 3.6. Furthermore, the pH of the 

solution was monitored throughout the experiment to determine the effect of thalidomide 

on the pH of the surrounding solution. 
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Statistical analysis 

     Values are expressed as mean ± SD. Study was considered a randomized balanced 

design. Statistical comparisons between various biomarkers were carried out by repeated 

measures analysis of variance (ANOVA). Statistical comparisons between various 

treatment groups were carried out by using the general linear model (GLM). Statistical 

significance was set at p < 0.05. 

 

3.4. Results and Discussion: 

Thalidomide standard curve 

     The optical density at 220 nm was measured from the supernatant and plotted in 

Figure 3.1. Data suggest a direct proportionality between the optical density and 

thalidomide concentration. The mathematical equation y=45.464x, where y represents the 

absorbance at 220nm and x the concentration in mM, will be used for calculating the 

amount thalidomide in samples. 

 

Physical integrity of APA microcapsules 

     In order to mimic in vivo shear stress, the APA microcapsules were incubated in saline 

solution for 48h and shaken at 150 rpm. The percentage of intact APA microcapsule was 

96% ± 1 after incubation in saline for 48h. APA microcapsules displayed a consistent 

spherical shape with a diameter of 350–400 µm (Figure 3.2). The majority of APA 

membrane is found intact after 48h hours of incubation in saline solution. The intact ratio 

of APA microcapsules is illustrated in table 3.2. Although the capsules were shaken at 

150 rpm for 48h in saline solution, thalidomide was largely maintained inside the APA 
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microcapsules. Data illustrated in Figure 3.3 suggest a minimal release of thalidomide 

after 48h (10.26 mM ± 1.27 x10^-6 mM). 

 

Evaluating thalidomide release in simulated gastric and intestine fluid 

     The release of thalidomide was kept relatively constant following incubation of APA 

microcapsules in simulated gastric solution for 30 min. Results show that after 30 min of 

incubation and shaking in simulated gastric fluid, thalidomide release was minimal 

(9.43%). However, after incubation in simulated intestine fluid, the percentage release of 

thalidomide significantly increased (Figure 3.5). After 10 min incubation in SIF, the 

percentage release of thalidomide was 72.89%, and reached a value of 82.79% following 

30 min incubation. Maximal release of thalidomide was achieved after 60 min incubation 

in SIF. 

 

In-vitro analysis of APA microcapsules in full simulated gastrointestinal model 

     Figure 3.6 illustrates the release profile of thalidomide in solutions simulating the 

acidic and basic conditions normally encountered in the stomach, the small intestine, the 

colon ascendans, the colon transversum and the colon descendans. Data suggest that 

thalidomide release from APA microcapsules is pH-dependent. Thalidomide release is 

minimal at pH 2.32 (6.25x10^-7 g/ml) but dramatically increases when the pH is above 

5.31 to finally reach a peak of (18.43x10^-7 g/ml).  

 

3.5. Conclusion: 

     This experiment was aimed at determining the mechanical strength of APA 

microcapsules in vitro and analyse the drug release profile with respect to change in pH 
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and external environment. Despite the large size of formed beads, this study showed that 

thalidomide was mainly maintained within the microcapsules after 48h of incubation in 

saline solution at 150 rpm. This was largely due to the presence of electrostatic forces 

between the positively charged drug and the negatively charged alginate molecule. 

     Moreover, the results suggest that the mean intact ratio of APA microcapsules after 

vigorous shaking for 48h is always above 95%. This characteristic of APA microcapsules 

makes it an appropriate carrier for drug delivery by oral administration. 

     In the present study, we showed that the release of thalidomide was minimal when the 

microcapsules were incubated in simulated gastric fluid, but dramatically increased upon 

incubation of beads in simulated intestine fluid. These results demonstrated the fact that 

APA microcapsules are specifically designed to protect the entrapped material from the 

harsh acidic conditions normally found in the stomach, while allowing the encapsulated 

material to be slowly released in the intestines. 

     Transferring the APA microcapsules from a low pH (2.32) to a high pH (5.31) 

significantly increased the release of thalidomide. This burst release of thalidomide 

strongly suggests that the pH of the external solution plays a crucial role on the 

mechanical strength and stability of the APA membrane. Thus, APA microcapsules can 

be efficiently used for the targeted delivery of thalidomide in the regions that are the most 

affected by the inflammation related to Crohn’s disease. 
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SOLUTION INTESTINAL SEGMENT Retention Time(h) pH 

1 stomack 2 2.32 

2 small intestine 6 5.31 

3 colon ascendans 9 5.85 

4 colon transversum 18 6.20 

5 colon descendans 11 6.74 

 
Table 3.1: Retention time and pH of gastrointestinal solutions. Solutions 1 and 2  

                  represent the stomach and small  intestine respectively, while vessels 3, 4 and  

                  5 represent the ascending colon, the transverse colon and the descending colon  

                  respectively. Fixed amount of APA microcapsules were added into these  

                  gastrointestinal solution and the concentration of thalidomide released was  

                  measured over 46h incubation. 

 

 

 
Incubation time 1h 9h 12h 24h 48h 
      

    
% intact APA capsules 
 

100 
 

99.7 ± 0.58 
 

98 ± 1.0 
 

96.7 ± 0.58 
 

96 ± 1.0 
 

 

Table 3.2:  Percentage of intact APA microcapsules after incubation in saline solution for  

                   48h and vigorous shaking at 150 rpm. Values are expressed as mean + S.D.  

                   of three independent experiments. 
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Figure 3.1: Standard curve for calculating thalidomide concentration. All data are done    

                     in triplicate and the equation displayed on the chart was used for calculating  

                     the concentration of thalidomide in supernatant samples. 
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Figure 3.2: Photomicrographs of APA microcapsules containing thalidomide                       

                    before (left) and after (right) incubation in saline solution at 150 rpm under  

                    250X magnification. Size ranges from 300-350 µm. 
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Figure 3.3: Thalidomide retention efficacy profile of APA microcapsules in saline. After  

                   48h of incubation, the concentration of thalidomide measured from the  

                   supernatant was 12.29x10^-6 mM. 

 

 

 

 

 

 

.  

 

 

 

 

0

0.000002

0.000004

0.000006

0.000008

0.00001

0.000012

0 0.5 1 3 9 12 24 48

T
h

a
li

d
o

m
id

e
 c

o
n

ce
n

tr
a

ti
o

n
  [

m
M

]

Time (h)



47 

 

 

 

Figure 3.4: Thalidomide release from APA microcapsules in simulated gastric fluid. The  

                    percentage release of thalidomide is 9.38 ± 0.04 %, 9.39 ± 0.39% and 9.43 ±  

                    0.04 % at time 10, 20 and 30 min respectively. Values are expressed as mean  

                    + S.D. of three independent experiments. 
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Figure 3.5: Thalidomide delivery profile of APA microcapsules in simulated intestine  

                     fluid. The average percentage release of thalidomide is 99.72 ± 0.06 % after  

                     60 min of incubation. Values are expressed as mean + S.D. of three  

                     independent experiments. 
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Figure 3.6: Thalidomide delivery by APA microcapsules in simulated gastrointestinal  

                    fluids. Results suggest a burst release of thalidomide when the APA  

                    microcapsules are transferred from low pH (2.32) to a high pH (5.31)  

                    environment. Maximal drug release is observed when the microcapsules are 

                    transferred in a pH=6.2 and pH=6.74 environments. 
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PREFACE FOR CHAPTER 4 

     In the previous chapter, experiments were designed in order to evaluate the in-vitro 

characteristics of APA microcapsules and their potential of releasing thalidomide to 

specific areas of the gastrointestinal tract. The objective of Chapter 4 is to investigate  

the anti-inflammatory properties of artificial cells containing thalidomide using cell lines. 

In this study, RAW 264.7 mouse macrophage cells are activated with Lipopolysacharides 

(LPS) to create an in-vitro environment that closely mimics the inflammation associated 

to Crohn’s disease. 
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Chapter 4: Anti-inflammatory potential of artificial microcapsules containing 

thalidomide for use in treating Crohn's disease  

 

 

4.1. Abstract 

     Crohn's disease is a chronic inflammatory bowel disease associated with an abnormal 

immune response in the gastrointestinal tract. Several studies demonstrate that 

thalidomide could be effective in the treatment of refractory Crohn's disease. However, 

its widespread use has been limited because of potential side effects. In the present study, 

we investigated the inhibitory activity of alginate-poly-L-lysine-alginate (APA) 

microcapsules containing thalidomide on Lipopolysaccharide (LPS)-induced 

inflammation in RAW 264.7 macrophage cells and on 2,4,6-trinitrobenzene sulfonic acid 

(TNBS)-induced Crohn’s disease. Results showed that APA microcapsules containing 

thalidomide inhibited the release of pro-inflammatory cytokines in cell supernatant 

following LPS activation. Moreover, treatment with microencapsulated thalidomide 

decreased the level of TNF-α, IL-6 and IL-1β by 49.3%, 62.3% and 54.6% respectively in 

TNBS-treated mice. The present project validates the efficiency of APA microcapsules in 

providing a targeted delivery of thalidomide for treating chronic conditions such as 

Crohn’s disease. 

 

Keywords: Crohns disease (CD) ,Lipopolysaccharide (LPS), Nitric Oxide (NO), Tumor 

necrosis factor-α (TNF- α); Interleukin-6 (IL-6); Interleukin-1B (IL-1B) 
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4.2. Introduction 

     Crohn’s disease is an auto-immune disease characterized by an exaggerated Th1-

mediated immune response that affects any part of the gastrointestinal tract from the 

mouth to the anus. Symptoms include diarrhea, abdominal pain, and weight loss. 

Although thalidomide exhibits anti-inflammatory properties useful for the treatment of 

Crohn’s disease, it presents several harmful side effects such as fatigue, drowsiness and 

constipation 6. Hence, appropriate delivery systems should be used in order to limit the 

side effects associated with thalidomide. In this study, we examine the potential of APA 

microcapsules containing thalidomide in reducing intestinal inflammation both in-vitro 

and in-vivo. LPS-activated RAW 264.7 mouse macrophage cells are commonly used to 

mimic intestinal inflammation 80, 81. LPS-induced inflammation is characterized by an 

increase in inflammatory cytokines, and other crucial mediators of inflammation such as 

nitric oxide (NO) 82, 83. The inflammatory cytokines investigated in the present study are 

TNF-α, IL-6 and IL-1β. TNF-α is a pro-inflammatory cytokine that plays a major role in 

the inflammation related to Crohn’s disease 
20. In addition, acute inflammation is 

characterized by an increased level of IL-1β leading to cell or tissue damage 84. Finally, 

IL-6 is a critical pro-inflammatory cytokine that is a primordial mediator of chemokine 

production and leukocyte apoptosis 85. An animal model of intestinal inflammation is also 

used to mimic Crohn’s disease. The model is based on the intrarectal administration of 

TNBS to Balb/c mice. This chemically-induced model has shown to trigger an 

inflammatory response similar to that in human Crohn’s disease 86. 
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4.3. Material and methods 

Chemicals and laboratory equipment 

     The Research IER-20 cell encapsulator was purchased from Inotech Biosystems 

International. The chemicals thalidomide, alginic acid, poly–L-lysine (hydrobromide) and 

dimethyl sulfoxide were purchased by Sigma-Aldrich Canada.  The MTS Reagent 

Powder was purchased from Promega. Cells were incubated in a Sanyo MCO-18M 

Oxygen/Carbon Dioxide Incubator and stored in a Sanyo MDF-U50V -86 degrees 

Celsius Freezer, supplied by SANYO Canada. A Lomo Biological Inverted Microscope 

BIOLAMP, supplied by LOMO America, was used for microscopic cellular 

observations. ELISA testing was done on Mouse ELISA Ready-SET-Go! supplied by 

eBioscience. A Nitric Oxide Colorimetric Assay Kit from Biovision was used for 

calculating the amount of nitric oxide in cell supernatants. A Bio-Tek uQuant Universal 

Microplate Spectrophotometer from Fisher Scientific was used for ELISA plate analysis. 

