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Abstract 
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Abstract  

This thesis reports original research on the biology of polyamines and comprises studies in two 

related areas. Firstly, the hepatic metabolism of a clinically relevant polyamine analogue, 

triethylenetetramine (TETA), was studied with particular focus on its hepatic metabolism in three 

mammalian species. Using a newly developed method based on liquid chromatography/mass 

spectrometry, acetylation of TETA, and of its first acetylation product, N1-

acetyltriethylenetetramine (ATETA) was measured in vitro using liver supernatant and liver 

microsomal preparations from humans, rats and mice. The results showed that all of the tissue 

preparations tested could catalyse the acetylation of both TETA and ATETA (at uniformly lower 

rates). Together with the results of immunoblotting for the enzyme anti-spermidine-spermine N1-

acetyltransferase 1 (SSAT1), it was further concluded that SSAT1, which is one of the key 

enzymes controlling polyamine catabolism, was not the main enzyme involved in metabolism of 

TETA in the species studied. Secondly, the effect of SSAT1 inducers in a mouse model of 

obesity and type-2 diabetes was studied. Jell et al. (2007) and Pirien et al. (2007) reported that 

genetically-modified mice overexpressing SSAT1 showed a distinguishable anti-obesity 

phenotype, which included decreases in body-weight gain, body-fat mass gain, serum leptin, 

insulin resistance, and increased glucose tolerance. The underpinning molecular mechanism 

was thought to be an elevated polyamine catabolism caused by overexpression of SSAT1. Here, 

leptin-deficient mice (ob/ob) and corresponding background-control mice (C57) were treated with 

N1,N11-diethylnorspermine (DENS), aspirin, and TETA, all modifiers of polyamine metabolism, for 

periods of up to ~7 months after weaning. DENS and TETA are polyamine analogues; and 

aspirin is an activator of the SSAT1-gene promoter. All three induced polyamine catabolism in 

cell culture. The results of these experiments showed that DENS elevated polyamine catabolism 

through SSAT1 induction in both C57 and ob/ob mice, in which it lowered fat-mass gain by 22%. 

This was also associated with amelioration of obesity and type-2 diabetes phenotypes, especially 

in ob/ob mice. The other two drugs showed lesser effects on elevation of polyamine catabolism. 

TETA decreased the fat mass gain by 14% but increased the non-fat mass gain by 30%. TETA in 

C57 mice and aspirin in both C57 and ob/ob mice caused no changes in either body-weight or 

body composition.  



Acknowledgements 

 [II]  

Acknowledgements 

On completion of this thesis, I would like to thank all of the people who have guided and helped 

me through the last four and a half year. First of all, I am truly indebted and grateful to my 

supervisor Professor Garth Cooper. As well as his expertise in the research area, which has 

supported me through the entire study and ensured its completion, the most important examples 

he set for me were being always strictly accurate with every detail, patient, and hard-working, 

which will enable me to achieve success in the future. I would like to thank my co-supervisors: Dr 

Jun Lu, who designed this project and taught me from the beginning. He was also very generous 

in sharing his valuable experience on career and research; and Dr Jacqueline Aitken (Jackie) 

who has taught me a lot about animal experiments and given me much valuable and helpful 

advice towards finishing this project and in writing my thesis. I would like to show my gratitude to 

our research manager Ms Cynthia Tse, who has done all the administrative work and helped me 

a lot with my English which is my second language, with endless patience. In addition, I owe 

sincere thanks to: Ms. Amorita Petzer and her colleagues from the Integrated Physiology Unit, 

School of Biological Sciences, who have provided animals and taken care of them throughout the 

whole study; Dr. Beau Pontré from the Centre for advanced MRI, who helped me carry out the 

MRI scans on mice; Dr. Paul Harris and Dr. Geoff Williams from the Department of Chemistry, 

and Mr Sreevalsan Sreebhavan (Sree) from the Faculty of Medical and Health Sciences, who 

helped me with the LCMS work which constitutes a large part of this project. Here, I also would 

like to thank Dr Shaoping Zhang, Dr Linda Zhang, Ms Greeshma Vazhoor Amarsingh, Mr Lance 

Xu, Dr Deming Gong, Ms Kasia Kania, and other colleagues who worked together with me. I also 

would like to thank my friend Yanyan Liu as well, who helped me decide to do my PhD study and 

also supported me from the beginning. Finally, I hope my parents will be pleased with my 

achievements. They have always encouraged and supported me unreservedly.  



Table of Contents 

 [III]  

Table of Contents 

ABSTRACT .................................................................................................................................................................... I 

ACKNOWLEDGEMENTS ............................................................................................................................................... II 

TABLE OF CONTENTS .................................................................................................................................................. III 

LIST OF FIGURES ....................................................................................................................................................... VII 

LIST OF TABLES ............................................................................................................................................................ X 

GLOSSARY AND ABBREVIATIONS .............................................................................................................................. XII 

LIST OF INSTRUMENTS AND CHEMICALS .................................................................................................................. XV 

CHAPTER 1. INTRODUCTION .................................................................................................................................... 1 

1.1. OBESITY AND TYPE-2 DIABETES ....................................................................................................................................... 1 

1.1.1. Epidemiology of Obesity and Type-2 Diabetes ................................................................................................. 1 

1.1.2. Lipid and Energy Metabolism ........................................................................................................................... 2 

1.1.3. Mechanisms of Obesity and Type-2 Diabetes ................................................................................................... 6 

1.1.4. Animal Models of Obesity and Type-2 Diabetes ............................................................................................. 11 

1.2. POLYAMINE METABOLISM ............................................................................................................................................ 14 

1.2.1. A Brief History of Research on Polyamines ..................................................................................................... 14 

1.2.2. General Aspects of Polyamines ...................................................................................................................... 16 

1.2.3. Polyamine Synthesis and Catabolism ............................................................................................................. 18 

1.2.4. The Polyamines in Cellular Metabolism .......................................................................................................... 23 

1.2.5. Polyamines and Fat Metabolism .................................................................................................................... 25 

1.3. SPERMIDINE AND SPERMINE N1-ACETYLTRANSFERASE 1 (SSAT1) ........................................................................................ 26 

1.3.1. General Aspects of SAT1 and SSAT1 ............................................................................................................... 26 

1.3.2. SSAT1 Activity ................................................................................................................................................. 30 

1.3.3. Physiological Regulation of SSAT1 .................................................................................................................. 32 

1.3.4. Polyamine Analogues Have Complex Effects on SSAT1 .................................................................................. 35 

1.3.5. Effects of Altered SSAT1 Activity ..................................................................................................................... 36 

1.3.6. SSAT2 .............................................................................................................................................................. 42 

1.4. TRIETHYLENETETRAMINE .............................................................................................................................................. 43 

1.4.1. Pharmacological Importance of TETA ............................................................................................................ 43 

1.4.2. TETA-Acetylating Enzymes ............................................................................................................................. 44 

1.5. AIMS AND HYPOTHESES ............................................................................................................................................... 44 

CHAPTER 2. GENERAL MATERIALS AND METHODS ................................................................................................ 47 

2.1.1. Human Tissue Samples ................................................................................................................................... 47 

2.1.2. Polyamines and Other Special Chemicals ....................................................................................................... 47 



Table of Contents 

 [IV]  

2.2. TISSUE PREPARATIONS ................................................................................................................................................. 48 

2.2.1. Preparation of Liver Supernatants and Microsomes ...................................................................................... 48 

