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In early pre-lesional stage of atherosclerosis, endothelial cell activation is characterized 

by increased endothelial permeability, increased expression of cell adhesion molecules 

(CAMs), leukocyte adhesion and migration across the endothelium. Asiatic acid is a 

major triterpene isolated from Centella asiatica (L.) Urban and it has been shown to 

possess anti-oxidant, hypolipidemia and anti-inflammatory activities. This study aimed 

to investigate protective effects of asiatic acid on TNF-α-induced early atherogenic 

events, in the context of endothelial cell activation, using human aortic endothelial cells 

(HAECs). Fluorescein isothiocyanate (FITC)-dextran permeability assay, U937 

monocyte adhesion and migration assays were examined using fluorescence-based 

methods. The levels of soluble CAMs were measured using multiplex kits and flow 

cytometry. Localization of filamentous (F)-actin, diphosphorylated myosin light chain 

(diphospho-MLC), adherens junctions (AJs) and tight junctions (TJs) in cells were 

investigated using immunocytochemistry and confocal microscopy. Total protein 

expression of CAMs, diphospho-MLC, vascular endothelial (VE)-cadherin, β-catenin, 

occludin, zona occludens (ZO)-1 and phosphorylated inhibitors of κB (p-IκB-α) were 

determined using western blot analysis. The expression of AJ and TJ proteins in 

membrane, cytosolic and cytoskeleton fractions were also determined using western 

blot analysis. Asiatic acid significantly suppressed TNF-α-induced endothelial 

hyperpermeability, but did not reduce the increased monocyte adhesion and migration. 

Asiatic acid also inhibited VCAM-1 expression and production of soluble CAMs (sE-

selectin, sICAM-1, sVCAM-1 and sPECAM-1). Besides, asiatic acid prevented TNF-α-

induced redistribution of F-actin but failed to alter the increased F/G actin ratio. By 

using cytochalasin D, an actin depolymerizing agent, asiatic acid was demonstrated to 

stabilize peripheral F-actin filaments. Yet, asiatic acid did not improve cytochalasin D-

induced increased permeability. Furthermore, asiatic acid localized diphospho-MLC 

filaments at the cell periphery and significantly augmented TNF-α-induced increased 

MLC diphosphorylation. Asiatic acid also prevented TNF-α-induced reticular AJ 

disruption by enhancing junctional areas covered by VE-cadherin and β-catenin. This 

protective effect was found to be independent of changes in either total amount or 

intracellular redistribution of VE-cadherin and β-catenin. For TJs, confocal imaging 

showed that asiatic acid opposed TNF-α-induced loss of ZO-1 from the cell borders. 
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However, asiatic acid did not alter both total occludin and ZO-1 expressions in whole 

cell lysate. Subcellular fractionation demonstrated that asiatic acid inhibited TNF-α-

induced ZO-1 internalization from membrane to cytoplasm and occludin redistribution 

from cytoplasm to cytoskeleton. In addition, asiatic acid suppressed TNF-α-induced 

phosphorylation of IκB-α. These results suggest that asiatic acid protects against TNF-

α-induced endothelial barrier disruption and reduces the release of soluble CAMs, 

which are important biomarkers for the risk prediction of cardiovascular diseases. 

Asiatic acid also stabilizes the cytoskeleton by localizing peripheral F-actin and 

diphospho-MLC filaments. However, the actin stabilization is not essential for barrier 

protective effect of asiatic acid. The barrier stabilizing effect of asiatic acid is found 

concomitant with enhancement of reticular AJ formation, inhibition of TJ redistribution 

and suppression of NF-κB activation. In conclusion, a novel protective role of asiatic 

acid in TNF-α-induced endothelial barrier dysfunction was demonstrated. This reveals 

new therapeutic usage of asiatic acid in the prevention of early atherosclerosis, which 

involves endothelial activation. 
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Pada peringkat awal aterosklerosis di mana sebelum pembentukan lesi dimulakan, 

pengaktifan sel endotelial dicirikan oleh peningkatan ketelapan endotelial, peningkatan 

pengekspresan molekul-molekul lekatan dalam sel dan penambahan kelekatan serta 

penghijrahan leukosit melintasi lapisan endotelium. Asiatic asid adalah salah satu 

triterpena yang diasingkan daripada Centella asiatica (L.) Urban dan aktiviti-aktiviti 

anti-pengoksidaan, hipolipidemik dan anti-keradangannya telah dilaporkan. Kajian ini 

bertujuan untuk mengkajikan kesan perlindungan asiatic asid terhadap peristiwa awal 

aterogenik yang diaruhkan oleh TNF-α, dalam konteks pengaktifan sel endotelial, 

dengan menggunakan sel endotelial aorta manusia. Asai ketelapan fluoresein 

isotiosianat-dekstran, asai-asai kelekatan dan penghijrahan monosit U937 telah 

dinilaikan oleh keadah pendarfluor. Paras molekul-molekul lekatan dalam sel yang 

larut disukatkan oleh alat multipleks dan analisis sitometri. Penempatan F-aktin, rantai 