Finally, cell centrifugation was performed on a NAPCO 2028R Centrifuge, supplied by 

Precision.  

 

Preparation of APA microcapsules containing thalidomide 

     Alginic acid was added to deionized water to make a 1.5% alginate solution.  (±)-

Thalidomide ((±)-2-(2,6-Dioxo-3-piperidinyl)-1H-isoindole-1,3(2H)-dione) was 

dissolved in deionized water at a concentration of 0.035 mg/ml by stirring and heating for 

24 hours and added to the alginate solution. Alginic acid was additionally added to 

maintain a 1.5% concentration.  APA beads were then formed by running the above 

solution through an Inotech encapsulator pump using a 300 µm nozzle.  Frequency was 

set to 528 Hz, flow rate to 20.8 ml/min and voltage to 1.48 kV.  Formed beads were 
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collected in a prepared 0.1M calcium chloride solution to avoid cell aggregation. The 

beads were then washed with deionized water and soaked in a 0.1% poly-l-lysine bath for 

10 minutes.  Beads were washed again and soaked in 0.15% alginate solution for 15 

minutes.  Final washing was done with water and beads were transferred into calcium 

chloride for storage.  The capsules were visually evaluated for uniformity and integrity 

through a Lomo light microscope with 200X magnification. 

 

Macrophage cell culturing 

     Mouse RAW 264.7 macrophage cells were purchased from the American Type 

Culture Collection (ATCC) and cultured according to standard procedures using 

Dulbecco’s Modified Eagles’s Medium (DMEM). The cells were incubated in a 37˚ 

Celsius and 5% CO2 environment in a Sanyo MCO-18M Oxygen/Carbon Dioxide 

incubator. 

 

Cell viability assay 

     The aim of this study is to evaluate the effect of microencapsulated thalidomide on 

cell viability. Mitochondrial reduction of MTS into aqueous soluble formazan was used 

as an indicator of cell viability 87, 88. The cells were cultured in a 96-well plate at a 

concentration of 5 × 104 cells/well. The plate was incubated for 24 hours at 37°C in a 

humidified, 5% CO2 atmosphere. After aspirating the culture media, the wells were 

separately treated with empty APA microcapsules, APA microcapsules containing 

thalidomide (0.1g), thalidomide (0.7 mg/ml) and LPS (10 µg/ml). A control group 

consisting of no treatment was also included in the study. After incubating the plate for 

24 hours at 37°C in a humidified, 5% CO2 atmosphere, the cells were resuspended in 100 
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µL medium and cell viability was analyzed by MTS assay. Procedures were performed as 

described by the manufacturer’s protocol. Briefly, 20 µL of MTS/PMS solution was 

added to 100 µL of culture medium. After incubating the plate for 1 hour at 37 degrees in 

a humidified, 5% CO2 atmosphere, the absorbance was read at 490 nm using an ELISA 

plate reader. The amount of formazan product measured spectrophotometrically is 

directly proportional to the number of living cells in culture. The percentage cell viability 

is illustrated in Figure 4.1. 

 

Induction of inflammatory cytokines by LPS 

     Lipopolysacharide (LPS) was used to stimulate RAW 264.7 macrophage cells. It was 

shown that a concentration of 10 µg/ml of LPS can significantly induce the macrophage 

cells to produce more pro-inflammatory cytokines such as TNF-α 62, 89. 0.25 ml of media 

solution containing 380 000 RAW 264.7 cells were added to 0.25 ml of LPS (10 µg/ml) 

within a Falcon Brand 24-well Flat Bottom Tissue Culture Plate. The experiment was 

divided into four different groups. The first group consisted of cells treated with LPS 

alone. The second group consisted of cells treated with LPS and 0.15 g of APA 

microcapsules containing thalidomide solution (0.7 mg/ml). In the third group, 0.15 g of 

empty microcapsules was added to LPS-induced cells. The last group consisted of cells 

treated with LPS and free thalidomide in solution (0.7 mg/ml). The amount of 

inflammatory cytokines and nitric oxide was then measured from cell supernatant 

collected at five separate time points: 0h, 1h, 3h, 9h, 16h, 24h and 48h, after incubation in 

a standard 5% CO2 environment, at 37 degree. 
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Cytokine production in cell supernatant 

     The amount of inflammatory cytokines produced in cell supernatant was measured 

using commercially available ELISA Kit for TNF-α, IL-6 and IL-1β. Briefly, replicate 

serial dilutions of the antigen standard and experimental samples were prepared. 50 µl of 

Assay Buffer was then added into each well of the 8-well ELISA strips. After transferring 

50 µl of samples and standards to the appropriate wells, the plate was gently shaken for 

10 seconds and allowed to incubate for 2 hours at room temperature. The ELISA plate 

was then manually washed with 1x washing buffer. This process was repeated twice. 

Then, 100 µl of Detection Antibody solution was added to each well. After incubating the 

plate for 1 hour at room temperature, the ELISA wells were washed again as described 

above. 100 µl of Avidin-HRP solution was then added to all wells, and the plate was 

incubated for 30 minutes at room temperature. After 4 washing steps, 100 µl of 

Development Solution was added to each well and the plate was incubated for 15 min at 

room temperature, in the dark. Finally, 100 µl of Stop solution was added and the 

absorbance was read at 450 nm and 570 nm. 

 

Measurement of nitric oxide from cell supernatant 

     NO production was assayed by measuring nitrite (a stable degradation product of NO) 

in supernatant of cultured RAW 264.7 cells 90. Nitric oxide plays a crucial role in 

inflammation and can be measured from cell supernatant 91, 92. Nitric Oxide Colorimetric 

Assay was performed as described by the manufacter's protocol. 5 µl of the Nitrate 

Reductase mixture and enzyme cofactor was added to each well containing cell 

supernatant diluted in Assay buffer. The plate was then covered and incubated at room 

temperature for 1h in order to convert nitrate to nitrite. The enhancer (5 µL) was then 
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added to each well and was let incubated for 10 min. The last step uses Griess reagents to 

convert nitrite to a deep purple azo-compound. The absorbance was read at 540 nm using 

an ELISA plate reader. 

 

Induction of inflammation using TNBS 

     Male Balb/c mice, 6 weeks old and weighing 23-26 g, were purchased from The 

Jackson Laboratory (Bar Harbor, ME) and housed in the Lyman Duff animal center of 

Mcgill University. TNBS (120 mg/kg/bodyweight) dissolved in 30% ethanol 86, 93 was 

used to induce intestinal inflammation in this strain of mice. This is a well-characterized 

model that has been shown to resemble human Crohn’s disease 86. The technique 

involves the use of a rubber catheter inserted 3-4 cm via the anus 69. Prior to TNBS 

injection, the mice were slightly anesthetized with isoflurane gas. The mice were then 

kept in vertical position for 30s to prevent leakage of TNBS. After TNBS injection, the 

mice were monitored daily for survival and body mass. All animals were cared for in 

accord with the Canadian Council on Animal Care (CCAC) guidelines. 

 

Treatment protocol 

     The animal use protocol was approved by the Animal Care Committee of McGill 

University. In order to investigate the therapeutic effects of APA microcapsules 

containing thalidomide, mice were divided randomly into five groups. Control group 

(n=5, receiving 30% ethanol only and no treatment) and TNBS group (n=5, receiving 

TNBS and no treatment) were included in this study. The treated mice were divided into 

three distinct groups (n=10) that consist of daily gavaging the animals with empty APA 
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microcapsules, APA microcapsules containing thalidomide (100 mg/kg/bodyweight) and 

thalidomide (100 mg/kg/bodyweight) for two weeks five days following TNBS injection. 

 

Assessment of inflammatory markers  

     In order to investigate the therapeutic effects of microencapsulated thalidomide, the 

level of TNF-α, IL-6, IL-1β and NO was measured from blood samples. These cytokines 

participate in the inflammation associated with Crohn’s disease 94, 95. Blood sample was 

collected from mice at weekly interval via the tail vein. The serum was then separated 

from the blood sample by centrifugation at 36,000 rpm for 8 min. The concentration of 

pro-inflammatory cytokines was measured in serum using ELISA analysis (eBioscience) 

and the level of NO was quantified using Nitric Oxide Colorimetric Assay (Biovision). 

 

Statistical analysis 

     Values are expressed as mean ± SD. Study was considered a randomized balanced 

design. Statistical comparisons between various biomarkers were carried out by repeated 

measures analysis of variance (ANOVA). Statistical comparisons between various 

treatment groups were carried out by using the general linear model (GLM). Statistical 

significance was set at p < 0.05. 

 

4.4. Results and Discussion 

Cell viability assay 

     Experiments were designed to determine the non-cytotoxicity effect of 

microencapsulated thalidomide. MTS assay clearly suggests that the viability of RAW 

264.7 macrophage cells remains intact after treating with APA microcapsules containing 
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thalidomide at a concentration of 0.7 mg/ml. As illustrated in Figure 4.1, the percentage 

viability of macrophage cells compared to the control group was 98.43 ± 0.79 %, 99.11 ± 

0.36%, 98.99 ± 0.5 % and 98.55 ± 0.67 % after treating with empty APA microcapsules, 

microencapsulated thalidomide, free thalidomide and LPS respectively. Cells were then 

observed in the microscope under x200 magnification and no cell damage was observed. 

The RAW 264.7 macrophage cells retained their ability to proliferate in Dulbecco's 

modified Eagle's medium while maintaining identical shape. 

 

Cytokine production in cell supernatant 

     The amount of pro-inflammatory cytokines TNF-α, IL-6 and IL-1β was measured 

from the supernatant after incubation of cells with 10 µg/ml of LPS. In the LPS control 

group, the initial concentration of TNF-α, IL-1β and IL-6 was 238.3 ± 5.8 pg/ml, 4.3 ± 

0.1 pg/ml and 235 ± 10 pg/ml respectively. Activating RAW 264.7 cells with LPS 

significantly increased the production of pro-inflammatory cytokines. After 48h of 

incubation in LPS, the levels of TNF-α, IL-1β and IL-6 in cell supernatant reached a 

concentration of 911.7 ± 35.1 pg/ml, 10.2 ± 0.1 pg/ml and 451.7 ± 30.6 pg/ml 

respectively. Treating the cells with empty APA microcapsules did not significantly alter 

the expression profile of these inflammatory cytokines. However, free thalidomide was 

able to suppress the production of TNF-α, IL-1β and IL-6 immediately 3h following LPS 

induction. A delayed inhibition of cytokine production was observed when treating the 

cells with APA microcapsules containing thalidomide. The concentration of TNF-α, IL-

1β and IL-6 measured after 9h of incubation with microencapsulated thalidomide was 

625 ± 26.5 pg/ml, 8.13 ± 0.21 pg/ml and 345 ± 10 pg/ml respectively. However, after 48 
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hours of incubation, the concentration of TNF-α, IL-1β and IL-6 decreased to 415 ± 65.6, 

5.4 ± 0.3 and 228.3 ± 25.2 (Figure 4.2, 4.3 and 4.4). 

 

Nitric oxide production in cell supernatant 

     The concentration of nitric oxide in cell supernatant was measured to assess the extent 

of inflammation. Figure 4.5 illustrates the level of nitric oxide released after stimulation 

of RAW 264.7 macrophage cells with Lipopolysaccharides (LPS). It was shown that 

treating the cells with LPS alone (control group) for 48h increased the concentration of 

NO from 1.5 ± 0.2 µM to 42.6 ± 0.6 µM. Treating the LPS-activated cells with empty 

APA microcapsules did not significantly alter the production of NO compared to the 

control group. However, microencapsulated thalidomide and free thalidomide (0.7 

mg/ml) lowered the concentration of NO to 25.9 ± 0.6 µM to 22.6 ± 0.7 µM respectively 

after 48h of incubation. 