2.2.2. Bicinchoninic Acid (BCA) Protein Assay........................................................................................................... 49 

2.3. IN VITRO POLYAMINE ACETYLATION ............................................................................................................................... 49 

2.3.1. In Vitro Polyamine Acetylation Assay Template ............................................................................................. 49 

2.3.2. Preparation of the Standard Curve for LC/MS Analysis .................................................................................. 51 

2.3.3. Processing and Presentation of Results .......................................................................................................... 52 

2.4. SSAT1 INDUCTION IN A MOUSE MODEL OF OBESITY AND TYPE-2 DIABETES .......................................................................... 52 

2.4.1. Animals and Drug Treatments ........................................................................................................................ 52 

2.4.2. Magnetic Resonance Imaging (MRI) .............................................................................................................. 53 

2.4.3. Calorimetric Analysis ...................................................................................................................................... 55 

2.4.4. Urine Collection .............................................................................................................................................. 55 

2.4.5. Blood Glucose and Insulin Tests...................................................................................................................... 55 

2.4.6. Dissection and Tissue Processing .................................................................................................................... 57 

2.4.7. Measuring Polyamine Abundance in Tissue Preparations .............................................................................. 58 

2.4.8. Immunoblotting Experiments Using Liver, Heart, and Muscle Preparations .................................................. 59 

2.5. STATISTICAL ANALYSES ................................................................................................................................................. 60 

CHAPTER 3. DEVELOPMENT OF METHODS FOR IN VITRO MEASUREMENT OF ENZYME-CATALYSED POLYAMINE 

ACETYLATION .................................................................................................................................................... 63 

3.1. INTRODUCTION ........................................................................................................................................................... 63 

3.1.1. Polyamine Detection by LCMS ........................................................................................................................ 64 

3.1.2. Determination of Optimal In Vitro Acetylation Conditions ............................................................................. 66 

3.2. RESULTS .................................................................................................................................................................... 67 

3.2.1. Polyamine Detection by LCMS ........................................................................................................................ 67 

3.2.2. The Optimised In Vitro Acetylation Conditions ............................................................................................... 72 

3.2.3. Stability of Polyamines in Water and PBS at Different pH Values .................................................................. 80 

3.2.4. Spontaneous Polyamine Acetylation .............................................................................................................. 83 

3.3. SUMMARY AND DISCUSSION ......................................................................................................................................... 91 

3.3.1. Detecting Polyamines by LCMS ...................................................................................................................... 91 

3.3.2. In Vitro Conditions for Measurement of Enzymatic Acetylation..................................................................... 91 

3.3.3. Stability of Polyamines at Different pH Values ............................................................................................... 92 

3.3.4. Spontaneous Acetylation of Polyamines ........................................................................................................ 93 

3.4. CONCLUSIONS ............................................................................................................................................................ 96 

CHAPTER 4. MEASURING TRIETHYLENETETRAMINE ACETYLATION BY LIVER PREPARATIONS IN VITRO ................. 97 

4.1. INTRODUCTION ........................................................................................................................................................... 97 

4.1.1. Background and Aims ..................................................................................................................................... 97 

4.1.2. A Comparison of Acetylation Assays from Different Studies. ......................................................................... 99 



Table of Contents 

 [V]  

4.2. RESULTS .................................................................................................................................................................. 101 

4.2.1. In Vitro 3,4-Dimethylaniline (DMA) Acetylation ........................................................................................... 101 

4.2.2. In Vitro TETA (or ATETA) Acetylation with Liver Preparations and a NAT2 Inhibitor ................................... 103 

4.2.3. SPD Acetylation with Human Liver Supernatant and Human Liver Microsomal Preparations ..................... 108 

4.2.4. TETA/ATETA Acetylation by Liver Supernatant and Microsomal Preparations from Humans, Rats and 

Mice ........................................................................................................................................................................ 111 

4.2.5. Immunoblotting of SSAT1 in Human and Rat Liver Supernatant and Microsomal Preparations ................. 120 

4.3. DISCUSSION AND CONCLUSIONS .................................................................................................................................. 123 

4.3.1. SPD and SPM Acetylation with HLS and HLM ............................................................................................... 123 

4.3.2. TETA and ATETA Acetylation ........................................................................................................................ 124 

4.3.3. Conclusions ................................................................................................................................................... 128 

CHAPTER 5. EFFECT OF SSAT1 INDUCERS IN A MOUSE MODEL OF OBESITY AND TYPE-2 DIABETES ..................... 129 

5.1. INTRODUCTION ......................................................................................................................................................... 129 

5.1.1. Mechanism of SSAT1 Induction .................................................................................................................... 129 

5.1.2. Aims .............................................................................................................................................................. 131 

5.1.3. Ubiquitination  .............................................................................................................................................. 132 

5.2. METHODS ............................................................................................................................................................... 134 

5.3. RESULTS .................................................................................................................................................................. 135 

5.3.1. Body-weight and Blood Glucose ................................................................................................................... 135 

5.3.2. Body Fat Composition ................................................................................................................................... 142 

5.3.3. Cardiac Function Analysis ............................................................................................................................. 151 

5.3.4. CLAMS Analysis............................................................................................................................................. 157 

5.3.5. Blood Glucose and Insulin Tests.................................................................................................................... 163 

5.3.6. Responses of Serum Biomarkers of Energy/Fat Metabolism ........................................................................ 171 

5.3.7. Anti-β-Actin Immunoblotting ....................................................................................................................... 174 

5.3.8. Anti-Ubiquitin Immunoblotting .................................................................................................................... 176 

5.3.9. Anti-SSAT1 Immunoblotting ......................................................................................................................... 180 

5.3.10. Polyamine Abundance in Tissue Samples ................................................................................................... 201 

5.3.11. In Vitro Rates of TETA Acetylation in Tissue Samples ................................................................................. 217 

5.4. DISCUSSION AND CONCLUSIONS .................................................................................................................................. 223 

5.4.1. Anti-β-Actin Immunoblotting ....................................................................................................................... 223 

5.4.2. Ubiquitination ............................................................................................................................................... 224 

5.4.3. Control Mouse Models without Treatment by SSAT1 Inducers .................................................................... 225 

5.4.4. DENS-Evoked Effects ..................................................................................................................................... 228 

5.4.5. TETA-Evoked Effects ..................................................................................................................................... 233 

5.4.6. Aspirin-Evoked Effects .................................................................................................................................. 237 

5.4.7. Conclusions ................................................................................................................................................... 239 



Table of Contents 

 [VI]  

CHAPTER 6. GENERAL DISCUSSION ...................................................................................................................... 241 

6.1. DISCUSSION OF THESIS HYPOTHESES ............................................................................................................................. 241 

6.2. LIMITATIONS OF EXPERIMENTAL METHODS .................................................................................................................... 243 

6.3. FUTURE RESEARCH DIRECTIONS ................................................................................................................................... 244 

APPENDIX................................................................................................................................................................ 247 

A.1 INDIVIDUAL ASSAY TIME POINTS USING LIVE ANIMALS ..................................................................................................... 247 

A.2 IN VITRO ACETYLATIONS ............................................................................................................................................. 252 

A.2.1 TETA Acetylation with Human Tissue Preparations ...................................................................................... 253 

A.2.2 TETA Acetylation with Rat Tissue Preparations ............................................................................................ 265 

A.2.3 TETA Acetylation with Mouse Tissue Preparations ....................................................................................... 275 

REFERENCES ............................................................................................................................................................ 299 



List of Figures 

 [VII]  