ringan miosin yang terfosforil, simpang adherens, simpang ketat dalam sel disiasatkan 

oleh teknik immunositokimia dan analisis mikroskop confocal. Analisis pemendapan 

Western digunakan untuk menentukan pengekspresan jumlah protein molekul-molekul 

lekatan dalam sel, rantai ringan miosin yang terfosforil, VE-cadherin, β-catenin, 

occludin, ZO-1 dan p-IκB-α. Analisis pemendapan western juga digunakan untuk 

menentukan pengekspresan protein simpang adherens dan simpang ketat di bahagian 

membran, sitosol dan sitoskeleton. Asiatic asid mengurangkan hiperketelapan 

endotelial yang diaruhkan oleh TNF-α dengan nyata sekali, tetapi ia tidak dapat 

menahankan kelekatan dan penghijrahan monosit yang diaruhkan oleh TNF-α. Asiatic 

asid juga mencegahkan pengekspresan VCAM-1 dan penghasilan molekul-molekul 

lekatan dalam sel yang larut (sE-selectin, sICAM-1, sVCAM-1 and sPECAM-1). Selain 

itu, asiatic asid mencegahkan penaburan semula F-aktin yang diaruhkan oleh TNF-α, 

tetapi ia gagal untuk mengubahkan peningkatan nisbah F/G-aktin. Dengan 

menggunakan sitokalasin D, salah satu ejen yang menyebabkan aktin depolimerisasi, ia 

telah menunjukkan bahawa asiatic asid menstabilkan filamen-filamen F-aktin di 

pinggiran sel. Akan tetapi, asiatic asid tidak mempertingkatkan hiperketelapan 

endotelial yang diaruhkan oleh sitokalasin D. Tambahan pula, asiatic asid mengekalkan 

filamen-filamen rantai ringan miosin yang terfosforil di pinggiran sel dan 

menambahkan lagi dipemfosforilan rantai ringan miosin yang diaruhkan oleh TNF-α. 
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Asiatic asid juga mencegahkan gangguan simpang retikuler yang diaruhkan oleh TNF-

α dengan menambahkan kawasan simpang yang diliputi oleh VE-cadherin dan β-

catenin. Ia didapati bahawa kesan perlindungan ini tidak bergantung kepada perubahan 

jumlah keseluruhan dan penaburan semula VE-cadherin dan β-catenin intrasel. Bagi 

simpang ketat, pengimejan sefokus menunjukkan bahawa asiatic asid menentangkan 

kehilangan ZO-1 dari sempadan-sempadan sel yang diaruhkan oleh TNF-α. Walau 

bagaimanapun, asiatic asid tidak mengubahkan pengekspresan jumlah protein ZO-1 

dan occludin dalam lisat keseluruhan sel. Pemeringkatan protein subsel menunjukkan 

bahawa asiatic asid merencatkan penyebatian ZO-1 dari membran ke sitoplasma dan 

penaburan semula occludin dari sitoplasma ke sitoskeleton yang diaruhkan oleh TNF-α. 

Tambahan pula, asiatic asid menahankan pemfosforilan IκB-α yang diaruhkan oleh 

TNF-α. Data ini mencadangkan bahawa asiatic asid melindungi endotelium daripada 

gangguan sekatan endotelial yang diaruhkan oleh TNF-α dan mengurangkan 

penghasilan molekul-molekul lekatan dalam sel yang larut, di mana molekul-molekul 

tersebut adalah penanda biologi yang penting untuk meramalkan risiko penyakit-

penyakit kardiovaskular. Asiatic asid juga menstabilkan sitoskeleton dengan 

mengekalkan F-aktin dan filamen rantai ringan miosin yang terfosforil di sempadan sel. 

Akan tetapi, penstabilan aktin oleh asiatic asid adalah tidak mustahak bagi kesan 

perlindungan sekatan endotelial-nya. Ia didapati bahawa kesan penstabilan sekatan 

endotelial asiatic acid adalah seiring dengan penambahbaikan pembentukan simpang 

retikuler, perencatan penaburan semula simpang ketat and pengurangan pengaktifan 

NF-κB. Kesimpulannya, satu peranan novel asiatic acid di mana ia melindungi 

endotelium daripada disfungsi sekatan endotelial yang diaruhkan oleh TNF-α telah 

ditunjukkan. Kajian ini mendedahkan penggunaan terapeutik asiatic asid yang baru 

dalam pencegahan peringkat awal aterosklerosis yang melibatkan pengaktifan 

endotelial.        

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

v 

 

ACKNOWLEDGEMENT 

 

 

I would like to express my deepest gratitude to my supervisor, Assoc. Prof. Dr. Zuraini 

Ahmad, who supervised both my bachelor degree’s final year project and PhD study. 