 

TNF-α, IL-6 and IL-1β level in serum 

     The concentration of TNF-α, IL-6 and IL-1β is measured in blood serum from Balb/c 

mice following TNBS administration (Figure 4.7). ELISA analysis of cytokine levels 

confirmed that experimental mice treated with TNBS have a higher level of TNF-α, IL-6 

and IL-1β compared to the control group. It was shown that APA microcapsules 

containing thalidomide (100 mg/kg/bodyweight) caused a marked decreased in the level 

of pro-inflammatory cytokines. Treating the mice with empty microcapsules did not alter 

the concentration of cytokines following TNBS administration.  Moreover, using APA 

microcapsules as a delivery carrier for thalidomide have proven to be much more 

successful in lowering TNF-α, IL-6 and IL-1β compared to free thalidomide. Treating the 
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mice with thalidomide (100 mg/kg/bodyweight) for a period of two weeks decreased the 

level of TNF-α, IL-6 and IL-1β from 2557.1 ± 22.5 pg/ml, 7561.8 ± 103.4 pg/ml, 2388.4 

± 64.2 pg/ml to 1295.8 ± 34.1 pg/ml, 2852.5 ± 90.6 pg/ml and 1084.2 ± 38.6 pg/ml 

respectively. However, treating the mice with microencapsulated thalidomide (100 

mg/kg/bodyweight) for two weeks decreased the level of TNF-α, IL-6 and IL-1β to 

803.25 ± 44.9 pg/ml, 1883 ± 124.9 pg/ml and 1165.5 ± 31.3 pg/ml respectively. 

 

4.5. Conclusion 

     Results demonstrate that APA microcapsules containing thalidomide exert inhibitory 

effects on the secretion of NO, TNF-α, IL-6 and IL-1β from RAW 264.7 cell supernatant. 

The latter inflammatory markers are key mediators of host defense and inflammatory 

response associated with Crohn's disease 96, 97. Moreover, it was shown that treating the 

cells with microencapsulated thalidomide resulted in a delayed inhibition of 

inflammatory markers of several hours compared to the cells treated with thalidomide 

alone. 

     This suggests that APA membrane enables a slow release of thalidomide, thus 

increasing total delivery time. This important characteristic of APA microcapsule could 

be useful in the treatment of Crohn's disease where local delivery of the encapsulated 

drug to affected sites of the gastrointestinal tract is needed 62. 

     Furthermore, results demonstrate that treating the cells with empty APA 

microcapsules, APA microcapsules containing thalidomide, thalidomide solution (0.7 

mg/ml) and LPS (10 µg/ml) did not affect cell viability. Cell still maintain their ability to 

grow and proliferate in culture and the percentage of viable cells observed after 24h of 

incubation with the treatment was close to 100%. However, it was shown that treating 
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RAW 264.7 cells with LPS at a concentration of 10 µg/ml caused a change in cell 

morphology and size. More specifically, the majority of the macrophage cells lost their 

circular shape and became more elongated after stimulation with LPS. 

     Overall the results showed that artificial cell containing thalidomide could 

significantly suppress the formation of NO, TNF-α, IL-6 and IL-1β from RAW 264.7 cell 

supernatant after LPS stimulation. MTS assay confirmed the fact that treating the cells 

with APA microcapsules containing thalidomide does not affect their viability and ability 

to grow in cultured medium. Indeed, this characteristic of APA microcapsules makes it 

an ideal carrier for thalidomide delivery since the proposed therapy can significantly 

lower the production of pro-inflammatory cytokines while preserving the intestinal tract 

integrity. Our results also provide the in-vivo evidence that microencapsulated 

thalidomide exert anti-inflammatory properties using a murine model of Crohn’s disease. 

Following induction of intestinal inflammation by TNBS injection, the level of pro-

inflammatory cytokines TNF-α, IL-1β and IL-6 in blood serum significantly increased. 

Treating the mice with APA microcapsules containing thalidomide caused a marked 

decrease in the level of TNF-α, IL-1β and IL-6. Understanding the inhibitory effect of 

artificial cells containing thalidomide in the production of inflammatory markers from 

macrophage cells will help contribute to the development of novel therapies for Crohn's 

disease and other immune-mediated disorders. 
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Figure 4.1:  Effect of LPS (10 µg/ml), empty microcapsules, microencapsulated  

                     thalidomide (0.7 mg/ml) and thalidomide (0.7 mg/ml) on RAW 264.7  

                     cell viability. Each column represents the percentage cell viability compared  

                     to the control group. Values are expressed as the mean + S.D. 
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Figure 4.2: Effect of empty microcapsules, microencapsulated thalidomide (0.7 mg/ml)  

                    and thalidomide (0.7 mg/ml) on TNF-α concentration in cell supernatant  

                    from RAW 264.7 macrophage cells stimulated with 10 µg/ml of LPS.  

                    Comparisons were made after incubation times of 0, 1, 3, 9, 16, 24 and 48  

                    hours. Values are expressed as the mean + S.D. of three independent  

                    experiments. 
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Figure 4.3: Effect of empty microcapsules, microencapsulated thalidomide (0.7 mg/ml)  

                   and thalidomide (0.7 mg/ml) on IL-1β concentration in cell supernatant from  

                   RAW 264.7 macrophage cells stimulated with 10 µg/ml of LPS. Comparisons  

                   were made after incubation times of 0, 1, 3, 9, 16, 24 and 48 hours. Values  

                   are expressed as the mean + S.D. of three independent experiments. 
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Figure 4.4: Effect of empty microcapsules, microencapsulated thalidomide (0.7 mg/ml)  

                   and thalidomide (0.7 mg/ml) on IL-6 concentration in cell supernatant from  

                   RAW 264.7 macrophage cells stimulated with 10 µg/ml of LPS. Comparisons  

                   were made after incubation times of 0, 1, 3, 9, 16, 24 and 48 hours. Values  

                   are expressed as the mean + S.D. of three independent experiments. 
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Figure 4.5: Effect of empty microcapsules, microencapsulated thalidomide (0.7 mg/ml)  

                   and thalidomide (0.7 mg/ml) on nitrite production from RAW 264.7  

                   macrophage cells stimulated with 10 µg/ml of LPS. Comparisons were made  

                   after incubation times of 0, 1, 3, 9, 16, 24 and 48 hours. Values are expressed  

                   as the mean + S.D. of three independent experiments. 
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Figure 4.6: Comparison photomicrographs of RAW 264.7 macrophage cells treated for  

                    24 hours at 37°C with: (A) Control group, (B) Empty microcapsules, (C)  

                    Microencapsulated thalidomide (0.7 mg/ml), (D) Thalidomide solution (0.7  

                    mg/ml) and (E) LPS (10 µg/ml). 
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Figure 4.7: Effect of empty microcapsules, microencapsulated thalidomide (100  

                    mg/kg/bodyweight) and thalidomide (100 mg/kg/bodyweight) on serum  

                    IL-6, IL-1β and TNF-α level following TNBS injection in Balb/c mice. The  

                    level of cytokines in the serum was measured after two-weeks treatment.  

                    Values are shown as mean + S.D. of mice for each group. 
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PREFACE FOR CHAPTER 5 

     In the previous chapter, the anti-inflammatory properties of APA microcapsules 

containing thalidomide were evaluated using RAW 264.7 macrophage cells. Chapter 5 

investigates the in-vivo characteristics of microencapsulated thalidomide using a murine 

model of Crohn’s disease. 2,4,6-trinitrobenzene sulfonic acid (TNBS) is used to induce 

Crohn’s disease in Balb/c mice and several biochemical parameters are evaluated to 

evaluate the clinical efficiency of different concentrations of thalidomide. 
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Chapter 5: Effect of different doses of artificial microcapsules containing      

thalidomide in TNBS-induced Crohn's disease in mice  

 

 

 

 

 

5.1. Abstract 

     In this study, we examined the in-vivo characteristics of a novel microencapsulated 

thalidomide formulation in a murine model of experimental Crohn's disease. Crohn's 

disease was induced with a single intra-colonic injection of 120 mg/kg/bodyweight of 

2,5,6-trinitrobenzene sulfonic acid (TNBS) dissolved in 30% ethanol in Balb/c mice. 

Level of tumor necrosis factor alpha (TNF-α), interleukin one beta (IL-1β), interleukin 6 

(IL-6) and Nitric oxide (NO) were measured in tissue homogenate. Moreover, 

myeloperoxidase (MPO) activity was determined to assess the extent of neutrophil 

infiltration. Dose response study showed that treating the mice with microencapsulated 

thalidomide (100 mg/kg/bodyweight) for two weeks significantly decreased the degree of 

intestinal inflammation related to Crohn’s disease. Higher and lower doses (0, 25, 50 and 

200 mg/kg/bodyweight) did not exhibit comparable effects. The present study validates 

the success of APA microcapsules containing thalidomide in reducing colonic 

inflammation, and proposes a potential remedy for Crohn’s disease. 

 

Keywords: myeloperoxidase (MPO), tumor necrosis factor alpha (TNF-α), interleukin 
one beta (IL-1B), Nitric oxide (NO), 2,5,6-trinitrobenzene sulfonic acid (TNBS) 
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5.2. Introduction 

     Crohn's disease is one type of inflammatory bowel disease characterized by 

inflammation of the gastrointestinal mucosa 94, 98. This chronic inflammatory disease can 

affect any part of the gastrointestinal tract, from the mouth to the anus 99. Between 

400,000 and 600,000 people in North America have active Crohn's disease 1. 

     Common drugs used for treatment of inflammatory bowel disease are corticosteroid, 

sulfasalazine, infliximab and different antibiotics 100. Although these pharmaceutical 

coumpounds have demonstrated notable results, they show limited clinical efficiency 7, 

101, 102. Thalidomide is emerging as an alternative treatment for patients affected by 

Crohn's disease 103. It was first introduced in 1956 as a hypnotic drug exhibiting anti-

inflammatory and immunomodulatory characteristics 104. Several studies have 

demonstrated that thalidomide could be used as an efficient treatment against Crohn's 

disease 103, 105. Thalidomide displays immunomodulatory properties that can help in the 

remission of Crohn's disease. It causes the stimulation of cytotoxic T-cells and 

participates in the reduction of lipopolysacharide-induced cytokines like IL-6, IL-1β and 

TNF-α 104. However, the use of thalidomide as an anti-inflammatory treatment is limited 

since this drug presents several limitations, such as drowsiness, hypertension, skin rash, 

and neutropenia 6. Appropriate delivery systems should be used in order to deliver 

thalidomide to desired areas of the gastrointestinal tract. 

     Microencapsulation in specialized ultra-thin semi-permeable polymer membranes has 

been successfully shown to protect the encapsulated material and allow its release in a 

time-dependent fashion 65. Oral administration of microcapsules containing 

pharmaceutical compounds has potential as an alternative treatment for several diseases 

106. Recent research has shown that APA microencapsulation technology could enable 
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successful delivery of thalidomide in-vitro, using simulated gastrointestinal environments 

65. The goal of the present study is to design an alginate-poly-L-lysine-alginate (APA) 

membrane thalidomide formulation and evaluate its potential performance in the 

remission of Crohn's disease, using a well-established murine model of 2,4,6-

trinitrobenzene sulfonic acid (TNBS)-induced Crohn’s disease. This chemically-induced 

model shares biochemical and immunological pathways with Crohn's disease and is very 

useful in studying epithelial response to injury and neutrophil infiltration 67. 

 

5.3. Material and methods 

Chemicals and laboratory Equipment: 

   The chemicals thalidomide, 2,4,6-Trinitrobenzenesulfonic acid solution (TNBS), 

alginic acid, poly-L-lysine and Dimethyl sulfoxide (DMSO) were supplied from Sigma-

Aldrich Canada. The research IER-20 cell encapsulator was purchased from Inotech 

Biosystems International. A Mouse ELISA Ready-SET-Go! Supplied by eBioscience was 

used for ELISA analysis of cytokines in serum and tissue homogenates. ELISA plate 

analysis was performed using a Bio-Tek uQuant Universal Microplate Spectrophotometer 

from Fisher Scientific.  A Nitric Oxide Colorimetric Assay Kit from Biovision was used 

for calculating the amount of nitric oxide in tissue homogenate. Finally, centrifugation of 

blood samples was performed on a NAPCO 2028R Centrifuge, supplied by Precision. 