List of Figures 

Figure 1.1 The Condensed Structures of Polyamines and Analogues and the TETA Protonation Profile. ........................ 17 

Figure 1.2 The Polyamine Syntheses and Catabolism. ...................................................................................................... 20 

Figure 1.3 The Polyamines and Their Acetylation Products. ............................................................................................. 21 

Figure 1.4 The SSAT1 Gene and SSAT1 Protein. ................................................................................................................ 29 

Figure 1.5 The SSAT1 Active Site and Its Catalytic Mechanism. ........................................................................................ 30 

Figure 1.6 The Effects of SSAT1 Induction at the Functional Level and Possible Links to Related Pathological 

Conditions. ............................................................................................................................................................... 37 

Figure 3.1 Chromatograms of DES, TETA, ATETA, and DATETA. ....................................................................................... 69 

Figure 3.2 Chromatograms of SPD, N8-ASPD, SPM, and N1-ASPM. ................................................................................... 70 

Figure 3.3 Chromatograms of DMA and N-acetyl-3,4-DMA. ............................................................................................ 71 

Figure 3.4 Assay Conditions to Determine Optimal Protein Concentration Using Human Liver Supernatants (HLS)....... 72 

Figure 3.5 Assay Conditions to Determine Optimal Protein Concentration Using Rat Liver Supernatants (RLS) and 

Microsomes (RLM). .................................................................................................................................................. 73 

Figure 3.6 Assay Conditions to Determine Optimal Reaction Time. ................................................................................. 74 

Figure 3.7 Assay Conditions to Determine Optimal Substrate Concentration Range. ...................................................... 75 

Figure 3.8 Assay Conditions to Determine the Effect of pH on the Acetylation Reaction. ............................................... 76 

Figure 3.9 Stability of DES (Internal Standard) at Different pH Values. ............................................................................ 81 

Figure 3.10 Hydrolysis of ATETA at Different HFBA Concentrations. ................................................................................ 82 

Figure 3.11 Measuring Enzyme-Catalysed Polyamine Acetylation in Human Liver Supernatants (HLS). ......................... 86 

Figure 3.12 Spontaneous Acetylation of Polyamines in In Vitro Enzymatic Reactions. .................................................... 90 

Figure 4.1 In Vitro Enzyme Kinetic Assays with SPD and Human Liver Supernatant (HLS) or Microsomes (HLM). ........ 108 

Figure 4.2 Dixon Plots of In Vitro SPD (or SPM) Acetylation with Human Liver Supernatant (HLS) or Microsomes (HLM) 

in the Presence of a SSAT1-Specific Inhibitor. ........................................................................................................ 109 

Figure 4.3 Summary of In Vitro Kinetic Assays with Liver Supernatants and Liver Microsomes from Humans, Rats, and 

Mice ........................................................................................................................................................................ 117 

Figure 4.4 Anti-SSAT1 Immunoblotting Using Human Liver Supernatants (HLS). ........................................................... 120 

Figure 4.5 Anti-SSAT1 Immunoblotting Using Rat Liver Supernatants (RLS) and Microsomes (RLM). ........................... 121 

Figure 5.1 Weekly Body-Weight in Groups of Mice During the Experimental Period. ................................................... 136 

Figure 5.2 Weekly Blood Glucose Values in Groups of Mice over the Experimental Period. ......................................... 138 

Figure 5.3 End-Point Body-Weight and Blood-Glucose Values. ...................................................................................... 140 

Figure 5.4 Percentage Body-Fat Volume during Each of Four MRI-Scan Windows. ....................................................... 144 

Figure 5.5 Mouse Body-Fat-Weight during Each of Four Time-Windows. ...................................................................... 147 

Figure 5.6 Mouse Body Non-Fat Weight at Each of Four Time-windows. ...................................................................... 148 

Figure 5.7 End-Point Measures of Cardiac Function and Morphology. .......................................................................... 153 

Figure 5.8. Effects of Drug Treatment on the Respiratory Exchange Ratio (RER) in Treatment Groups of Mice during 

the 24-Hour Study-Period. ..................................................................................................................................... 158 



List of Figures 

 [VIII]  

Figure 5.9 Results of Drug-Treatments on Variables Measured by CLAMS Analysis in Groups of C57 and ob/ob mice 

over 24 Hours. ........................................................................................................................................................ 160 

Figure 5.10. Serum Glucose at Selected Time-points During Intraperitoneal Insulin Tolerance Test (ITT). ................... 165 

Figure 5.11. Serum Glucose at Selected Time-points During Intraperitoneal Insulin Sensitivity Test (IST). ................... 166 

Figure 5.12 Serum Glucose at Selected Time-points During Intraperitoneal Glucose Tolerance Test (GTT). ................. 167 

Figure 5.13 Serum Insulin at Selected Time-points During Intraperitoneal Glucose Tolerance Test (GTT). ................... 168 

Figure 5.14 Serum Biomarkers of Energy/Fat Metabolism. ............................................................................................ 172 

Figure 5.15 Anti-β-actin Immunoblotting of Liver Supernatant, Liver Microsomes, Heart Supernatant, Heart 

Microsomes, and Muscle Homogenates, each from Two Sham-Control ob/ob Mice. .......................................... 174 

Figure 5.16 Anti-SSAT1 and Anti-β-actin Immunoblotting: Comparison of Liver Supernatant, Liver Microsomes, Heart 

Supernatant, Heart Microsomes, and Muscle Homogenate from a Single, DENS-Treated ob/ob Mouse. ............ 175 

Figure 5.17 Anti-SSAT1 and Anti-Ubiquitin Immunoblotting: Comparisons using Liver Supernatant, Liver Microsomes, 

Heart Supernatant, Heart Microsomes, and Muscle Homogenates from Mice with Indicated Genotypes and 

Treatments. ............................................................................................................................................................ 177 

Figure 5.18 Anti-SSAT1 Immunoblotting to Check the Binding Specificity of SSAT1 Antibody. ...................................... 181 

Figure 5.19 Anti-SSAT1 Immunoblotting of Mouse Liver Supernatants (MLS). .............................................................. 184 

Figure 5.20 Anti-SSAT1 Immunoblotting of Mouse Liver Microsomes (MLM). .............................................................. 186 

Figure 5.21 Anti-SSAT1 Immunoblotting of Mouse Heart Supernatants (MHS). ............................................................ 188 

Figure 5.22 Anti-SSAT1 Immunoblotting of Mouse Heart Microsomes (MHM). ............................................................ 190 

Figure 5.23 Anti-SSAT1 Immunoblotting of Mouse Muscle Homogenate (MMH). ......................................................... 192 

Figure 5.24 Abundance of SSAT1 in Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), Heart Supernatants 

(MHS), Heart Microsomes (MHM), and Muscle Homogenates (MMH). ................................................................ 194 

Figure 5.25 Abundance of Polyamines (SPD, SPM, N1-ASPM, and N8-ASPD) in Mouse Liver Supernatants (MLS), Liver 

Microsomes (MLM), Heart Supernatants (MHS), Heart Microsomes (MHM), Muscle Homogenates (MMH), 

Serum (MS), and Urine (MU). ................................................................................................................................. 209 

Figure 5.26 TETA Acetylation Activities in Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), Heart 

Supernatants (MHS), and Muscle Homogenates (MMH). ...................................................................................... 220 

Figure A.1 Experimental Time Points of Mouse Experiments. ........................................................................................ 248 

Figure A.2 In Vitro TETA Acetylation Assays with Human Liver Supernatants (HLS). ...................................................... 253 