She was a knowledgeable, caring and patient supervisor who provided me a truly 

flexible environment for doing my research. She inspired me to conduct a complete and 

thorough PhD research project with a lot of new ideas and suggestions. I am also 

grateful to all her contributions of time, ideas and funding to my research project. With 

her excellent guidance, I’ve gained much knowledge in Physiology and how good 

physiological study is done. The passion and enthusiasm she has for her research was 

contagious and these have motivated me to go through the tough time of my study. 

Besides, she has instilled me about ethnicity, attitude and open-mindedness of a 

scientist where these influenced my thought greatly about the meaning of conducting a 

research. Unfortunately, Dr. Zuraini passed away from a long battle with cancer in this 

July. I was saddened by the loss of a great supervisor that I’ve ever had. She will live 

on in our memory and we shall continue her spirit in vascular biology research in the 

future.  

 

I would like to thank my co-supervisors, Assoc. Prof. Dr. Mohamad Aris Mohd Moklas 

and Assoc. Prof. Dr. Mohamad Taufik Hidayat Baharuldin for all their insightful 

comments and suggestions at all levels of my research. Their suggestions have widened 

the perspectives of my research project. I also appreciate Prof. Muhammad Nazrul 

Hakim for his effort in checking my thesis draft and guiding me after Dr. Zuraini’s 

passing. 

Next, I would like to thank my senior, Dr. Yong Yoke Keong for his encouragement 

and support. Dr. Yong has been helpful in providing me advice for various aspects such 

as technical skills, manuscript publication and thesis writing. His enthusiasm in 

research influenced me greatly that I’ve decided to develop my future career in research. 

I must also acknowledgement Miss Ng Chin Theng, my best friend that formed the core 

of my research time in Physiology Laboratory. I will never forget the moment we’ve 

spent together for exchange of knowledge, skills, philosophical debates and venting of 

frustration. I would like to thank my friends, Dr. Tor Yin Sim, Dr. Tan Kai Leng, Miss 

Chung Pui Ping and Mr. Lee Yu Zhao for their support and help throughout my study.  

 

Special thanks to the staffs in Physiology Laboratoty, Mdm. Normayati Bt Sulaiman, 

Mdm. Hasnijah Alias @ Yaakub and Mr. Nazrul Rizal Zainal Abidin, for their 

assistance such as staying late to lock the laboratory’s door when I had laboratory 

works at night. In addition, they always ensure that all the laboratory equipment is 

maintained in good condition. I would also like to thank the staffs in Cell Signaling 

Laboratory and Laboratory Administration Office for their assistance in operating 

laboratory instruments.  

  

Finally, I would like to thank my family for giving me spiritual support throughout my 

postgraduate study.          

 

 

 



© C
OPYRIG

HT U
PM

vi 

 

I certify that a Thesis Examination Committee has met on 23 November 2016 to 

conduct the final examination of Fong Lai Yen on her thesis entitled “In Vitro Anti-

Atherogenic Effects of Asiatic Acid in Human Aortic Endothelial Cells” in accordance 

with the Universities and University Colleges Act 1971 and the Constitution of the 

Universiti Putra Malaysia [P.U.(A) 106] 15 March 1998. The Committee recommends 

that the student be awarded the Doctor of Philosophy. 

 

 

Members of the Thesis Examination Committee were as follows: 

 

Mohd Roslan bin Sulaiman, PhD 

Professor 

Faculty of Medicine and Health Sciences 

Universiti Putra Malaysia 

(Chairman) 

 

Arifah binti Abdul Kadir, PhD 

Associate Professor 

Faculty of Veterinary Medicine 

Universiti Putra Malaysia 

(Internal Examiner) 

 

Patimah binti Ismail, PhD 

Professor 

Faculty of Medicine and Health Sciences 

Universiti Putra Malaysia 

(Internal Examiner) 

 

Lindsay Brown, PhD 

Professor 

University of Southern Queensland 

Australia 

(External Examiner) 

 

 

          

     NOR AINI AB. SHUKOR, PhD 

     Professor and Deputy Dean 

     School of Graduate Studies 

     Universiti Putra Malaysia 

 

     Date : 27 December 2016 

 

 

 



© C
OPYRIG

HT U
PM

vii 

 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 

accepted as fulfillment of the requirements for the degree of Doctor of Philosophy. The 

members of the Supervisory Committee were as follows:  

 

 

Zuraini Ahmad, PhD  

Associate Professor  

Faculty of Medicine and Health Sciences  

Universiti Putra Malaysia  

(Chairman)  

 

Mohamad Aris Mohd Moklas, PhD  

Associate Professor  

Faculty of Medicine and Health Sciences   

Universiti Putra Malaysia  

(Member)  

 

Mohamad Taufik Hidayat Baharuldin, PhD  

Associate Professor  

Faculty of Medicine and Health Sciences  

Universiti Putra Malaysia  

(Member)  

 

 

 

 

 

 

 

 

 

 

 

          

     ROBIAH BINTI YUNUS, PhD  

     Professor and Dean  

     School of Graduate Studies  

     Universiti Putra Malaysia  

 