 

Preparation of APA microcapsules containing thalidomide 

     Alginic acid was added to deionized water to make a 1.5% alginate solution. (±)-

Thalidomide ((±)-2-(2,6-Dioxo-3-piperidinyl)-1H-isoindole-1,3(2H)-dione) was 
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dissolved in Dimethyl Sulfoxide (DMSO) and diluted with deionised water. Alginic acid 

was additionally added to maintain a 1.5% concentration. APA beads were then formed 

by running the above solution through an Inotech encapsulator pump using a 300 µm 

nozzle.  Frequency was set to 528 Hz, flow rate to 20.8 ml/min and voltage above 1.5 kV.  

Formed beads were collected in a prepared 0.1 M calcium chloride solution to avoid cell 

aggregation. The beads were then washed with deionized water and soaked in a 0.1% 

poly-l-lysine bath for 10 minutes. Beads were washed again and soaked in 0.15% alginate 

solution for 15 minutes. Final washing was done with water, and beads were transferred 

into calcium chloride for storage.  

 

Experimental animals 

     Male Balb/c mice, 6 weeks old and weighing 23-26 g, were obtained from The 

Jackson Laboratory (Bar Harbor, ME). This mouse is commonly used for the study of 

immunological and inflammatory diseases. Trinitrobenzene sulfonic acid (TNBS) was 

used to induce intestinal inflammation in this strain of mice. Chemically induced Crohn’s 

disease models using TNBS are commonly used in research because of the immediate 

inflammation, the high reproducibility, and the simplicity of the induction process 107. All 

animals were housed in the Lyman Duff Medical Building. The animal use protocol was 

approved by the Animal Care Committee of McGill University. All procedures were 

performed according to Standard Operating procedures (SOP), and the animals were 

cared for in accord with the Canadian Council on Animal Care (CCAC) guidelines. 
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Induction of Crohn’s disease using TNBS 

     TNBS (120 mg/kg/bodyweight) dissolved in 30% ethanol 86, 93 was used to induce 

Crohn's disease in experimental mice by anal injection. The technique involves the use of 

a rubber catheter inserted 3-4 cm via the anus 69. Prior to TNBS injection, the mice were 

slightly anesthetised with gas isoflurane. The mice were then kept in vertical position for 

30s to prevent leakage of TNBS. After TNBS injection, the mice were monitored daily 

for survival and body mass. The mice was discarded from the experiment if one or more 

of the following clinical endpoints were observed: TNBS backflow, diarrhea, anal 

prolapse, lack of grooming, lethargy and decrease body weight by more than 20%.  

 

Animal test groups 

     The treated mice were divided into five distinct groups (n=10). The treatment 

consisted of daily gavaging a solution of APA microcapsules containing thalidomide 

using different concentrations of drug (0, 25, 50, 100 and 200 mg/kg/bodyweight) five 

days following TNBS injection. The model was established for two weeks. A control 

group (n=5) that consists of no TNBS injection and no treatment, was also included in 

this study. All animals were closely monitored for body weight and body mass following 

TNBS injection. Moreover, in order to prevent dehydration of the mice, 0.85% saline 

solution was administered to the animals by subcutaneous injection. 

 

Histological assessment  

     The distal part of the colon was flushed with ice-cold saline solution, dissected and 

fixed with formaldehyde (10% solution). Tissues were embedded in paraffin and sections 

(4 µm) were stained with haematoxylin and eosin (H & E) for histological assessment 108, 
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109. Stained sections were observed under the light microscope (x200) for mucosal 

damage and leukocyte infiltration.  

 

Morphometric study 

     The morphology of the organs was studied in order to evaluate the therapeutic effect 

of APA microcapsules containing thalidomide. It has been shown that colon and spleen 

enlargement is a clear indicator of the inflammation associated with Crohn's disease 86.  

After rapid removal of the organs from all groups, the length and weight of the colon and 

spleen were recorded.  

 

 Myeloperoxidase assay 

     Myeloperoxidase enzyme has been extensively used in biomedical research to assess 

the extent of neutrophil infiltration into gastrointrestinal tissues 110. A 4-cm segment of 

the distal part of the colon was removed and gently rinsed with ice-cold saline, and 

blotted dry 111. The segment was then homogenized in ice-cold potassium phosphate 

buffer (20 mM, pH 7.4) and the homogenate was centrifuged at 4000 xg for 20 min at 4C. 

The pellet was then ice-homogenized in a tube containing 1 ml/100 mg of tissue of 50 

mM PBS, pH 6.0 and 0.5% hexadecyltrimethylammonium bromide (HTAB) 112, 113. 

HTAB is used as a detergent that releases MPO from the primary granules of neutrophils 

114. The homogenate was then freeze/thawed three times and centrifuged at 12,000 x g for 

10 min at 4 C 112, 115. The supernatant was diluted with assay buffer, and an aliquot (50 

µL) was mixed with 25 µL of o-dianisidine (0.167 mg/mL) and 25 µL of 0.0005% H2O2. 
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The change in absorbance at 490 nm was measured with a microplate reader for a period 

of 10 min. MPO activity is expressed as Units/g tissue sample 69, 86. 

 

Assesment of Nitric oxide production 

     Nitric oxide (NO) plays a crucial role in inflammation and can be measured from 

tissue homogenate sample. Intestinal inflammation is associated with increased level of 

NO 116. Distal part of the colon was homogenized in ice-cold physiological saline and the 

production of nitric oxide was measured as described by the manufacture's protocol. 

Briefly, 5 µl of the Nitrate Reductase mixture and enzyme cofactor was added to each 

well containing cell supernatant diluted in Assay buffer. The plate was then covered and 

incubated at room temperature for 1h in order to convert nitrate to nitrite. The enhancer 

(5 µL) was then added to each well and was let incubated for 10 min. The last step uses 

Griess reagents to convert nitrite to a deep purple azo-compound. The absorbance was 

read at 540 nm using an ELISA plate reader. 

 

ELISA analysis on colon homogenate 

     Colon homogenates were prepared as previously described 117. A 1 cm segment was 

taken from the distal part of the colon. Colon tissue samples were homogenized in PBS 

and centrifuged at 12,000 xg for 10 min. The supernatants were stored at −80°C until 

used for further analysis. The amount of TNF-α, IL-6 and IL-1β were measured from 

colon homogenate by ELISA analysis as described by the manufacturer (eBioscience). 

Briefly, replicate serial dilutions of the antigen Standard and experimental samples were 

prepared. 50 µl of Assay Buffer was then pipetted into each well of the 8-well ELISA 

strips. After transferring 50 µl of samples and standards to the appropriate wells, the plate 
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was gently shaken for 10 seconds and allowed to incubate for 2 hours at room 

temperature. The ELISA plate was then manually washed with 1x washing buffer. This 

process was repeated twice. Then, 100 µl of Detection Antibody solution was added to 

each well. After incubating the plate for 1 hour at room temperature, the ELISA wells 

were washed again as described above. 100 µl of Avidin-HRP solution was then added to 

all wells, and the plate was incubated for 30 minutes at room temperature. After 4 

washing steps, 100 µl of development solution was added to each well and the plate was 

incubated for 15 min at room temperature, in the dark. Finally, 100 µl of stop solution 

was added and the absorbance was read at 450 nm and 570 nm.  

 

Statistical analysis 

     Values are expressed as mean ± SD. Study was considered a randomized balanced 

design. Statistical comparisons between various biomarkers were carried out by repeated 

measures analysis of variance (ANOVA). Statistical comparisons between various 

treatment groups were carried out by using the general linear model (GLM). Statistical 

significance was set at p < 0.05. 

 

5.4. Results and discussion: 

TNBS induces Crohn’s disease in Balb/c mice  

     Anal injection of TNBS at a concentration of 120 mg/kg/bodyweight has proven to be 

successful in inducing Crohn's disease while maintaining the mortality rate very low 

(Table 5.1). Following TNBS administration, the majority of the mice assumed hunch-

backed postures suggesting excessive ongoing pain. Other symptoms observed in TNBS-

treated mice were severe diarrhea and poor clinical state. 
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Effect of TNBS on body, colon and spleen weight 

    A significant decrease in bodyweight and colon length, and increase in colon and 

spleen weight was observed in all mice treated with TNBS compared to the control group 

(Figure 5.2). Treating the mice with microencapsulated thalidomide has shown to 

significantly attenuate the body weight loss of the mice in a dose dependent fashion. 

Moreover, this treatment was successful in restoring initial colon and spleen morphology, 

demonstrating the effectiveness of thalidomide in treating TNBS-induced Crohn's 

disease. The best results were obtained when using a dose of 100 mg/kg/bodyweight. 

 

Histological assessment 

     Sections of the distal colon were stained with H&E and observed under the 

microscope for sign of colon damage, mucosal damage and leukocyte infiltration. As 

illustrated in Figure 5.3, stained sections showed severe areas of mucosal and colon 

damage after treating with microencapsulated thalidomide (0 mg/kg/bodyweight). 

Moreover, the mucosa showed marked lymphocyte infiltration compared to the control 

group. Treating the mice with microencapsulated thalidomide (100 mg/kg/bodyweight) 

significantly reduced the extent of neutrophil infiltration and mucosal damage. 

 

NO production in colonic tissues 

     The level of NO in colon sample significantly increased following TNBS injection. 

The concentration of NO measured in tissue homogenate was 7.29 mmol/mg ± 0.04 in 

microencapsulated thalidomide (0 mg/kg/bodyweight) treated group compared to 2.55 

mmol/mg ± 0.036 in the control group.  APA microcapsules containing thalidomide was 
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shown to significantly inhibit the level of NO in colonic tissues in a dose dependent 

fashion. A dose of 100 mg/kg/bodyweight yielded the best efficacy. 

 

 Myeloperoxidase activity in colon 

     The myeloperoxidase (MPO) activity was measured in colon homogenate sample 

from Balb/c mice. The level of MPO in tissue samples is a clear indicator of neutrophil 

infiltration that frequently takes place in Crohn's disease. The level of MPO was found to 

be relatively low in the control group (1.43 U/g ± 0.14) but significantly increased 

following TNBS administration. Treating the mice with microencapsulated thalidomide 

reduced the level of MPO in colon samples in a dose dependent manner.  Maximal 

inhibition was observed when using a concentration of 100 mg/kg/bodyweight.  

 

TNF- α, IL-6 and IL-1β level in colon homogenate 

     In the homogenate of full thickness strips isolated from colonic segments of mice, the 

level of TNF-α, IL-1β and IL-6 was relatively low in the control group (2.73 ± 0.13, 7.52 

± 0.33 and 20.13 ± 0.72 pg/mg of tissue respectively). Treatment with microencapsulated 

thalidomide was shown to reduce the production of pro-inflammatory cytokines in a dose 

dependent manner following TNBS injection. The best results were obtained when using 

a drug concentration of 100 mg/kg/bodyweight. Indeed, following treatment with 

microencapsulated thalidomide (100 mg/kg/bodyweight) after TNBS injection, the 

concentration of TNF-α, IL-1β and IL-6 was 3.03 ± 0.32, 9.86 ± 0.311 and 30.76 ± 0.36 

pg/mg respectively. 
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5.5. Conclusion: 

     Anti-inflammatory drugs such as thalidomide are very effective in dampening 

intestinal inflammation, but presents major limitations such as skin rash and drowsiness 

48. Appropriate delivery methods should be used to target thalidomide to specific sites of 

the gastrointestinal tract, thus reducing its side effects and improving its clinical 

efficiency. The present study has demonstrated that artificial cells can be successfully 

used for the targeting and delivery of thalidomide in order to treat Crohn's disease. The 

results showed that TNBS induces colonic inflammation in Balb/c mice. The degree of 

inflammation was assessed by the amount of pro-inflammatory cytokines in blood and 

colon samples, the extent of neutrophil infiltration, and the level of nitric oxide in colon 

homogenate. Moreover, TNBS administration caused a marked decrease in the body 

weight of the mice and affected the morphology of the spleen and colon.  