Figure A.3 In Vitro ATETA Acetylation Assays with Human Liver Supernatants (HLS). ................................................... 255 

Figure A.4 In Vitro TETA Acetylation Assays with Human Liver Microsomes (HLM). ...................................................... 257 

Figure A.5 In Vitro ATETA Acetylation Assay with Human Liver Microsome 2. ............................................................... 259 

Figure A.6 Dixon Plot of In Vitro TETA Acetylation Assays with Human Liver Supernatants  (HLS) and Pentamidine .... 260 

Figure A.7 Dixon Plot of In Vitro ATETA Acetylation Assays with Human Liver Supernatants (HLS) and Pentamidine .. 262 

Figure A.8 Dixon Plot of In Vitro TETA Acetylation Assays with Human Liver Microsomes (HLM) and Pentamidine ..... 263 

Figure A.9 Dixon Plot of In Vitro ATETA Acetylation Assay with Human Liver Microsome 2 and Pentamidine .............. 264 

Figure A.10 In Vitro TETA Acetylation Assays with Rat Liver Supernatants (RLS). .......................................................... 265 

Figure A.11 In Vitro ATETA Acetylation Assays with Rat Liver Supernatants (RLS). ........................................................ 267 



List of Figures 

 [IX]  

Figure A.12 In Vitro TETA Acetylation Assays with Rat Liver Microsomes (RLM). .......................................................... 269 

Figure A.13 Dixon Plots of In Vitro TETA Acetylation Assays with Rat Liver Supernatants (RLS) and Pentamidine. ....... 271 

Figure A.14 Dixon Plot of In Vitro TETA Acetylation Assays with Rat Liver Microsmes (RLM) and Pentamidine ............ 273 

Figure A.15 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Sham-Control C57 Mice. ........ 275 

Figure A.16 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of Sham-Control C57 Mice. ........ 276 

Figure A.17 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Sham-Control ob/ob Mice. ..... 277 

Figure A.18 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of Sham-Control ob/ob Mice. ..... 278 

Figure A.19 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of DENS-Treated C57 Mice. ........ 279 

Figure A.20 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of DENS-Treated C57 Mice. ........ 280 

Figure A.21 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of DENS-Treated ob/ob Mice. .... 281 

Figure A.22 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of DENS-Treated ob/ob Mice. .... 283 

Figure A.23 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Aspirin-Treated C57 Mice. ..... 285 

Figure A.24 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of Aspirin-Treated C57 Mice....... 286 

Figure A.25 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Aspirin-Treated ob/ob Mice. .. 287 

Figure A.26 In Vitro TETA Acetylation Assays with Moues Liver Microsomes (MLM) of Aspirin-Treated ob/ob Mice. .. 288 

Figure A.27 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of TETA-Treated C57 Mice. ........ 289 

Figure A.28 In Vitro TETA Acetylation Assays with Moue Liver Microsomes (MLM) of TETA-Treated C57 Mice. .......... 290 

Figure A.29 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of TETA-Treated ob/ob Mice. ..... 291 

Figure A.30 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of TETA-Treated ob/ob Mice. ..... 293 

Figure A.31 In Vitro TETA Acetylation Assays with Mouse Heart Supernatants (MHS) of Sham-Control and DENS-

Treated Mice. ......................................................................................................................................................... 295 

Figure A.32 In Vitro TETA Acetylation Assays with Mouse Heart Supernatants (MHS) of Aspirin and TETA-Treated 

Mice. ....................................................................................................................................................................... 296 

Figure A.33 In Vitro TETA Acetylation Assays with Moues Muscle Homogenates (MMH) of Sham-Control and DENS-

Treated Mice. ......................................................................................................................................................... 297 

Figure A.34 In Vitro TETA Acetylation Assays with Mouse Muscle Homogenates (MMH) of Aspirin and TETA-Treated 

Mice. ....................................................................................................................................................................... 298 



List of Tables 

 [X]  

List of Tables 

Table 2.1 Design of Drug Treatment in Mice .................................................................................................................... 53 

Table 3.1 Statistical Analysis of Results from Polyamine Stability Experiments ............................................................... 83 

Table 3.2 Measuring Enzyme-Catalysed Polyamine Acetylation ...................................................................................... 85 

Table 3.3 Spontaneous Acetylation of Different Polyamines During the In Vitro Enzymatic Reactions. .......................... 89 

Table 4.1 Comparison of Acetylation Activitys Measured Using Different Preparation Methods and Substrates. ........ 100 

Table 4.2 In Vitro DMA Acetylation. ................................................................................................................................ 102 

Table 4.3 Effect of a NAT2 Inhibitor on TETA Acetylation with Human Liver Supernatants (HLS) .................................. 103 

Table 4.4 Effect of a NAT2 Inhibitor on TETA Acetylation with Human Liver Microsomes (HLM). ................................. 104 

Table 4.5 Effect of a NAT2 Inhibitor on ATETA Acetylation with Human Liver Supernatant (HLS) and Microsomes 

(HLM) ...................................................................................................................................................................... 105 

Table 4.6 Effect of a NAT2 Inhibitor on TETA Acetylation by Rat Liver supernatants (RLS) ............................................ 106 

Table 4.7 Effect of a NAT2 Inhibitor on TETA Acetylation with Rat Liver Microsomes (RLM) ........................................ 107 

Table 4.8 Effect of a NAT2 Inhibitor on SPD (or SPM) Acetylation with Human Liver Supernatants (HLS) or 

Microsomes (HLM) ................................................................................................................................................. 110 

Table 4.9 Summary of In Vitro Kinetic Assays with Human Liver Supernatants (HLS) and Microsomes (HLM) .............. 114 

Table 4.10 Summary of In Vitro Kinetic Assays with Rat Liver Supernatants (RLS) and Microsomes (RLM) ................... 115 

Table 4.11 Summary of In Vitro Kinetic Assays with Mouse Liver Supernatants (MLS) and Microsomes (MLM) .......... 116 

Table 4.12 Summary of the Densitometry Results of SSAT1 Immunoblots .................................................................... 122 

Table 5.1 Mouse Body-Fat-Weight and Body-Non-Fat-Weight at Each of Four Time-windows. .................................... 146 

Table 5.2 End-Point Cardiac Function and Morphology. ................................................................................................ 151 

Table 5.3 Serum Biomarkers of Energy/Fat Metabolism in C57 and ob/ob Mice after Treatment with SSAT1 Inducers.171 

Table 5.4 Polyamine Abundance in Muse Liver Supernatant (MLS) of C57 and ob/ob Mice after Treatment with 

SSAT1 Inducers. ...................................................................................................................................................... 202 

Table 5.5 Polyamine Abundance in Mouse Liver Microsomes (MLM) of C57 and ob/ob Mice after Treatment with 

SSAT1 Inducers. ...................................................................................................................................................... 203 

Table 5.6 Polyamine Abundance in Mouse Heart Supernatants (MHS) of C57 and ob/ob Mice after Treatment with 

SSAT1 Inducers. ...................................................................................................................................................... 204 

Table 5.7 Polyamine Abundance in Mouse Heart Microsomes (MHM) of C57 and ob/ob Mice after Treatment with 

SSAT1 Inducers. ...................................................................................................................................................... 205 

Table 5.8 Polyamine Abundance in Mouse Muscle Homogenates (MMH) of C57 and ob/ob Mice after Treatment 

with SSAT1 Inducers. .............................................................................................................................................. 206 