     Date: 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

viii 

 

Declaration by Graduate Student 

 

I hereby confirm that: 

 this thesis is my original work; 

 quotations, illustrations and citations have been duly referenced;  

 this thesis has not been submitted previously or concurrently for any other degree 

at any institutions; 

 intellectual property from the thesis and copyright of thesis are fully-owned by 

university Putra Malaysia, as according to the Universiti Putra Malaysia 

(Research) Rules 2012; 

 written permission must be obtained from supervisor and the office of Deputy 

Vice-Chancellor (Research and Innovation) before thesis is published (in the form 

of written, printed or in electronic form) including books, journals, modules, 

proceedings, popular writings, seminar papers, manuscripts, posters, reports, 

lecture notes, learning modules or any other materials as stated in the Universiti 

Putra Malaysia (Research) Rules 2012; 

 there is no plagiarism or data falsification/ fabrication in the thesis, and scholarly 

integrity is upheld as according to the Universiti Putra Malaysia (Graduate 

Studies) Rules 2003 (Revision 2012-2013) and the Universiti Putra Malaysia 

(Research) Rules 2012. The thesis has undergone plagiarism detection software. 

 

 

Signature:       Date:     

 

Name and Matric No.:  Fong Lai Yen (GS31180)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

ix 

 

Declaration by Members of Supervisory Committee 

 

This is to confirm that: 

 the research conducted and the writing of this thesis was under our supervision; 

 supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate 

Studies) Rules 2003 (Revision 2012-2013) are adhered to. 

 

 

 

 

 

 

 

Signature    :      

Name of Chairman of 

Supervisory 

Committee    : Assoc. Prof. Dr. Zuraini Ahmad 

 

 

 

Signature    :      

Name of Member of 

Supervisory 

Committee    : Assoc. Prof. Dr. Mohamad Aris Mohd Moklas  

 

 

 

Signature    :      

Name of Member of 

Supervisory 

Committee    : Assoc. Prof. Dr. Mohamad Taufik Hidayat  

      Baharuldin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

x 

 

TABLE OF CONTENTS 

 Page 

ABSTRACT i 

ABSTRAK iii 

ACKNOWLEDGEMENTS v 

APPROVAL vi 

DECLARATION viii 

LIST OF FIGURES xiv 

LIST OF APPENDICES xvi 

LIST OF ABBREVIATIONS xvii 

  

  

CHAPTER  

1 INTRODUCTION 1 

 1.1 Justification of the Study 1 

 1.2 Background of the Study 1 

 1.3 Hypotheses 3 

 1.4 Objectives 3 

  1.4.1 General Objective 3 

  1.4.2 Specific Objectives 3 

  

  

2 LITERATURE REVIEW 4 

 2.1 Centella asiatica (L.) Urban 4 

  2.1.1 Traditional Usage of C. asiatica 4 

  2.1.2 Biological activities of C. asiatica extracts 5 

 2.2 Asiatic Acid 5 

  2.2.1 Biological Activities of Asiatic Acid 6 

  2.2.2 Metabolism of Asiatic Acid In vivo 7 

 2.3 Vascular Endothelium 7 

  2.3.1 The Physiological Functions of The Endothelium 8 

  2.3.2 Endothelial Permeability 10 

   2.3.2.1 Paracellular Permeability 11 

   2.3.2.2 Transcellular Permeability 12 

  2.3.3 Arteries and Veins 13 

 2.4 Atherosclerosis 14 

  2.4.1 Endothelial Cell Activation in Early Stage of 

Atherosclerosis 

16 

 2.5 Regulation of Endothelial Barrier Function 17 

  2.5.1 Leukocyte Adhesion and Migration 17 

  2.5.2 Cell Adhesion Molecules 18 

   2.5.2.1 E-selectin 19 

   2.5.2.2 ICAM-1 19 

   2.5.2.3 VCAM-1 21 

   2.5.2.4 PECAM-1 22 

   2.5.2.5 Soluble form of Cell Adhesion 

Molecules 

23 

  2.5.3 Cytoskeletal Proteins 24 

   2.5.3.1 Actin cytoskeleton 24 

   2.5.3.2 Myosin Light Chain 25 



© C
OPYRIG

HT U
PM

xi 

 

  2.5.4 Adherens Junctions 27 

   2.5.4.1 VE-cadherin 28 

   2.5.4.2 β-catenin 29 

  2.5.5 Tight Junctions 30 

   2.5.5.1 Occludin 31 

   2.5.5.2 ZO-1 32 

 2.6 Tumor Necrosis Factor-α (TNF-α) 32 

  2.6.1 Disruption of Endothelial Barrier by TNF-α 33 

  2.6.2 TNF-α and NF-κB activation 34 

  

  