The spleen is an organ part of the lymph system which plays a crucial role in the defense 

mechanism of the immune system. It contains in its reserve most of the body’s 

monocytes, that turn into dendritic cells and macrophages upon migration to inflamed 

tissues 118. An enlarged spleen was observed in mice following TNBS injection, 

suggesting that this organ was overactive in destroying blood cells. Moreover, following 

TNBS injection, the colon of Balb/c mice increased in weight and decreased in length. 

Indeed, colon enlargement can frequently take place following TNBS-induced Crohn's 

disease. It’s mainly caused by constipation which results in the accumulation of feces in 

the colon, and its dilation. This condition is referred to as toxic megacolon, which is 

frequently observed in patients affected by Crohn’s disease and other immune-mediated 

disorders 119. 
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Treating the mice with APA microcapsules containing thalidomide reduced colonic 

inflammation in a dose dependence manner. A dose of 100 mg/kg/bodyweight of 

thalidomide yielded the best efficacy. The level of TNF-α, IL-6 and IL-1β level in colon 

homogenate significantly reduced following treatment with artificial cells containing 

thalidomide. Furthermore, treating the mice with thalidomide caused a significant 

decrease in the level of NO and MPO in colon homogenate. Histological analysis showed 

considerable reduction in neutrophil infiltration and mucosal damage following 

treatment. In conclusion, the anti-inflammatory effect of microencapsulated thalidomide 

presented in this study shed new light on our understanding of the efficiency of APA 

microcapsules as a delivery system for the treatment of Crohn's disease.  
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Table 5.1: Animal mortality rate of the mice after treating with APA microcapsules  

                  containing thalidomide (0, 25, 50, 100 and 200 mg/kg/bodyweight)  

 

 

 

Table 5.2: Animal survival rate of the mice after treating with APA microcapsules  

                  containing thalidomide (0, 25, 50, 100 and 200 mg/kg/bodyweight)  

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Thalidomide 
concentration 

(mg/kg/bodyweight) 0 25 50 100 200 
  

% Mortality Rate 30 10 10 0 0 

Thalidomide 
concentration 

(mg/kg/bodyweight) 0 25 50 100 200 
  

% Survival Rate 70 90 90 100 100 
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Figure 5.1: Effect of APA microcapsules containing thalidomide (0, 25, 50, 100 and 200  

                   mg/kg/bodyweight) on bodyweight of mice following TNBS injection at day  

                   0. Mice were treated 5 days following TNBS injection for a total period of  

                   two weeks. Values are shown as mean + S.D. of mice for each group. 
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Figure 5.2: Effect of APA microcapsules containing thalidomide (0, 25, 50, 100 and 200  

                    mg/kg/bodyweight) on spleen weight, colon weight and colon length of mice  

                    following TNBS injection. Values are shown as mean + S.D. of mice for  

                    each group. 
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               (A)                                                   (B)                                                  (C) 

 
Figure 5.3: Photomicrographs of H&E stained full thickness sections of distal colon  

                    taken from Balb/c mice in the control group (a), microencapsulated  

                    thalidomide (0 mg/kg/bodyweight) treated group (b) and microencapsulated  

                    thalidomide (100 mg/kg/bodyweight) treated group (c) (Magnification x200). 
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Figure 5.4: Effect of APA microcapsules containing thalidomide (0, 25, 50, 100 and 200   

                   mg/kg/bodyweight) on NO production in colonic tissues following TNBS  

                    injection. Values are shown as mean + S.D. of mice for each group. 
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Figure 5.5: Effect of APA microcapsules containing thalidomide (0, 25, 50, 100 and 200  

                    mg/kg/bodyweight) on MPO production in colonic tissues following TNBS   

                    injection. Values are shown as mean + S.D. of mice for each group. 
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Figure 5.6: Effect of APA microcapsules containing thalidomide (0, 25, 50, 100 and 200  

                   mg/kg/bodyweight) on cytokine production in colonic tissues following  

                   TNBS injection. Values are shown as mean + S.D. of mice for each group. 
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Chapter 6 

General Discussion 

     In the present study, we investigated the anti-inflammatory properties of APA 

microcapsules containing thalidomide both in-vitro and in-vivo for their ability to 

dampen the inflammation associated in Crohn’s disease.  

     Experiments were designed in order to test the drug release profile with respect to 

change in the external pH. APA microcapsules containing thalidomide were successfully 

prepared and designed. It was shown that incubating the capsules in saline solution for 

48h did not disrupt the membrane, even after vigorous shaking at 150 rpm. This is in 

accordance with the literature, showing that the membrane coating remained intact 

following incubation in saline solution 79. Furthermore, simulated gastric and intestine 

fluids were prepared in order to mimic the pH and chemical conditions normally 

encountered in the gastrointestinal tract. Results showed that after incubating the beads in 

simulated gastric fluid, the release of thalidomide was minimal, but dramatically 

increased following incubation in simulated intestine fluid. Moreover, a set of solutions 

of different pH were prepared in order to mimic the pH condition encountered in the 

stomach, the small intestine, the ascending colon, the transverse colon and the descending 

colon. Results showed a burst released of thalidomide from a low pH (2.32) to a high pH 

(5.31) suggesting that APA microcapsules can be efficiently used for the targeted 

delivery of thalidomide to regions of the gastrointestinal tracts that are the most affected 

by Crohn’s disease. 

     The anti-inflammatory properties of microencapsulated thalidomide were also tested 

using an in-vitro model of intestinal inflammation. Lipopolysacharide (LPS) was used to 



91 

 

trigger inflammation in RAW 264.7 macrophage cells. Increased secretion of NO, TNF-

α, IL-6 and IL-1β from RAW 264.7 cells has been demonstrated following LPS 

activation 62, 89. Treating the cells with microencapsulated thalidomide significantly 

inhibited the production of inflammatory markers suggesting its ability to dampen the 

inflammation related to Crohn’s disease. Moreover, a delayed inhibition of inflammatory 

markers of several hours was observed when treating the cells with microencapsulated 

thalidomide compared to the cells treated with thalidomide alone. Indeed, APA 

microcapsules can be used as an efficient delivery system since it allows the entrapped 

drug to be “slowly” released into the external environment 62, 65. This formulation has 

also proven to be non-toxic since it did not affect the macrophage cell viability following 

24h of incubation. Moreover, a murine model of Crohn’s disease was studied by intra-

rectal injection of TNBS to Balb/c mice. This is a well-established model of intestinal 

inflammation that closely resembles human Crohn’s disease 69, 86. Results showed that 

treating the mice with microencapsulated thalidomide caused a significant reduction in 

the concentration of pro-inflammatory cytokines in serum of experimental animals. In 

conclusion, the results obtained are comparable to other studies, validating the fact that 

thalidomide presents anti-inflammatory activities useful for the treatment of Crohn’s 

disease 103,104, and that optimal inhibition is observed when using APA microcapsules as 

a delivery system. 

    Finally, several concentrations of microencapsulated thalidomide were tested in the 

TNBS-induced model of Crohn’s disease. The concentration of pro-inflammatory 

cytokines TNF-α, IL-6 and IL-1β in serum of experimental animals significantly 

increased following TNBS injection. Moreover, TNBS was shown to cause a marked 

decreased in the bodyweight of the mice and an overall increase in the spleen weight. 
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Furthermore, following TNBS injection, the colon of Balb/c mice increased in weight and 

decreased in length. Treating the mice with microencapsulated thalidomide for a period 

of two weeks following TNBS administration significantly inhibited the inflammation 

related to Crohn’s disease. The inhibitory properties of microencapsulated thalidomide 

were assessed by its ability to lower the concentration of inflammatory markers in serum 

of experimental animals and to restore the morphology of affected organs. The best 

results were obtained when treating the mice with microencapsulated thalidomide at a 

concentration of 100 mg/kg/bodyweight. Higher and lower doses (0, 25, 50 and 200 

mg/kg/bodyweight) did not exhibit comparable effects.  In conclusion, the present study 

indicated the efficacy of thalidomide in treating TNBS-induced Crohn’s disease, as 

shown in previously published papers 10, 56, and demonstrated the fact that APA 

microcapsules can be used as an efficient tool for targeted drug delivery. 
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Chapter 7 

Summary of results, Conclusions, and Future directions 

7.1. Summary of results 

     In this thesis, a novel microcapsule formulation containing thalidomide was prepared, 

optimized and characterized. The feasibility of using this delivery system in targeting and 

delivery of thalidomide for treating Crohn’s disease was investigated. Both in-vitro and 

in-vivo analysis were conducted to study the potential of APA microcapsules containing 

thalidomide in inhibiting intestinal inflammation. 

Following are a summary of the results: 

1. APA microcapsules containing thalidomide were successfully prepared and they 

displayed a consistent spherical shape with a diameter of 350–400 µm (Figure 3.2). 

2. Because of the presence of electrostatic forces between the positively charged drug 

and the negatively charged alginate molecule, thalidomide was largely maintained 

within the microcapsules after 48h incubation in saline. 

3. Results show that thalidomide release was minimal when the microcapsules were 

incubated in SGF, but significantly increased upon incubation in SIF. 

4. Results also showed that thalidomide release from APA microcapsules is dependent 

on the pH of the external environment. Transferring the APA microcapsules from a 

low pH (2.32) to a high pH (5.31) significantly caused a burst release of thalidomide.  

5. Results from LPS-induced RAW 264.7 macrophage cells study demonstrated that 

APA microcapsules containing thalidomide inhibited the secretion of NO, TNF-α, IL-

6 and IL-1β. 
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6. It was also shown that treating the cells with microencapsulated thalidomide resulted 

in a delayed inhibition of inflammatory markers of several hours compared to the 

cells treated with thalidomide alone. 

7. Results also showed that treating RAW 264.7 cells with empty APA microcapsules, 

APA microcapsules containing thalidomide, thalidomide solution (0.7 mg/ml) and 

LPS (10 µg/ml) did not affect cell viability. 

8. After treatment with LPS (10 µg/ml), the macrophage lost their circular shape and 

became more elongated. 

9. In-vivo analysis showed that thalidomide is much more effective in reducing the 

concentration of pro-inflammatory cytokines in serum of TNBS-induced animals 

when administered inside APA microcapsules. 

10. In-vivo studies showed that anal injection of TNBS (120 mg/kg/bodyweight) was 

successfully able to induce Crohn’s disease in Balb/c mice while maintaining the 

mortality rate very low. 

11. Microencapsulated thalidomide was effective in reducing the amount of NO, MPO, 

TNF-α, IL-6 and IL-1β in serum of experimental animals, in a dose dependence 

manner. 

12. Administration of TNBS caused a marked decreased in the body weight of the mice 

and affected the morphology of the spleen and colon. Moreover, following TNBS 

injection, the colon of Balb/c mice increased in weight and decreased in length.  

Treating with microencapsulated thalidomide was shown to restore the bodyweight of 

the mice and the morphology of affected organs. 
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13. A dose of 100 mg/kg/bodyweight of thalidomide yielded the optimal results. 