Table 5.9 Polyamine Abundance in Mouse Serum (MS) of C57 and ob/ob Mice after Treatment with SSAT1 Inducers.207 

Table 5.10 Polyamine Abundance in Mouse Urine (MU) Collected within 24 Hours of C57 and ob/ob Mice after 

Treatment with SSAT1 Inducers. ............................................................................................................................ 208 



List of Tables 

 [XI]  

Table 5.11 TETA Acetylation Activity of Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), Heart 

Supernatants (MHS), and Muscle Homogenate (MHH) from Groups of C57 and ob/ob Mice Treated with 

Putative SSAT1 Activators. ..................................................................................................................................... 219 

 



Glossary and Abbrevations 

 [XII]  

Glossary and Abbreviations 

ACC Acetyl-coenzyme A carboxylase(s) 

AcCoA Acetyl coenzyme A 

Adipose-LPL Adipose-lipoprotein lipase 

ADMA N-Acetyl-3,4-dimethylaniline 

AdoMetDC S-Adenosylmethionine decarboxylase 

AMPK 5’-AMP-activated protein kinase  

ANOVA Analysis of variance 

APAO Acetyl polyamine oxidase  

ApoB Apolipoprotein-B 

ASPD N1-Acetylspermidine and/or N8-Acetylspermidine 

ATETA N1-Acetyltriethylenetetramine 

ATP Adenosine triphosphate 

AZ Antizyme 

AZIn Antizyme inhibitor  

BFW Body-fat-weight  

BLAST Basic local alignment search tool  

BMI Body mass index  

BNW Body-non-fat-weight  

BSA Bovine serum albumin 

BW Body-weight  

C/EBPβ CCAT/enhancer binding protein-β 

C57 C57Bl/6  

CadB Cadaverine transport protein 

CETP Cholesteryl ester transfer protein 

CI Confidence interval 

CLAMS Comprehensive laboratory animal monitoring system 

CO Cardiac output  

CoA Coenzyme A 

CPT1 Carnitine/palmitoyl-transferase 1  

CREB cAMP response element binding protein  

Cu-AOs Cu/lysine tyrosylquinone amine oxidases 

DAC Diamine exporter complex 

DATETA N1,N8-Diacetyltriethylenetetramine 

DcAdoMet Decarboxylated S-adenosylmethionine 

DENS N1,N11-Diethylnorspermine 

DES, IS N1,N12-Diethylspermine, Internal standard 

DFMO Difluoromethylornithine 

DMA 3,4-Dimethylaniline 

DTNB 5,5’-Dithio-bis-(2-nitrobenzoic acid)  

DTT Dithiothreitol 

E1s Ubiquitin activating enzymes 

E2s Ubiquitin conjugating enzymes 



Glossary and Abbrevations 

 [XIII]  

E3s Ubiquitin ligase enzymes  

ECL Enhanced chemiluminescence 

ECM Extracellular matrix 

EE Energy expenditure  

eIF5A  Eukaryotic translation initiation factor 5A 

ER Endoplasmic reticulum 

ESI Electrospray ionisation 

EST Expressed sequence tag  

FAD Flavin adenine dinucleotide  

FAD-AOs Flavin adenine dinucleotide amino oxidases 

FFA(s) Free fatty acid(s) 

GCN5 General control non-derepressible 5 

GFP Green fluorescent protein  

GFP-eIF5A  GFP-labelled Eukaryotic translation initiation factor 5A 

GNAT GCN5-related N-acetyltransferase  

GPR40  G-protein-coupled receptor  

GTT Glucose tolerance test  

HDL-C High density lipoprotein cholesterol 

HFBA Heptafluorobutyric Acid 

HIF-1 Hypoxia-inducible factor 1  

HLM Human liver microsomes 

HLS Human liver supernatant 

HPLC High performance liquid chromatography  

hSSAT1 Human recombinant spermidine and spermine N1-acetyltransferase 1 

hSSAT2 Human recombinant spermidine and spermine N1-acetyltransferase 2 

IRS-1 Insulin receptor substrate-1 (IRS-1)  

IRS-2 Insulin receptor substrate-2 (IRS-2)  

IS Internal standard 

IST Insulin sensitivity test  

ITT Insulin tolerance test  

kD KiloDalton 

LCMS Liquid chromatography/mass spectrometry  

LDL/VL-C Low density and very low density lipoprotein cholesterol 

LDL-C Low density lipoprotein cholesterol 

LME Linear mixed-effects model 

LPL Endothelial lipoprotein lipase 

LVEF Left ventricle ejection fraction  

LVM Left-ventricular mass  

LVV Left-ventricular volume  

MET Methionine 

MHM Mouse-heart microsomes 

MHS Mouse-heart supernatant 

MLM Mouse-liver microsomes 

MLS Mouse-liver supernatant 

MMH Mouse-muscle homogenate 

http://www.piercenet.com/browse.cfm?fldID=02040610


Glossary and Abbrevations 

 [XIV]  

MRI Magnetic resonance imaging  

MS Mouse serum  

mU MilliUnit (insulin concentration) 

MU Mouse urine  

N1-ASPD N1-Acetylspermidine 

N1-ASPM N1-Acetylspermine 

N8-ASPD N8-Acetylspermidine 

NAT1 N-acetyltransferase-1 

NAT2 N-acetyltransferase-2 

NEFA Non-esterified fatty acid 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NRF-2 NF-E2-related factor  

NSAID(s) Non-steroidal anti-inflammatory drug(s) 

ob/ob C57Bl/6 Lepob/Lepob  

ODC Ornithine decarboxylase 

PBS Phosphate buffered saline 

PGC-1α Peroxisome proliferator-activated receptor γ co-activator 1α  

PMF-1 Polyamine-modulated factor-1 

PotA - I Polyamine transport protein 

PPAR Peroxisome proliferator-activated receptors  

PRE Polyamine responsive elements  

QQQ/MS Triple-quadrupole liquid-chromatography/mass spectrometry  

RER Respiratory exchange ratio  

RLM Rat-liver microsomes 

RLS Rat-liver supernatant 

ROS Reactive oxidative species 

SAT1 Gene abbreviation for SSAT1 

SMO Spermine oxidase 

SPD Spermidine 

SPM Spermine 

SSAT1 Spermidine and Spermine N1-acetyltransferase 1 

SSAT1-tg mice Transgenic mice overexpressing SSAT1  

SSAT2 Spermidine and Spermine N1-acetyltransferase 2 

TBST Tris-Buffered Saline and Tween 20 solution 

TCA Tricarboxylic (citric) acid cycle  

TETA Triethylenetetramine 

TLAT Thialysine Nε-acetyltransferase 

TNB 2-Nitro-5-thiobenzoate 

UTR Untranslated region 

VEGF Vascular endothelial growth factor  

VLDL-C Very-low-density lipoprotein cholesterol 

WAT White adipose tissue 

XBP- 1 1/X-box-binding-protein-1  

  



List of Instruments and Chemicals 

 [XV]  

List of Instruments and Chemicals 

INSTRUMENTS 

40 mm ID Millipede Coil Agilent, Santa Clara, CA, US 

4.7-T Magnetic resonance imagining system Varian, Palo Alto, CA, US 

72 mm Circularly-polarised bird-cage coil  M2M Imaging, Cleveland, OH, US 

Automatic blood glucose meter Glutest Pro, Sanwa Chemical, Nagoya, JP 

Chemiluminescence image viewer  LAS-3000, Fujifilm, Tokyo, JP  

Comprehensive laboratory animal monitoring system  Columbus Instruments, Columbus, OH, US 