3 MATERIALS AND METHODS 36 

 3.1 Materials 36 

 3.2 Cell Culture 36 

 3.3 Cell Viability Assays 37 

  3.3.1 MTT Assay 37 

  3.3.2 ATP Fluorometric Assay 37 

 3.4 In vitro Vascular Permeability Assay 37 

 3.5 Evaluation of the Effect of Asiatic Acid on TNF-α-

increased U937 Monocyte Adhesion  

38 

  3.5.1 Quantitative Measurement 38 

  3.5.2 Qualitative Imaging Analysis 39 

 3.6 Evaluation of the Effect of Asiatic Acid on TNF-α-

increased U937 Monocyte Migration  

39 

 3.7 Determination of the Effect of Asiatic Acid on TNF-α-

increased Cell Adhesion Molecules 

40 

  3.7.1 Quantification of Soluble Cell Adhesion 

Molecules 

40 

  3.7.2 Detection of Total Protein Expression of Cell 

Adhesion Molecules 

40 

 3.8 Evaluation of the Effect of Asiatic Acid on TNF-α-induced 

Actin Cytoskeletal Changes 

41 

  3.8.1 F-actin Fluorescence Staining 41 

  3.8.2 Measurement of F and G actin levels 42 

   3.8.2.1 Separation of F- and G-actin Fractions 42 

   3.8.2.2 SDS-PAGE and Western Blot Analysis 42 

 3.9 Evaluation of the Effect of Asiatic Acid on Cytochalasin D-

induced Actin Cytoskeletal Changes 

43 

  3.9.1 F-actin Fluorescence Staining 43 

 3.10 Correlation between Actin Cytoskeleton and Anti-

Hyperpermeability Effect of Asiatic Acid 

43 

  3.10.1 Permeability assay 43 

 3.11 Determination of the Effect of Asiatic Acid on TNF-α-

induced MLC diphosphorylation 

43 

  3.11.1 Immunocytochemistry 43 

  3.11.2 Protein Expression of diphospho-MLC  44 

 3.12 Determination of the Effect of Asiatic Acid on TNF-α-

induced AJ Disorganization 

44 

  3.12.1 Immunocytochemistry of VE-cadherin and β-

catenin 

44 

  3.12.2 Image Analysis for Junctional Area of VE- 44 



© C
OPYRIG

HT U
PM

xii 

 

cadherin and β-catenin 

  3.12.3 Total Protein Expression of VE-cadherin and β-

catenin 

44 

  3.12.4 Expression of VE-cadherin and β-catenin in 

Different Subcellular Compartments 

45 

   3.12.4.1 Subcellular Fractionation 45 

   3.12.4.2 Western Blot Analysis 45 

 3.13 Determination of the Effect of Asiatic Acid on TNF-α-

induced TJ Disassembly    

45 

  3.13.1 Immunocytochemistry of ZO-1 45 

  3.13.2 Total Protein Expression of ZO-1 and Occludin 46 

  3.13.3 Expression of ZO-1 and Occludin in Different 

Subcellular Compartments 

46 

   3.13.3.1 Subcellular Fractionation 46 

   3.13.3.2 Western Blot Analysis 46 

 3.14 Determination of the Effect of Asiatic Acid on NF-κB 

Signalling Pathway 

46 

  3.14.1 Western Blot Analysis of p-IκB-α Expression 46 

 3.15 Statistical Analysis 47 

  

  

4 RESULTS 48 

 4.1 Cell Viability Assay 48 

  4.1.1 Effect of TNF-α on Cell Viability 48 

  4.1.2 Effect of Asiatic acid on Cell Viability 50 

   4.1.2.1 MTT Assay 50 

   4.1.2.2 ATP Assay 50 

 4.2 In vitro Vascular Permeability Assay 52 

  4.2.1 Effect of TNF-α on Endothelial Permeability 52 

  4.2.2 Effect of Asiatic Acid on TNF-α-induced 

Endothelial Hyperpermeability 

54 

 4.3 Effect of Asiatic Acid on TNF-α-induced Increased U937 

Monocyte  Adhesion 

55 

 4.4 Effect of asiatic acid on TNF-α-increased U937 Monocyte 

Migration 

57 

 4.5 Effects of Asiatic acid on Cell Adhesion Molecules 58 

  4.5.1 Levels of Soluble Cell Adhesion Molecules 58 

  4.5.2 Total Protein Expression of Cell Adhesion 

Molecules 

60 

 4.6 Effects of asiatic acid on TNF-α-induced Actin 

Cytoskeleton Alterations 

62 

  4.6.1 F-actin Localization And Cell Morphological 

Changes 

62 

  4.6.2 F to G-actin Ratio 66 

 4.7 Effect of Asiatic Acid on Cytochalasin D-induced Actin 

Disruption 

68 

  4.7.1 Stabilization of F-actin by Asiatic Acid 68 

 4.8 Correlation between Actin Stabilization and Anti-

Hyperpermeability Effect of Asiatic Acid 

71 

  4.8.1 Effect of Asiatic Acid on Cytochalasin D-induced 

Endothelial Hyperpermeability 

71 



© C
OPYRIG

HT U
PM

xiii 

 