Thalidomide was shown to be more effective in reducing intestinal inflammation 

when administered using APA microcapsules. 
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7.2. Conclusions and future directions 

     In the present study, a novel microencapsulation formulation of thalidomide was 

tested for its ability in treating Crohn's disease. In-vitro study using several 

gastrointestinal solutions was performed to characterize the drug profile release. LPS-

induced RAW 264.7 macrophage cells were also used to mimic inflammation associated 

with Crohn's disease and test the anti-inflammatory properties of artificial cells 

containing thalidomide. Moreover, we examined the in-vivo characteristics of a novel 

microencapsulated thalidomide formulation in a murine model of experimental Crohn's 

disease. Crohn's disease was induced with a single intra-colonic injection of 120 

mg/kg/bodyweight of 2,5,6-trinitrobenzene sulfonic acid (TNBS) dissolved in 30% 

ethanol in Balb/c mice. The objective was to evaluate the in-vivo ability of APA 

microcapsules in delivering it content to desired locations of the gastrointestinal tract that 

are the most affected by Crohn's disease. The results obtained from the present study can 

lead to the following conclusions: 

1. This study proposes the use of microencapsulated of thalidomide using an alginate-

polylysine-alginate membrane for the treatment of Crohn's disease. 

2. This formulation was effective in providing a "slow" release of thalidomide in a pH 

dependent manner. 

3. APA microcapsules containing thalidomide was effective in reducing the amount of 

inflammatory markers in LPS-activated RAW 264.7 macrophage cells. 

4. Moreover, this study was able to demonstrate the efficiency of APA microcapsules 

containing thalidomide in treating inflammation associated with Crohn's disease. 
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This study has established the feasibility of this novel formulation in reducing the 

inflammation associated with Crohn’s disease using in-vitro and in-vivo models. 

However, more research needs to be performed to further investigate the biocompatibility 

of APA microcapsules containing thalidomide and its suitability in treating human 

Crohn’s disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 

 

References: 

 

1. Loftus, E.V.; P. Schoenfeld, W. J. Sandborn (January 2002). "The epidemiology 
and natural history of Crohn's disease in population-based patient cohorts from 
North America: a systematic review". Alimentary Pharmacology & Therapeutics 16 
(1): 51–60 

 
2. J V Weinstock, R Summers, D E Elliott. “Helminths and harmony”. Gut  

2004;53:7-9  
 

3. Baumgart DC, Carding SR (2007). "Inflammatory bowel disease: cause and 
immunobiology."The Lancet 369 (9573): 1627–40 

 
4. Murch SH, Lamkin VA, Savage MO, et al. ‘‘Serum concentrations of release tumor 

necrosis factor-alpha in childhood chronic inflammatory bowel disease.’’Gut 
1991;32:913–17. 

 
5. Shannon EJ, Sandoval F. “Thalidomide inhibited the synthesis of IgM and IgG 

whereas Thalidomide+Dexamethasone and Dexamethasone alone acted as co-
stimulants with pokeweed and enhanced their synthesis.” Int Immunopharmacol. 
2010 Apr;10(4):487-92. Epub 2010 Feb 1. 

 
6. Ehrenpreis,E.D., Kane,S.V., Cohen,L.B., Cohen,R.D., & Hanauer,S.B. 

“Thalidomide therapy for patients with refractory Crohn's disease: an open-label 
trial.” Gastroenterology 117, 1271-1277 (1999). 

 
7. Katz,J.A. “Advances in the medical therapy of inflammatory bowel disease.” 

Current Opinion in Gastroenterology 18, 435-440 (2002). 
 

8. Mamula,P., Telega,G.W., Markowitz,J.E., Brown,K.A., Russo,P.A., Piccoli,D.A.,& 
Baldassano,R.N. “Inflammatory bowel disease in children 5 years of age and 
younger.” American Journal of Gastroenterology 97, 2005-201(2002). 

 
9. Ljung,T., Janzewska,I., Karlen,P., Schmidt,D., Hellstrom,P.M., Lapidus,A., 

Sjoqvist,U., & Lofberg,R. “Infliximab in inflammatory bowel disease: Efficacy, 
surgical outcome, severe adverse events and mortality in clinical practice. First 217 
patients in Stockholm county.” Gastroenterology 122, A616-A617 (2002). 

 
10. J Bauditz, S Wedel, H Lochs “Thalidomide reduces tumour necrosis factor a and 

interleukin 12 production in patients with chronic active Crohn’s disease” J 
Bauditz, S Wedel, H Lochs. 

 
11. Kidd P. “Th1/Th2 balance: the hypothesis, its limitations, and implications for 

health and disease. Altern Med Rev. 2003 Aug;8(3):223-46. 



99 

 

12. S Kugathasan, L J Saubermann, L Smith, D Kou, J Itoh, D G Binion, A D Levine, 
R S Blumberg, C Fiocchi” Mucosal T-cell immunoregulation varies in early and 
late inflammatory bowel disease” Gut 2007;56:1696–1705. 

 
13. Stefan Fichtner-Feigl, Ivan J. Fuss, Jan C. Preiss, Warren Strober, and Atsushi 

Kitani “Treatment of murine Th1- and Th2-mediated inflammatory bowel disease 
with NF-κB decoy oligonucleotides” J Clin Invest. 2005 November 1; 115(11): 
3057–3071. 

 
14. Rutgeerts,P. & Geboes,K. “Understanding inflammatory bowel disease - The 

clinician's perspective.” European Journal of Surgery 167, 66-72 (2001). 
 

15. Jacek Hawiger "Innate Immunity and Inflammation: A Transcriptional Paradigm" 

Immunologic Research 2001;23–2/3:99–109 
 

16. Moore WF, Bentley RC, Kim KR, Olatidoye B, Gray SR, Robboy SJ. "Goblet-cell 
mucinous epithelium lining the endometrium and endocervix: evidence of 
metastasis from an appendiceal primary tumor through the use of cytokeratin-7 and 
-20 immunostains. Int J Gynecol Pathol. 1998 Oct;17(4):363-7. 

 
17. Swidsinski A, et al. “Mucosal flora in inflammatory bowel disease.” 

Gastroenterology 2002;122: 44–54. 
 

18. Pullan RD, et al. “Thickness of adherent mucus gel on colonic mucosa in humans 
and its relevance to colitis” Gut 1994;35: 353–359. 

 
19. Gena M. Cobrin, Maria T. Abreu “Defects in mucosal immunity leading to Crohn’s 

disease” Immunological Reviews 2005 Vol. 206: 277–295. 
 

20. Van Dullemen HM, Van Deventer SJH, Hommes DW, et al. “Treatment of Crohn’s 
disease with anti-tumor necrosis factor chimeric antibody (cA2).’’ Gastroenterology 
1995;109:129–35. 

 
21. Reimund J-M, Wittersheim C, Dumont S, Muller CD, Baumann R, Poindron P,  

Duclos B. “Mucosal inflammatory cytokine production by intestinal biopsies in 
patients with ulcerative colitis and Crohn’s disease.” J Clin Immunol 1996;16:144– 
150. 

 
22. Reimund J-M, Dumont S, Muller CD, Kenney JS, Baumann R, Poindron P, Duclos 

B.  “Increased production of tumour necrosis factor–a, interleukin-1b, and 
interleukin- 6 by morphologically normal intestinal biopsies from patients with 
Crohn’s disease”.Gut 1996;39:684–689. 

 
23. Rutgeerts P, Vermeire S, Van Assche G. “Biological therapies for inflammatory 

bowel diseases.” Gastroenterology. 2009 Apr;136(4):1182-97. Epub 2009 Feb 26. 
 



100 

 

24. Clauss M, Ryan J, Stern D. “Modulation of endothelial cell hemostatic properties 
by TNF: Insights into the role of endothelium in the host response to inflammatory 
stimuli. In: Beutler B, ed. Tumor necrosis factors: The molecules and their 
emerging role in medicine.” New York: Raven Press, 1992:49–63. 

 
25. PLoS One. 2010 Sep 13;5(9):e12683 “ Interaction of the TNFR-receptor associated 

factor TRAF1 with I-kappa B kinase-2 and TRAF2 indicates a regulatory function  
for NF-kappa B signaling”. Sughra K, Birbach A, de Martin R, Schmid JA. 

 
26. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, Cobb 

MH (2001). "Mitogen-activated protein (MAP) kinase pathways: regulation and 
physiological functions". Endocr. Rev. 22 (2): 153–83.  

 
27. Oltmanns U, Issa R, Sukkar M, John M, Chung K (2003). "Role of c-jun N-terminal 

kinase in the induced release of GM-CSF, RANTES and IL-8 from human airway 
smooth muscle cells". Br. J. Pharmacol. 139 (6): 1228–1234. 

 
28. Gaur U, Aggarwal BB (2003). "Regulation of proliferation, survival and apoptosis 

by members of the TNF superfamily". Biochem. Pharmacol. 66 (8):1403–8. 
 

29. Maria Eugenia Guicciardi, Justin L. Mott, Steven F. Bronk, Satoshi Kurita,                      
Christian D. Fingas and Gregory J. Gores "Cellular inhibitor of apoptosis 1     
(cIAP- 1) degradation by caspase 8 during TNF-related apoptosis-inducing ligand  
(TRAIL)-induced apoptosis ". Exp Cell Res. 2011 Jan 1;317(1):107-16. Epub 2010 
Oct 14. 

 
30. Oberhuber G, Hirsch M, Stolte M: “High incidence of upper gastrointestinal 

tractinvolvement in Crohn’s disease.” Virchows Arch 1998;432:49–52 
 

31. Oberhuber G, et al: Focally enhanced gastritis: A frequent type of gastritis in 
patients with Crohn’s disease. Gastroenterology 1997;112:698–706. 

 
32. Mottet C, Juillerat P, Gonvers JJ, Michetti P, Burnand B, Vader JP, Felley C, 

Froehlich F “Treatment of gastroduodenal   Crohn's disease.” Digestion. 
2005;71(1):37-40. Epub 2005 Feb 4. 

 
33. Cuffari C, Dubinsky M, Darbari A, Sena L, Baldassano R. “Crohn's jejunoileitis: 

the pediatrician’s perspective on diagnosis and management.” Inflamm Bowel Dis. 
2005 Jul;11(7):696-704. 

 
34. Warren S, Sommers SC: “Cicatrizing enteritis (regional ileitis) as a pathologic 

entity.” Am J Pathol 24 :475-501 , 1948. 
 

35. Tanaka, S., Mitsui, K., Shirakawa, K., Tatsuguchi, A., Nakamura, T., Hayashi, Y. et 

al. (2006) “Successful retrieval of video capsule endoscopy retained at ileal stenosis 
of Crohn's disease using doubleballoon endoscopy.” J Gastroenterol Hepatol 21: 
922–923 



101 

 

 
36. Eliakim R, Suissa A, Yassin K, Katz D, Fischer D. “Wireless capsule video 

endoscopy compared to barium follow-through and computerised tomography in 
patients with suspected Crohn's disease--final report” Dig Liver Dis. 2004 
Aug;36(8):519-22. 

 
37. Zissin, Rivka; Marjorie Hertz, Alexandra Osadchy, Ben Novis and Gabriela Gayer 

(2005). "Computed Tomographic Findings of Abdominal Complications of Crohn’s 
Disease Pictorial Essay". Canadian Association of Radiologists Journal 56 (1): 25–
35. 

 
38. Hruz P, Eckmann L “Innate immune defence: NOD2 and autophagy in the 

pathogenesis of Crohn's disease” Swiss Med Wkly. 2010 Dec 27;140:w13135.  
 

39. Ferrante, M.; L. Henckaerts, M. Joossens, M. Pierik, S. Joossens, N. Dotan, G.L. 
Norman , R.T. Altstock , K. Van Steen , P. Rutgeerts , G. Van Assche and 
S.Vermeire (2007). "New serological markers in inflammatory bowel disease are 
associated with complicated disease behaviour". Gut 56 (10): 1394–403.  

 
40. Papp, M.; I. Altorjay, N. Dotan, K. Palatka, I. Foldi, J. Tumpek, S. Sipka, M. 

Udvardy, T. Dinya, L. Lakatos, A. Kovacs, T. Molnar, Z. Tulassay, P. Mihelle, 
G.L. Norman, T. Szamosi , J. Papp; Hungarian IBD Study Group and P.L. Lakatos 
(2008). "New serological markers for inflammatory bowel disease are associated 
with earlier age at onset, complicated disease behavior, risk for surgery, and 
NOD2/CARD15 genotype in a Hungarian IBD cohort". Am J Gastroenterol 104 
(6): 1426–3. 