Cyano column (5 µm, 150 X 4.6mm)  Phenomenex, Torrance, CA, US 

Eppendorf centrifuge 5417R Eppendorf, Hamburg, DE 

Flat bottom insert  Grace Davison, Deerfield, IL, US 
Flat-bottomed 96-well plate  
 

Nalge Nunc International, Rochester, NY, 
US 

Liquid chromatography/mass spectrometry System Agilent 6150, Santa Clara, CA, US 

Microtainer-tube Becton Dickinson, Franklin Lakes, NJ, US 

Plate reader, Spectra Max 340 Molecular Devices, CA, US 

Small animal monitoring system  SAII, Stony Brook, NY, US 

Tecniplast metabolic cage  Buguggiate, VA, IT 

Thermomixer incubator  Eppendorf, Hamburg, DE 

TissueLyser II QIAGEN, Hilden, DE 
Triple quad liquid chromatography/mass spectrometry 

system 
Agilent 6460, Santa Clara, CA, US 
 

Ultracentrifuge Sorvall 100S ThermoFisher Scientific, Waltham, US 

Ultracentrifuge Sorvall 100SE ThermoFisher Scientific, Waltham, US 

Ultracentrifuge tubes Beckman Coulter, Brea, CA, US 

XCell sure lock  Life Technologies, Carlsbad, CL, US 

  



List of Instruments and Chemicals 

 [XVI]  

CHEMICALS 

2-(N-Morpholino) Ethanesulphonic acid AppliChem, Darmstadt, DE 

Acetaminophen Sigma-Aldrich, St. Louis, MO, US 

Acetyl-coenzyme A Sigma-Aldrich, St. Louis, MO, US 

Acetonitrile Merck, Darmstadt, DE 

BCA protein assay kit ThermoFisher Scientific, Waltham, US 

Bovine serum albumin (BSA) ICP Biologicals, Auckland, NZ 

Cholesterol/Cholesteryl ester quantitation kit Abcam, Cambridge, UK 

D-glucose anhydrous UNIVAR, Redmond, WA, US 

Dithiothreitol Bio-Rad, Berkeley, CA, US 

Enhanced chemiluminescence (ECL) kit  GE Healthcare, Waukesha, WI, US 

Ethylenediaminetetraacetic acid (EDTA) B.D.H. Laboratory chemicals, Poole, UK 

Glycine Merck, Darmstadt, DE 

HDL and LDL/VLDL Cholesterol assay kit Abcam, Cambridge, UK 

Heptafluorobutyric acid Sigma-Aldrich, St. Louis, US 

Human recombinant SSAT1 Abcam, Cambridge, UK 

Human insulin (Actrapid) Novo Nordisk, Bagsvaerd, DK 

Isoflurane Lunan Better Pharmaceutical, Shandong, CN 

LDS loading buffer  Life Technologies, Carlsbad, CA, US 

Methanol Merck, Darmstadt, DE 

N1,N11-Diethylnorspermine tetrahydrochloride Tocris, Bristol, UK  

N1,N12-Diethylspermine tetrahydrochloride Tocris, Bristol, UK  

N1,N8-Diacetyltriethylenetetramine dihydrochloride Carbogen, Bubendorf, CH 

N1-Acetylspermine dihydrochloride Sigma-Aldrich, St. Louis, MO, US 

N1-Acetyltriethylenetetramine trihydrochloride Carbogen, Bubendorf, CH 

N8-Acetylspermidine dihydrochloride Sigma-Aldrich, St. Louis, MO, US 

Nitrocellulose membrane (pore size, 0.2 µm)  Bio-Rad, Berkeley, CA, US 

Non-fat dry skim milk  Fonterra, Hamilton, NZ 

NuPAGE anti-oxidant  Life Technologies, Carlsbad, CA, US 

Pentamidine isothionate Sigma-Aldrich, St. Louis, MO, US 

Precision plus protein dual colour standard Bio-Rad, Berkeley, CA, US 

NuPAGE 4-12% gradient gel Life Technologies, Carlsbad, CA, US 

Sodium dodecyl sulphate (SDS) Merck, Darmstadt, DE 

Spermidine trihydrochloride Sigma-Aldrich, St. Louis, MO, US 

Spermine tetrahydrochloride Sigma-Aldrich, St. Louis, MO, US 

SSAT1 antibody Abcam, Cambridge, UK 

Triethylenetetramine dihydrochloride CARBOGEN AMCIS, Bubendorf, CH 

Triglyceride Quantification kit  Abcam, Cambridge, UK 

Tris-base Sigma-Aldrich, St. Louis, MO, US 

Ubiquitin antibody Abcam, Cambridge, UK 

Ultra mouse insulin ELISA kit Crystal Chem, Downers Grove, IL, US 

 



Chapter One: Introduction 

 [1]  

Chapter 1. Introduction 

In 2007, two papers demonstrated that mice overexpressing SSAT1 showed better resistance 

against obesity and type-2 diabetes [1, 2]. This revealed a possible route of drug development to 

treat these two closely related conditions. In this chapter, the general background of obesity and 

type-2 diabetes is reviewed firstly, followed by a review of polyamine metabolism, where SSAT1 

plays a very important role. The overall SSAT1 activity and the cellular polyamine pool have a 

delicate network of interactions. Subsequently, current knowledge about SSAT1 is reviewed with 

emphasis on its regulatory mechanisms and possible outcomes of increased SSAT1 activity at 

both the molecular and physiological levels. Then, triethylenetetramine (TETA) is discussed in 

regard to its pharmacological importance and the recent discovery that it can be acetylated by 

SSAT1. TETA was used here as a substrate for an enzymatic assay measuring SSAT1’s activity. 

Finally, the research hypotheses are addressed with a brief outline on how they would be 

examined. 

1.1. Obesity and Type-2 Diabetes  

1.1.1. Epidemiology of Obesity and Type-2 Diabetes  

Obesity is a condition characterised by accumulation of excess body fat. By definition according 

to the body mass index (BMI), an individual is classified as overweight if he/she has a BMI 

between 25 and 30 kg/m2, and as obese if it is over 30 kg/m2 [3]. The BMI has certain 

acknowledged limitations in some population groups but that is beyond the scope of this thesis.   

The cause of obesity is complex. It is widely accepted that obesity often occurs as a result of 

chronic exposure to an ‘obesogenic’ environment resulting from complex socioeconomic factors 

[4, 5]. Over the last three decades, the prevalence of obesity has grown rapidly, especially in 
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developed countries. For example, in New Zealand, by the end of 2004, 21.3% of children aged 

5-14 years were classified as overweight, with a further 9.8% as being obese [6]. It has been 

predicted that in the next 15 years, the prevalence of obesity in New Zealand adults could be as 

high as 45–50%, similar to the current prevalence in the USA, and to the 30–40% in Australia 

and England [6]. 

Obesity is associated with an increased incidence of cardiovascular diseases, type-2 diabetes, 

hypertension, stroke, dyslipidaemia, osteoarthritis, and certain types of cancers. Of these, an 

obese individual is more likely to develop type-2 diabetes than any of the other obesity-

associated conditions mentioned [7]. A study which sampled 16,884 adults aged over 25 over a 

period from 1988 to 1994, showed that for individuals with BMI values of 40 kg/m2 or greater, the 

prevalence ratio of developing type-2 diabetes was 18.1 in males and 12.9 in females [7]. A 

second study which sampled 84,941 US females aged between 30 and 55 between 1980 to 

1996, found that the prevalence ratio of developing type-2 diabetes was 20.1 when the BMI was 

between 30.0 and 34.9 kg/m2, and 38 at a BMI value of 35 kg /m2 or greater [8]. According to 

surveys in the United States, the risk of developing type-2 diabetes increases approximately 9% 

with every kg increase in self-reported body-weight [9], and 4.5% with every kilogram increase in 

measured body-weight [10].  