 4.9 Effects of Asiatic acid on TNF-α-induced MLC 

diphosphorylation 

73 

  4.9.1 Localization of diphospho-MLC 73 

  4.9.2 Total Protein Expression of diphospho-MLC 77 

 4.10 Effects of Asiatic Acid on TNF-α-induced AJ 

Diorganization 

78 

  4.10.1 AJ Structural Reorganization and Quantification of 

Junctional Area  

78 

  4.10.2 Total Expression of AJs 86 

  4.10.3 AJ Redistribution among Membrane, Cytosolic 

And Cytoskeletal Fractions 

88 

 4.11 Effects of Asiatic Acid on TNF-α-induced TJ Disassembly    90 

  4.11.1 ZO-1 Structural Remodeling 90 

  4.11.2 Total Expression of TJs 94 

  4.11.3 TJ Redistribution among Membrane, Cytosolic 

And Cytoskeletal Fractions 

96 

 4.12 Effect of Asiatic acid on NF-κB Activation 99 

  4.12.1 Expression of p-IκB-α 99 

  

  

5 DISCUSSION 100 

  

  

6 SUMMARY, CONCLUSION AND RECOMMENDATIONS 

FOR FUTURE RESEARCH 

114 

   

   

REFERENCES 115 

APPENDICES 135 

BIODATA OF STUDENT 138 

LIST OF PUBLICATIONS 139 

     

     

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

xiv 

 

LIST OF FIGURES 

 

 

Figure 

 

 Page 

2.1 Centella asiatica 

 

4 

2.2 Chemical structure of asiatic acid 

 

6 

2.3 Paracellular pathway and transcellular pathway in the endothelium 

 

11 

2.4 Stages of atherosclerotic lesion formation 

 

15 

2.5 Recruitment of leukocytes during endothelial cell activation 

 

17 

2.6 Intracellular signaling cascades of ICAM-1 and VCAM-1 

 

21 

2.7 The contractility mechanism in endothelial cells 

 

26 

2.8 Structure of endothelial AJs 

 

27 

2.9 Structure of TJs 

 

30 

4.1 Effect of TNF-α on cell viability 

 

49 

4.2 Effect of asiatic acid on viability of HAECs 

 

51 

4.3 Effect of TNF-α on endothelial permeability 

 

53 

4.4 Effect of asiatic acid on TNF-induced endothelial 

hyperpermeability 

 

54 

4.5 Effect of asiatic acid on TNF-α-stimulated U937 monocyte 

adhesion 

 

56 

4.6 Effect of asiatic acid on TNF-α-stimulated U937 monocyte 

migration 

 

57 

4.7 Effects of asiatic acid on TNF-α-stimulated increased production 

of soluble CAMs 

 

59 

4.8 Effects of asiatic acid on TNF-α-induced increased total protein 

expression of E-selectin, ICAM-1, VCAM-1 and PECAM-1 

 

61 

4.9 Effect of asiatic acid on TNF-α-induced F-actin rearrangement 

 

63 

4.10 Effect of asiatic acid on TNF-α-induced increased F/G-actin ratio 

 

67 

4.11 Effect of asiatic acid on cytochalasin D-induced disruption of F 

actin filaments 

 

69 



© C
OPYRIG

HT U
PM

xv 

 

4.12 Effect of asiatic acid on cytochalasin D-induced increased 

monolayer permeability 

 

72 

4.13 Effect of asiatic acid on TNF-α-induced changes in localization of 

diphospho-MLC 

 

74 

4.14 Effect of asiatic acid on TNF-α-induced increased 

diphosphorylation of MLC 

 

77 

4.15 Effect of asiatic acid on TNF-α-induced VE-cadherin structural 

reorganization 

 

79 

4.16 Effect of asiatic acid on TNF-α-induced structural reorganization 

of β-catenin 

 

82 

4.17 Quantification of junctional areas covered by VE-cadherin and β-

catenin 

 

85 

4.18 Effects of asiatic acid on total protein expression of VE-cadherin 

and β-catenin 

 

87 

4.19 Effects of asiatic acid on VE-cadherin and β-catenin expressions in 

membrane, cytosolic and cytoskeletal fractions 

 

89 

4.20 Effect of asiatic acid on TNF-α-induced disappearance of ZO-1 

from cell borders 

 

91 

4.21 Effects of asiatic acid on total protein expression of ZO-1 and 

occludin 

 

95 

4.22 Effect of asiatic acid on ZO-1 expression in membrane, cytosolic 

and cytoskeletal fractions 

 

97 

4.23 Effect of asiatic acid on occludin expression in membrane, 

cytosolic and cytoskeletal fractions 

 

98 

4.24 Effect of asiatic acid on TNF-α-induced phosphorylation of IκB-α 

 

99 

5.1 The proposed mechanism of action for barrier protective effects of 

asiatic acid 

 