 
41. Ogura Y, Bonen DK, Inohara N, et al. (2001). "A frameshift mutation in NOD2 

associated with susceptibility to Crohn's disease". Nature 411 (6837): 603–6. 
 

42. Kaser, A; Lee, AH; Franke, A; Glickman, JN; Zeissig, S; Tilg, H; Nieuwenhuis, 
EE; Higgins, DE et al. (5 September 2008). "XBP1 Links ER Stress to Intestinal                        
Inflammation and Confers Genetic Risk for Human Inflammatory Bowel         
Disease". Cell (Cell Press)134 (5): 743–756. 

 
43. Clevers, H (2009). "Inflammatory Bowel Disease, Stress, and the Endoplasmic 

Reticulum". N Engl J Med 360 (7): 726–727.  
 

44. R Shoda, K Matsueda, S Yamato and N Umeda (1996). "Epidemiologic analysis of 
Crohn disease in Japan: increased dietary intake of n-6 polyunsaturated fatty acids 
and animal protein relates to the increased incidence of Crohn disease in Japan". 
American Journal of Clinical Nutrition (The American Society for Clinical 
Nutrition) 64: 741–745. 

 
45. Burger D, Travis S. “Conventional medical management of inflammatory bowel 

disease. Gastroenterology. 2011 May;140(6):1827-1837.e2. 
 



102 

 

46. Andrea Cassinotti, Sandro Ardizzone, and Gabriele Bianchi Porro “Adalimumab for 
the treatment of Crohn’s disease” Biologics. 2008 December; 2(4): 763–777. 

 
47. Cosnes J. “Tobacco and IBD: relevance in the understanding of disease 

mechanisms and clinical practice.” Best Pract Res Clin Gastroenterol. 2004 
Jun;18(3):481-96. 

 
48. Anne Christine W. Vos, Manon E. Wildenberg, Marjolijn Duijvestein, Auke P.    

Verhaar, Gijs R. van den Brink, Daniel W. Hommes “Anti-TNFα antibodies induce 
regulatory macrophages in an Fc region-dependent manner” Gastroenterology. 2011 
Jan;140(1):221-30. Epub 2010 Oct 16. 

 
49. Cohen,R.D. “Efficacy and safety of repeated infliximab infusions for Crohn's 

disease: 1-year clinical experience.” Inflammatory Bowel Diseases 7, S17-S22 
(2001). 

 
50. Eggert M, Seeck U, Semmler M, Maass U, Dietmann S, Schulz M, Dotzlaw H, 

Neeck G. "An evaluation of anti-TNF-alpha-therapy in patients with ankylosing 
spondylitis: imbalanced activation of NF kappa B subunits in lymphocytes and 
modulation of serum cortisol concentration." Rheumatol Int. 2007 Jul;27(9):841-6. 
Epub 2007 Jan 23. 

 
51. Hanauer SB, Feagan BG, Lichtenstein GR, Mayer LF, Schreiber S, Colombel JF,   

Rachmilewitz D, Wolf DC, Olson A, Bao W, Rutgeerts P (2002). "Maintenance 
infliximab for Crohn's disease: the ACCENT I randomised trial". Lancet 359 
(9317): 1541–9. 

 
52. Lee TW, Fedorak RN “Tumor Necrosis Factor-α Monoclonal Antibodies in the   

Treatment of Inflammatory Bowel Disease: Clinical Practice Pharmacology.”   
Gastroenterol Clin North Am. 2010 Sep;39(3):543-57. 

 
53. Keane,J., Gershon,S., Wise,R.P., Mirabile-Levens,E., Kasznica,J., Schwieterman, 

W.D., Siegel,J.N., & Braun,M.M. “Tuberculosis associated with infliximab, a 
tumor necrosis factor alpha-neutralizing agent.” N. Engl. J. Med. 345, 1098-1104 
(2001). 
 

54. Barbaud A, Granel F, Waton J, Poreaux C. “How to manage hypersensitivity 
reactions to biological agents? ” Eur J Dermatol. 2011 Jul 8. 

 
55. Kuehn BM. “Frances Kelsey honored for FDA legacy: award notes her work on 

thalidomide, clinical trials.” JAMA. 2010 Nov 17;304(19):2109-10, 2112. 
 

56. Tseng S, Pak G, Washenik K, Pomeranz MK, Shupack JL. “Rediscovering 
thalidomide: a review of it’s mechanism of action, side effects and potential uses.” 
Am Acad Dermatol 1996;35:969–79. 

 



103 

 

57. Yulia N. Demchenko and W. Michael Kuehl  “A critical role for the NFkB pathway 
in multiple myeloma” 2010 May 1; 1(1): 59–68. 

 
58. Ghosh S, Karin M. “Missing pieces in the NF-kappaB puzzle.” Cell. 2002 Apr;109 

Suppl:S81-96. 
 

59. Keifer,J.A., Guttridge,D.C., Ashburner,B.P., & Baldwin,A.S., Jr. “Inhibition of NF-
kappa B activity by thalidomide through suppression of IkappaB kinase activity.” J. 

Biol. Chem. 276, 22382-22387 (2001). 
 

60. Moreira,A.L., Sampaio,E.P., Zmuidzinas,A., Frindt,P., Smith,K.A., & Kaplan,G. 
“Thalidomide exerts its inhibitory action on tumor necrosis factor alpha by 
enhancing mRNA degradation.” J Exp. Med. 177, 1675-1680 (1993). 

 
61. Sampaio,E.P., Sarno,E.N., Galilly,R., Cohn,Z.A., & Kaplan,G. “Thalidomide 

selectively inhibits tumor necrosis factor alpha production by stimulated human 
monocytes.” J. Exp. Med. 173, 699-703 (1991). 

 
62. Metz T, Haque T, Chen H, Prakash S, Amre D, Das SK. “Preparation and in vitro 

analysis of microcapsule thalidomide formulation for targeted suppression of TNF-
alpha’’. Drug Deliv. 2006 Sep-Oct;13(5):331-7. 

 
63. Thomas Ming Swi Chang “Artificial cells in immobilization biotechnology” 

Biomat., Art. Cells & Immob. Biotech., 20(5), 1121-1143 (1992). 
 

64. Julie Dusseault, Susan K. Tam, Martin Menard, Stefania Polizu, Guillaume 
Jourdan, L’Hocine Yahia, Jean-Pierre Halle “Evaluation of alginate purification 
methods: Effect on polyphenol, endotoxin, and protein contamination” Published 
online 1 November 2005 in Wiley InterScience. 

 
65. Metz T, Jones ML, Chen H, Halim T, Mirzaei M, Haque T, Amre D, Das SK, 

Prakash S. “A new method for targeted drug delivery using polymeric 
microcapsules: implications for treatment of Crohn's disease” Cell Biochem 
Biophys. 2005;43(1):77-85. 

 
66. Tateda K, Matsumoto T, Miyazaki S, Yamaguchi K. “Lipopolysaccharide-induced 

lethality and cytokine production in aged mice.” Infect Immun. 1996 
Mar;64(3):769-74. 

 
67. Theresa T. Pizarro, Kristen O. Arseneau, Giorgos Bamias and Fabio Cominelli 

“Mouse models for the study of Crohn's disease” Trends in Molecular Medicine 
Volume 9, Issue 5, May 2003, Pages 218-222 
 

68. Ronald L. Nagel, M.D. “A Knockout of a Transgenic Mouse — Animal Models of 
Sickle Cell Anemia” N Engl J Med 1998; 339:194-195July 16, 1998. 

 



104 

 

69. Huang TY, Chu HC, Lin YL, Lin CK, Hsieh TY, Chang WK, Chao YC, Liao CL.” 
Minocycline attenuates experimental colitis in mice by blocking expression of 
inducible nitric oxide synthase and matrix metalloproteinases.” Toxicol Appl 
Pharmacol. 2009 May 15;237(1):69-82. Epub 2009 Mar 10. 

 
70. Hruz P, Eckmann L “Innate immune defence: NOD2 and autophagy in the 

pathogenesis of Crohn's disease” Swiss Med Wkly. 2010 Dec 27; 140:w13135.  
 

71. Baumgart DC, Carding SR (2007). "Inflammatory bowel disease: cause and 
immunobiology."The Lancet 369 (9573): 1627–40. 

 
72. Baumgart DC, Sandborn WJ (12 May 2007). "Inflammatory bowel disease: clinical 

aspects and established and evolving therapies." The Lancet 369 (9573): 1641–57.  
 

73. Costas H. Kefalas, MD “Gastroduodenal Crohn's disease” Proc (Bayl Univ Med 
Cent). 2003 April; 16(2): 147–151. 

 
74. Gruner,J.S., Sehon,J.K., & Johnson,L.W. “Diagnosis and management of 

enterovesical fistulas in patients with Crohn's disease”. American Surgeon 68, 714-
719 (2002). 

 
75. Caprilli,R., Viscido,A., & Guagnozzi,D. “Biological agents in the treatment of 

Crohn's disease.” Alimentary Pharmacology & Therapeutics 16, 1579-1590 (2002). 
 

76. Nielsen OH, Seidelin JB, Munck LK, Rogler G. “Use of Biological Molecules in 
the Treatment of Inflammatory Bowel Disease.” J Intern Med. 2011 Jan 17.  

 
77. Hernandez RM, Orive G, Murua A, Pedraz JL. “Microcapsules and microcarriers 

for in situ cell delivery.” Adv Drug Deliv Rev. 2010 Feb 10. 
 

78. Ouyang W, Chen H, Jones ML, Haque T, Martoni C, Afkhami F, Prakash S” Novel 
multi-layer APPPA microcapsules for oral delivery: preparation condition, stability 
and permeability” Indian J Biochem Biophys. 2009 Dec;46(6):491-7. 

 
79. Hong-Bo Li1, Hong Jiang1, Chang-Yong Wang1, Cui-Mi Duan1, Ye Ye1,Xiao-

Ping Su1, Qing-Xue Kong1, Jing-Fang Wu1,2 and Xi-Min Guo1”Comparison of 
two types of alginate microcapsules on stability and biocompatibility in vitro and in 

vivo”. Institute of physics publishing biomedical materials Biomed. Mater. 1 (2006) 
42–47. 

 
80. Jong-HeonWon, Ji-Sun Shin, Hee-Juhn Park, Hyun-Ju Jung, Duck-Jae Koh, Baek-

Geon Jo, Jin-Yong Lee, Kijoo Yun, Kyung-Tae Lee “Anti-inflammatory Effects of 
Madecassic Acid via the Suppression of NF-κB Pathway in LPS-Induced 
RAW264.7 Macrophage Cells” Planta Med. 2010 Feb;76(3):251-7. Epub 2009 Sep 
11. 

 



105 

 

81.  Seok-Bin Yoon, Young-Jong Lee, Seong Kyu Park, Ho-Cheol Kim, Hyunsu Bae, 
Hyung Min Kim, Seong-Gyu Ko, Ho Young Choi, Myung Sook Oh and Wansu 
Park "Anti-inflammatory effects of Scutellaria baicalensis water extract on LPS-
activated RAW 264.7 macrophages " Journal of Ethnopharmacology, Volume 125, 
Issue 2, 7 September 2009, Pages 286-290. 

 
82. Lau KS, Grange RW, Isotani E, Sarelius IH, KammKE, Huang PL. “nNOS and 

eNOS modulate cGMP formation and vascular response in contracting fast-twitch 
skeletal muscle.” Physiol Genomics 2000; 2: 21–27. 

 
83. O’Neill GP, Ford-Hutchinson AW. “Expression of mRNA for cyclooxygenase-1 

and cyclooxygenase-2 in human tissues.” FEBS Lett 1993; 330: 156–160. 
 

84. Nambu A, Nakae S, Iwakura Y. "IL-1beta, but not IL-1alpha, is required for 
antigen-specific T cell activation and the induction of local inflammation in the 
delayed-type hypersensitivity responses." Int Immunol 2006; 18: 701–712. 