1.1.2. Lipid and Energy Metabolism 

Dietary Lipid Absorption  

Typically, over 95% of dietary lipids are triglycerides; the rest are phospholipids, free fatty acids 

(FFAs), cholesterol (present in foods as esterified cholesterol), fat-soluble vitamins, and other 

sterols. Because of their hydrophobic nature, lipids can be cleaved and utilised directly as can 

dietary carbohydrates [11].  
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Digestion of lipids begins when food is mixed with digestive enzymes and processed into chyme 

in the gut. In the stomach, lipids are subjected to digestion by gastric lipase and form large 

globules, each consisting of a triglyceride core, surrounded by polar molecule (phospholipids, 

cholesterols and fatty acids). In the intestinal lumen, lipids are digested into monoacylglycerols, 

diacylglycerols, lysophosphatidic acid and fatty acids. The fatty acids, monoacylglycerols and 

dietary cholesterol are readily absorbed by active transport at the brush-border membranes of 

enterocytes. The remaining lipids are mixed with bile salts to form smaller mixed micelles for 

continuous digestion and they serve as a source of dietary absorbable lipids. In the enterocytes, 

lipids are esterified to form triglycerides, and dietary cholesterol is converted to cholesterol esters. 

They then form chylomicrons with apolipoprotein-B (ApoB) and enter the circulation through the 

lymphatic system [12].  

Lipid Transportation in the Circulation  

Since lipids are hydrophobic, they are transported in two forms in the circulation. Firstly, there are 

albumin-bound free fatty acids (mainly long-chain fatty acyl-CoA), monoacylglycerols, 

diacylglycerols, phosphatidic acid, triglycerides and ceramides. These fatty acids are also termed 

non-esterified fatty acids (NEFAs). Secondly, there are esterified triglycerides, which contain 

types of lipoproteins. The lipoproteins are categorised according to differences in their lipoprotein 

densities, into chylomicrons, very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL) 

and high-density lipoprotein (HDL) with increasing density. They also differ in their surrounding 

apolipoprotein components and physiological functions [13]. At their final destinations, 

triglycerides are hydrolysed by tissue-specific lipases into NEFAs, which are readily absorbed by 

local tissues.  

Chylomicrons transport dietary lipids to the rest of the body for metabolism. Endothelial 

lipoprotein lipase (LPL) is activated by apoprotein C-II, and converts 90% of chylomicron-



Chapter One: Introduction 

 [4]  

triglycerides to fatty acids and glycerol in all major organs [11, 14]. Notably, only some of these 

released fatty acids are absorbed locally, the rest of them staying in the blood as NEFAs [15]. 

These unabsorbed dietary fatty acids account for 5-35% of the plasma NEFA pool [14].       

Lipid Metabolism in Liver 

The liver acts as the lipid recycling and redistribution centre. It absorbs not only lipids through 

chylomicrons and VLDLs for re-export through hepatic lipase, but also NEFAs from plasma. The 

liver is also the main site for de novo lipogenesis using acetyl-CoA and malonyl CoA. In the liver, 

surplus lipids are programmed to be re-esterified to triglycerides, which are subsequently packed 

into ApoB and phospholipids as VLDLs again for export. The nascent VLDLs are released into 

the circulatory system to transport lipids to peripheral tissues [11, 13]. This de novo lipogenesis 

is substrate-concentration-dependent, which means it is regulated by the nutritional status. When 

there are surplus lipids and triglycerides, the liver also stores triglycerides as lipid droplets.  

As circulating chylomicrons and VLDLs release triglyceride by lipolysis or other processes, their 

density increases. Eventually, they are transformed into LDLs, which are the most cholesterol-

rich lipoproteins. About 40 to 60% of LDLs in humans are cleared by the liver, and the rest are 

absorbed by macrophages [11].  

The liver also produces HDLs, which are characterised by their high density and the presence of 

apolipoprotein-AI. In the circulation, HDLs collect free cholesterol from albumin, which originates 

from the peripheral tissues. Under the control of cholesteryl-ester transfer protein (CETP), HDLs 

also transfer cholesterol ester to VLDLs and receive triglycerides in exchange [16].        

Lipid Metabolism in Adipose Tissue 

Adipose-lipoprotein lipase (Adipose-LPL) hydrolyses triglycerides delivered by lipoproteins, and 

this enzyme is up-regulated with increasing levels of insulin. Released FFAs enter adipocytes via 
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both passive diffusion and active transport. In the adipocytes, FFAs are eventually converted into 

triglycerides through two different pathways, and stored in lipid droplets marked with perilipins. 

These proteins are differentially phosphorylated depending on the organism’s nutritional states 

and concurrent energy requirements, in response to endocrine factors such as catecholamines, 

glucagon and insulin. Perilipins translocate away from the lipid droplets and allow hormone-

sensitive lipase to hydrolyse the adipocyte triglycerides to release NEFAs. As a result, FFAs are 

exported out of adipocytes for subsequent transportation or into the NEFA pool. In summary, 

adipose tissue is the main storage site of lipid and the storage form of chemical energy in the 

body. Its main function in intermediary metabolism is to maintain the physiological NEFA level via 

triglyceride deposition and conditional lipolysis [12]. 

Lipid Metabolism in Muscle 

Similar to adipose-LPL, muscle-LPL also hydrolyses triglycerides delivered by lipoproteins and is 

regulated by insulin levels. The absorbed fatty acids are destined for β-oxidation. At the 

molecular level, β-oxidation is initiated by carnitine/palmitoyl-transferase 1 (CPT1), which 

transports fatty-acid-derived acyl-CoAs into the mitochondria. CPT1 is allosterically inhibited by 

malonyl-CoA, which is a carboxylation product of acetyl-coenzyme A (AcCoA), and whose 

formation is catalysed by acetyl-coenzyme A carboxylases (ACC) [12]. ACC has two isoforms: 

cytosolic ACC1 is the dominant form in liver and adipose tissue; while mitochondrial membrane-

bound ACC2 is dominant in muscle. However, only malonyl-CoA produced by ACC2 inhibits 

CPT1 due to a localisation effect [17].  

At a macro-nutritional level, most of the dietary lipids serve as sources of energy and are 

ultimately utilised in mitochondria to produce firstly, AcCoA via β-oxidation, then adenosine 

triphosphate (ATP) via the Tricarboxylic Acid cycle (TCA). AcCoA and ATP are the important 

intermediates in fat and energy metabolism, since the utilisation of these directly provides energy 
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for exercise and life-maintaining metabolism. Excess dietary lipids together with lipids that are 

converted from excess carboxylates are stored as triglycerides, to anticipate periods when 

access to dietary energy is restricted, such as starvation or during extended exercise. Beside 

obvious individual differences or the quantity of consumed dietary lipids, the percentage of 

dietary lipids subjected to β-oxidation also varies according to the dietary-lipid quality. In general, 

the percentage of β-oxidation decreases with an increase in the saturation states of the dietary 

lipids and the lengths of lipid-chains, if the saturation states are the same [14]. In addition, other 

factors such as gender and types (or location) of tissues also affect the percentage of β-oxidation. 