112 

5.2 The proposed mechanism of action for barrier protective effects of 

simvastatin in HAECs 

113 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

xvi 

 

LIST OF APPENDICES 

 

 

Appendix 

 

 Page 

A1 H1 and C13 NMR Spectra for asiatic acid 

 

135 

A2 Radio immunoprecipitation assay (RIPA) buffer 

 

136 

A3 Laemmli Buffer 5X 

 

136 

A4 Resolving gel (10 – 15%) 

 

136 

A5 Stacking gel 

 

136 

A6 10X transfer buffer 

 

136 

A7 1X transfer buffer 

 

136 

A8 10X running buffer 

 

137 

A9 1X running buffer 

 

137 

A10 10X Tris-buffered saline (TBS), pH 7.6 

 

137 

A11 1X Tris-buffered saline-Tween 20 (TBST) 

 

137 

A12 Stripping Buffer, pH 2.2 

 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

xvii 

 

LIST OF ABBREVIATIONS 

 

 

AJ Adherens Junction 

CAM Cell Adhesion Molecule 

diphospho-MLC Diphosphorylated Myosin Light Chain 

F-actin Filamentous-Actin (Polymer Form) 

G-actin Globular-Actin (Monomer Form) 

HAECs Human Aortic Endothelial Cells 

HUVECs Human Umbilical Vein Endothelial Cells 

ICAM-1 Intercellular Adhesion Molecule-1 

JAM Junctional Adhesion Molecule 

MLC Myosin Light Chain 

NF-κB Nuclear Factor Kappa B 

PECAM-1 Platelet Endothelial Cell Adhesion Molecule-1 

p-IκB-α Phosphorylated Inhibitor Of κb  

sE-selectin Soluble E-Selectin 

sICAM-1 Soluble Intercellular Adhesion Molecule-1 

sPECAM-1 Soluble Platelet Endothelial Cell Adhesion Molecule-1 

sVCAM-1 Soluble Vascular Cell Adhesion Molecule-1 

TJ Tight Junction 

TNF-α Tumour Necrosis Factor-alpha 

TTFCA Total Triterpenic Fraction Of Centella asiatica 

VCAM-1 Vascular Cell Adhesion Molecule-1 

VE-cadherin Vascular Endothelial-Cadherin 

ZO-1 Zona Occludens-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

1 

 

CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 Justification of the Study 

 

 

Statins are inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 

reductase and it serves as a primary approach used to prevent and treat atherosclerosis. 

However, long-term statin therapy causes various side effects including muscle 

weakness or pain, abnormal elevation of liver enzymes, acute renal failure and diabetes 

(Simic and Reiner, 2015; Alla et al., 2013). Besides, patients undergoing statin therapy 

continue to experience recurrent cardiovascular events (Alla et al., 2010). Owing to 

these adverse effects, the searching for novel anti-atherogenic compounds from plant-

based sources could provide alternative therapeutic options for the treatment of 

cardiovascular diseases.     

 

Despite that the anti-atherosclerotic effects of Centella asiatica (L.) Urban, a traditional 

medicinal herb, have been demonstrated in several clinical studies, the experimental 

studies intended to investigate the in vitro anti-atherosclerotic effect of C. asiatica 

remain widely lacking. Particularly, how each active constituent of C. asiatica would 

contribute to its anti-atherosclerotic effect and the mechanism of action remain 

unknown. Hence, detailed mechanistic study is needed in order to support the 

increasing use of C. asiatica as a potential anti-atherogenic agent.  

 

 

1.2 Background of the Study 

 

 

Ischaemic heart disease and cerebrovascular disease are the first and third leading 

causes of death, respectively, throughout the world. These cardiovascular diseases had 

a mortality rate of 247.9 deaths/100,000 persons, which accounts for 84.5 % of death 

from all types of cardiovascular diseases and 28.2% of global death in 2013 (Barquera 

et al., 2015; Collaborators., 2015). As a result, many approaches have been adopted to 

reduce the occurrence and severity of cardiovascular diseases, which include lifestyle 

modifications, advancement of surgical operations and introduction of new therapeutic 

agents. Atherosclerosis is the major cause leading to cardiovascular diseases and it is 

closely related to elevated plasma concentration of low density lipoprotein-cholesterol 

(Ramji and Davies, 2015). Atherosclerosis is characterized by build-up of plaques or 

lesions at the arterial wall, which gradually narrows the lumen of the blood vessel.  

 

It is now widely accepted that atherosclerosis is a chronic inflammatory disease 

initiated by ‘activation’ of endothelial cells, which promotes the switch of endothelium 

to a pro-inflammatory phenotype (Funk et al., 2012). The key features of endothelial 

cell activation include an increase in endothelial permeability, up regulation of cell 

adhesion molecules (CAMs) and recruitment of monocytes to adhere to the 

endothelium. Subsequently, the adhered monocytes migrate through the endothelium 

and accumulate at the arterial intima to form lipid-engulfing foam cells. Foam cell 

accumulation features the beginning of atherosclerotic lesion formation (Ramji and 
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Davies, 2015). Tumour necrosis factor-alpha (TNF-α), a pro-inflammatory cytokine, 

was detected in human atherosclerotic plaques, implying the crucial role of TNF-α in 

the progression of atherosclerosis (Mehta and Malik, 2006). Therefore, targeting TNF-

α-activated inflammatory pathways might be a promising therapeutic strategy for 

atherosclerosis.    