 
85. Hodge DR, Hurt EM, Farrar WL. “The role of IL-6 and STAT3 in inflammation 

and cancer.” Eur J Cancer 2005; 41: 2502–2512. 
 

86. Kazi HA, Qian Z." Crocetin reduces TNBS-induced experimental colitis in mice by    
downregulation of Nfkb" Saudi J Gastroenterol. 2009 Jul-Sep;15(3):181-7. 

 
87. Chang Hwa Jung, Ji Hye Kim, Myung Hee Hong, Ho Moon Seog, Seong Hoon Oh, 

Pan Jae Lee, Gyung Jun Kim, Hyung Min Kim, Jae Young Um and Seong-Gyu Ko, 

“Phenolic-rich fraction from Rhus verniciflua Stokes (RVS) suppress inflammatory 
response via NF-κB and JNK pathway in lipopolysaccharide-induced RAW 264.7 
macrophages” Journal of EthnopharmacologyVolume 110, Issue 3, 4 April 2007, 
Pages 490-497. 

 
88. Jin Hee Kim, Dong Hyun Kim, Seung Hwa Baek, Ho Jae Lee, Mee Ree Kim, Ho     

Jeong Kwon and Choong-Hwan Lee. “Rengyolone inhibits inducible nitric oxide 
synthase expression and nitric oxide production by down-regulation of NF-κB and 
p38 MAP kinase activity in LPS-stimulated RAW 264.7 cells” Biochemical 
Pharmacology Volume 71, Issue 8, 14 April 2006, Pages 1198-1205. 

 
89. Blanca Hernández-Ledesma, Chia-Chien Hsieh, Ben O. de Lumen "Antioxidant and 

anti-inflammatory properties of cancer preventive peptide  lunasin in RAW 264.7 
macrophages” Biochemical Pharmacology Volume 71, Issue 8, 14 April 2006, 
Pages 1198-1205. 

 
90. Chen-Tzu Kuo, Ling-Ling Chiang, Chun-Nin Lee, Ming-Chih Yu, Kuan-Jen Bai,        

Horng-Mo Lee, Wen-Sen Lee, Joen-Rong Sheu and Chien-Huang Lin “Induction of 
nitric oxide synthase in raw 264.7 macrophages by lipoteichoic acid from 
Staphylococcus aureus: Involvement of protein kinase C- and nuclear factor-kB-
dependent mechanisms” Journal of Biomedical Science Volume 10, Number 1, 
136-145. 



106 

 

 
91. Liu X, Wang J. "Anti-inflammatory effects of iridoid glycosides fraction of Folium 

syringae leaves on TNBS-induced colitis in rats." J Ethnopharmacol. 2011 Jan 
27;133(2):780-7. Epub 2010 Nov 9. 

 
92. Dang Ngoc Quang, Liva Harinantenaina, Takashi Nishizawa, Toshihiro Hashimoto, 

Chie Kohchi, Gen-Ichiro Soma and Yoshinori Asakawa “Inhibitory activity of nitric 
oxide production in RAW 264.7 cells of daldinals A–C from the fungus Daldinia 

childiae and other metabolites isolated from inedible mushrooms” Journal of 
natural  Medicine Volume 60, Number 4, 303-307. 
 

93. Alexandra Bukovská, Štefan Čikoš, Štefan Juhás, Gabriela Il’ková, Pavol Rehák, 
and Juraj Koppel* “Effects of a Combination of Thyme and Oregano Essential Oils 
on TNBS-Induced Colitis in Mice” Mediators Inflamm. 2007; 2007: 23296. 
Published online 2007 October 10. 
 

94. Aleksandra Malgorzata Urbanska, Arghya Paul, Jasmine Bhahena, and Satya 
Prakash* "Suppression of Tumorigenesis: Modulation of Inflammatory Cytokines 
by Oral Administration of Microencapsulated Probiotic Yogurt Formulation” Int J 
Inflam. 2010; 2010: 894972. Published online 2010 October 31.  
 

95. Van Dullemen HM, Van Deventer SJH, Hommes DW, et al. “Treatment of   
Crohn’s disease with anti-tumor necrosis factor chimeric antibody (cA2).” 
Gastroenterology 1995;109:129–35. 
 

96. Burkhard Möller . Peter M. Villiger "Inhibition of IL-1, IL-6, and TNF-α in 
immune-mediated inflammatory diseases" Springer Semin Immun (2006) 27:391–
408. 
 

97. Zili Zhai, Avery Solco, Lankun Wu, Eve S. Wurtele, Marian L. Kohut, Patricia A. 
Murphy, and Joan E. Cunnick "

Echinacea increases arginase activity and has anti-
inflammatory properties in RAW 264.7 macrophage cells indicative of alternative 
macrophage activation" J Ethnopharmacol. 2009 February 25; 122(1): 76–85. 
 

98. Dretzke J, Edlin R, Round J, Connock M, Hulme C, Czeczot J, Fry-Smith A, 
McCabe C, Meads C."A systematic review and economic evaluation of the use of 
tumour necrosis factor-alpha (TNF-α) inhibitors, adalimumab and infliximab, for 
Crohn's disease." Health Technol Assess. 2011 Feb;15(6):1-250. 
 

99. R W Summers, D E Elliott, J F Urban, Jr, R Thompson,and J V Weinstock 
"
Trichuris suis therapy in Crohn’s disease" Gut. 2005 January; 54(1): 87–90. 

 
100. Kenneth M, Mc Quid MD. Alimentary tract. In: Tierney LM,Macphee SJ,    

  Papadakis MA (eds). Current Medical Diagnosis and Treatment, 42th edn.   
  McGraw Hill, New York, 2003;602–119.  

 
 



107 

 

101. Ardizzone,S., Colombo,E., Maconi,G., Bollani,S., Manzionna,G., Petrone,M.C., 
& Porro,G.B. “Infliximab in treatment of Crohn's disease: the Milan experience.” 
Digestive and Liver Disease 34, 411-418 (2002). 

 
102. Korelitz,B.I. “Steroids for Crohn's disease - An appreciation and a vote of 

confidence.” Inflammatory Bowel Diseases 8, 219-222 (2002). 
 

103. Ginsburg PM, Dassopoulos T, Ehrenpreis ED. "Thalidomide treatment for 
refractory Crohn's disease: a review of the history, pharmacological mechanisms 
and clinical literature." Ann Med. 2001 Nov;33(8):516-25. 
 

104. Prakash O, Medhi B, Saikia UN, Pandhi P."Effect of different doses of 
thalidomide in experimentally induced inflammatory bowel disease in rats." Basic 
Clin Pharmacol Toxicol. 2008 Jul;103(1):9-16. 
 

105. Srinivasan R, Akobeng AK." Thalidomide and thalidomide analogues for 
induction of remission in Crohn's disease." Cochrane Database Syst Rev. 2009 
Apr 15;(2):CD007350. 
 

106. Chen H, Ouyang W, Jones M, Haque T, Lawuyi B, Prakash S. "In-vitro analysis 
of APA microcapsules for oral delivery of live bacterial cells." J Microencapsul. 
2005 Aug;22(5):539-47. 

 
107. Keates AC, Castagliuolo I, Cruickshank WW, Qiu B, Arseneau KO, Brazer W, 

Kelly CP. " Interleukin 16 is up-regulated in Crohn's disease and participates in 
TNBS colitis in mice." Gastroenterology. 2000 Oct;119(4):972-82. 
 

108. Daniel J. Berg, Natalie Davidson, Ralf Kühn, Werner Müller, Satish Menon, Gina 
Holland, LuAnn Thompson-Snipes, Michael W. Leach, and Donna Rennick 

“Enterocolitis and Colon Cancer in Interleukin-10–deficient Mice Are Associated 

with Aberrant Cytokine Production and CD4 TH1-like Responses”. J Clin Invest. 
1996 August 15; 98(4): 1010–1020. 
 

109. Xin Liua, JianmingWangb "Anti-inflammatory effects of iridoidglycosides 
fraction of Folium syringae leaves on TNBS-inducedcolitisinrats" J 
Ethnopharmacol. 2011 Jan 27;133(2):780-7. Epub 2010 Nov 9. 
 

110. Morris GP, Beck PL, Herridge MS, Depew WT, Szewczuk MR, Wallace JL. 
“Hapten-induced model of chronic inflammation and ulceration in the rat 
colon.”Gastroenterology. 1989 Mar;96(3):795-803. 
 

111. Ryotaro Kojima1, Satoko Kuroda, Tomiko Ohkishi, Koichi Nakamaru, and 
Shigeki Hatakeyama “Oxazolone-Induced Colitis in BALB/C Mice: a New 
Method to Evaluate the Efficacy of Therapeutic Agents for Ulcerative Colitis” 
Journal of Pharmacological Sciences 2004 The Japanese Pharmacological 
Society. 
 



108 

 

112. Xian-Ming Xia, Fang-Yu Wang, Wen-An Xu, Zhen-Kai Wang, Jiong Liu, You-
Ke Lu, Xin-Xin Jin, Heng Lu, and Yun-Zhu Shen “CXCR4 antagonist AMD3100 
attenuates colonic damage in mice with experimental colitis” World J 
Gastroenterol. 2010 June 21; 16(23): 2873–2880. 
 

113. Buanne P, Di Carlo E, Caputi L, Brandolini L, Mosca M, Cattani F, Pellegrini L, 
Biordi L, Coletti G, Sorrentino C, Fedele G, Colotta F, Melillo G, Bertini R." 
Crucial pathophysiological role of CXCR2 in experimental ulcerative colitis in 
mice" J Leukoc Biol. 2007 Nov;82(5):1239-46. Epub 2007 Jul 26. 
 

114. Federico Massa, Giovanni Marsicano, Heike Hermann, Astrid Cannich, Krisztina 
Monory, Benjamin F. Cravatt, Gian-Luca Ferri, Andrei Sibaev, Martin Storr, and 
Beat Lutz “The endogenous cannabinoid system protects against colonic 
inflammation” J Clin Invest. 2004 April 15; 113(8): 1202–1209.  
 

115. Künzli BM, Berberat PO, Dwyer K, Deaglio S, Csizmadia E, Cowan P, d'Apice 
A, Moore G, Enjyoji K, Friess H, Robson SC. “Variable Impact of CD39 in 
Experimental Murine Colitis” Dig Dis Sci. 2010 Oct 9. 
 

116. Kazuo Ohtake, Midori Koga, Hiroyuki Uchida, Kunihiro Sonoda, Junta Ito, 
Masaki Uchida, Hideshi Natsume and Jun Kobayashi "Oral nitrite ameliorates 
dextran sulfate sodium-induced acute experimental colitis in mice" Nitric Oxide 
Volume 23, Issue 1, 1 August 2010, Pages 65-73. 
 

117. Guy Lahat, MD,* Drora Halperin, MSc,†Eli Barazovsky, MD,* Itamar Shalit, 
MD,‡Micha Rabau, MD,*Josef Klausner, MD,* and Ina Fabian, PhD† 
"Immunomodulatory Effects of Ciprofloxacin in TNBS-Induced Colitis in Mice". 
Inflammatory Bowel Diseases Volume 13, Issue 5. 
 

118. Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V, 
Panizzi P, Figueiredo J-L, Kohler RH, Chudnovskiy A, Waterman P, Aikawa E, 
Mempel TR, Libby P, Weissleder R, Pittet MJ. (2009). "Identification of Splenic 
Reservoir Monocytes and Their Deployment to Inflammatory Sites." Science, 
325: 612-616. 
 

119. Barrena S, Martínez L, Hernandez F, Lassaletta L, Lopez-Santamaria M, Prieto G, 
Larrauri J, Tovar JA.  "Surgical treatment of chronic inflammatory bowel disease 
in children.” Pediatr Surg Int. 2011 Apr;27(4):385-90. Epub 2010 Nov 28. 

 