  

In physiological conditions, the endothelial permeability is tightly regulated by 

interendothelial junctions that connect the neighbouring endothelial cells together. 

Inflammatory stimuli trigger intercellular junctions to disassemble and disrupts the 

endothelial barrier integrity (Capaldo and Nusrat, 2009). Consequently, an increase in 

permeability occurs where passage of solutes and fluid across the endothelium is 

increased. Atherogenesis is initiated when endothelial hyperpermeability permits 

transport of low density lipoproteins into the intima. Therefore, improvement of the 

endothelial barrier function may serve as a novel therapeutic approach to prevent early 

pre-lesional stage of atherosclerosis.  

  

The cell-cell junctions are anchored by actin cytoskeleton in the cytoplasm where the 

latter modulates stability of the intercellular junctions. Actin cytoskeleton is a dynamic 

structure undergoes continuous remodelling to regulate cell contraction, cell shape and 

motility. Phosphorylation of myosin light chain (MLC) promotes actin cytoskeleton to 

rearrange into stress fibers that are capable to generate contractile force and pull the 

intercellular junctions inward, causing disassembly of the cell-cell junctions 

(Bogatcheva and Verin, 2008). CAMs, such as intercellular adhesion molecule- 

(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and platelet-endothelial cell 

adhesion molecule-1 (PECAM-1), also affect the formation of junctional complexes 

and are key determinants of the endothelial barrier integrity (Marcos-Ramiro et al., 

2014).      

 

C. asiatica is a traditional medicinal herb that can be found in most tropical and 

subtropical countries. It is widely used in traditional Ayurvedic or Indian Medicine to 

enhance memory, heal wounds and alleviate various skin diseases such as leprosy and 

psoriasis (Gohil et al., 2010). It is noteworthy to mention that C. asiatica has been 

shown to exhibit anti-atherosclerotic effects in several clinical studies (Belcaro et al., 

2015b; Belcaro et al., 2014; Cesarone et al., 2001a; Incandela et al., 2001). Total 

triterpenic fraction of C. asiatica (TTFCA), a highly refined C. asiatica extract 

containing asiatic acid as a main component, has been shown to stabilize arterial 

plaques in atherosclerotic patients (Cesarone et al., 2001a; Incandela et al., 2001). 

Recently, researchers have reported that combined administration of a pine bark extract 

and TTFCA prevents the progression of atherosclerotic plaques in asymptomatic 

subjects and the anti-atherosclerotic effect is associated with reduction of oxidative 

stress (Belcaro et al., 2015b; Belcaro et al., 2014). Besides, C. asiatica has also been 

demonstrated to improve capillary permeability and prevent tissue edema in 

hypertensive patients (De Sanctis et al., 2001; Belcaro et al., 1990).  

 

Asiatic acid is a major saponin triterpenoid derived from C. asiatica. It has been 

reported that asiatic acid possesses several biological activities including anti-

inflammatory, wound healing, neuroprotective and hypolipidemic effects 

(Ramachandran et al., 2014; Bian et al., 2013; Huang et al., 2011; Gohil et al., 2010). 

Researchers have also shown that asiatic acid suppresses carrageenan-induced paw 

edema in mice (Huang et al., 2011). However, the anti-atherogenic effect of asiatic acid 

in vitro, particularly in the context of endothelial activation has not been reported yet.    
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1.3 Hypotheses 

 

 

Asiatic acid will possess protective effects against TNF-α-induced endothelial 

activation. Asiatic acid will inhibit TNF-α-induced disruption of endothelial barrier 

integrity and the increased interaction between leukocytes and endothelial cells. Asiatic 

acid will also inhibit TNF-α-induced increased expression of CAMs and cytoskeletal 

rearrangement. Besides, asiatic acid will also prevent TNF-α-induced disruption of cell-

cell junctions. In addition, asiatic acid will suppress activation of signaling cascades 

stimulated by TNF-α.     

 

 

1.4 Objectives 

 

 

1.4.1 General Objective 

 

 

The aim of this study was to evaluate effects of asiatic acid on TNF-α-induced 

activation of human aortic endothelial cells and the underlying mechanisms.   

 

 

1.4.2 Specific Objectives 

 

 

This study aimed to investigate effects of asiatic acid on TNF-α-induced 

(i) endothelial hyperpermeability and increased leukocyte-endothelial cell 

interactions 

(ii) increased expression of CAMs  

(iii) cytoskeletal rearrangement  

(iv) disassembly of interendothelial junctions 

(v) activation of signaling pathway 
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