A reduced percentage of β-oxidation is one of the characteristics of obesity-associated insulin 

resistance [18].   

Dyslipidaemia 

Dyslipidaemia is a condition characterised by an abnormal amount of plasma NEFAs. It more 

commonly refers to elevated plasma NEFA levels (i.e. hyperlipidaemia). This condition is 

positively correlated with over-consumption of high-calorie food and lack of exercise. As a result, 

fat/energy metabolism pathways are disrupted, which increases the chance of becoming obese 

and/or acquiring a wide spectrum of obesity-related syndromes, including cardiovascular 

diseases, type-2 diabetes, hypertension, stroke, osteoarthritis, and certain types of cancers. 

When hyperlipidaemia occurs, triglycerides tend to be stored at sites other than the adipose 

tissues, including skeletal muscle, heart, kidney and liver. These observations have given rise to 

the widely accepted concept that obesity-associated syndromes are a direct consequence of 

chronic exposure of tissues to elevated lipids and a consequent accumulation of lipid metabolites.    

1.1.3. Mechanisms of Obesity and Type-2 Diabetes 

The symptoms associated with obesity and type-2 diabetes can be examined at multiple levels. 

At the bio-molecular level, metabolites and proteins involved in glucose and lipid metabolism are 
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disrupted in transcription, translation, and degradation pathways. At the cellular organelle level, 

there are enlarged lipid droplets and damaged mitochondria. At the cell and organ level, the 

heart, kidneys, muscle, retinal and circulatory systems can all be affected.  

Many years of effort have been devoted to producing a complete biochemistry road map to link 

the causes and consequences of the changes observed in type-2 diabetes. All of this work is 

based on the idea that each change at a bio-molecular level follows in a simple logical chain: A 

implies B, then B implies C and so on, where A, B, and C are changes in metabolite levels and 

“imply” here means to activate or inhibit. However, due to the intrinsic limitations of experiments, 

strict observation of all molecular changes in vivo in real time is virtually impossible to achieve. 

As a consequence, compromises are made and the resulting information means that it is hard to 

distinguish which is the cause and which the consequence. There are several mechanisms that 

have been proposed for the onset and development of obesity and type-2 diabetes, including the 

Randle cycle [19, 20], oxidative stress and inflammation. The contributions of each of these 

mechanisms are still uncertain [19, 21]. However, the general mechanisms of obesity and type-2 

diabetes associated metabolic pathways are described below.  

Definition of Insulin Resistance 

In healthy individuals, dietary energy intake and energy consumption are matched daily or on a 

longer time scale. Glucose and fatty acids levels are balanced by an elegant network of 

biochemical reactions, in which insulin is one of the most important messengers. Insulin is a 

hormone, produced by pancreatic β-cells. In liver and muscle, insulin stimulates glycogen 

synthesis and inhibits glycogen breakdown. In muscle and fat, insulin stimulates the active 

uptake of glucose and amino acids. Beside these, insulin also induces several glycolytic 

enzymes, including glucokinase, phosphofructokinase, and pyruvate kinase. The synergistic 
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result of insulin action is increased glucose uptake by tissues and decreased plasma glucose 

levels [22].   

In the general sense, Insulin resistance refers to a physiological condition where insulin becomes 

less efficient at lowering blood glucose levels. This definition encompasses two different 

mechanisms. One is that insulin receptors in insulin-sensitive tissues become less sensitive to 

insulin, due to serine/threonine phosphorylation of insulin receptor substrate-1 (IRS-1) and insulin 

receptor substrate-2 (IRS-2); the other is that pancreatic β-cells becomes less efficient at 

secreting mature insulin due to β-cell dysfunction and degeneration. For consistency, in this 

thesis, the former is defined as restricted insulin resistance, and the latter is defined as insulin 

insufficiency. Both obesity and type-2 diabetes are characterised by restricted insulin resistance 

[23]. 

Restricted Insulin Resistance 

When calorie intake exceeds requirement chronically, excessive calories are stored in the body 

mainly as triglycerides, which are positively associated with NEFA levels through the lipid 

metabolism pathways described in 1.1.2. NEFAs and glucose have reciprocal effects. In heart, 

liver, and muscle, elevated NEFA levels induce β-oxidation, which subsequently results in 

increases of AcCoA and citric acid. These two metabolites further inhibit enzymes in the glucose 

oxidation pathway, such as pyruvate dehydrogenase, and 6-phosphofructo-1-kinase [20]. NEFAs 

also inhibit glucose uptake, and the inhibitory mechanisms are different between liver and muscle. 

In muscle, glucose uptake is mainly controlled by the glucose transporter-4, and not hexokinase. 

The glucose transporter-4 is inhibited by NEFAs. In liver, glucose uptake is controlled by 

hexokinase-4 (glucokinase), which is also inhibited by NEFAs. Interestingly, in vivo studies in 

humans have demonstrated that the NEFA-induced inhibition of glucose uptake is twice as large 

as the inhibition of glucose oxidation. This indicates that NEFAs suppress glucose utilisation 
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more through suppression of glucose uptake than through glucose oxidation [20]. As a result, 

plasma glucose is kept high, and part of the surplus glucose is converted to glycogen in situ [24] 

or is subjected to de novo lipogenesis in the liver, which is regulated by substrate concentration.  

Restricted insulin resistance is a direct result of suppression of insulin-stimulated IRS-1 and IRS-

2 tyrosine phosphorylation. These enzymes are inhibited by activation of a serine/threonine 

kinase cascade, which leads to serine/threonine phosphorylation of IRS-1 and IRS-2, thereby 

causing impairment or resistance to insulin signalling [25]. There are several observed pathways 

that are positively associated with an increase in NEFAs, which are also postulated to initiate 

restricted insulin resistance: 1) activation of the inflammatory response directly through the Toll-

like receptor and indirectly through the secretion of cytokines, such as TNF-α and IL-1β [21], 

which contribute to mitochondrial dysfunction; 2) a reduction in the gene expression of 

cytochrome c oxidase and respiratory complexes-1, and -3; 3) an increase in reactive oxidative 

species (ROS), which leads to reversible or irreversible damage to mitochondria, and 

consequently reduces ATP-production.  

Insulin Insufficiency  

Insulin is a product of pancreatic β-cells. Preproinsulin is coded by the insulin gene (INS), which 

in man is located at 11p15.5 [26]. The activation of the INS is controlled by transcription factors 

including PDX-1, BETA/NeuroD, and RIPE3b1/MafA. After transcription of the INS and 

subsequent translation, a single chain peptide of preproinsulin is produced, and is processed and 

folded into proinsulin in the endoplasmic reticulum (ER) [27]. The Golgi body takes up the 

correctly synthesised proinsulin and packs it into secretory granules, where the proinsulin is 

converted into mature insulin. Finally, these secretory granules are released by exocytosis [28, 

29].  



Chapter One: Introduction 

 [10]  

To compensate for the condition of restricted insulin resistance, both glucose and NEFAs can 

stimulate insulin secretion from β-cells. An increase in glucose and NEFA levels results in 

elevated ATP production, and an elevated ATP/ADP ratio. This change in the ATP/ADP levels 

closes the ATP-sensitive potassium channel, which triggers a series of cellular responses as 

follows: quenched inward transport of potassium, depolarisation of the cell membrane, calcium 

influx through the voltage-dependent calcium channels, and insulin granule exocytosis. In parallel, 

citrate levels are also increased as a result of increased glucose and NEFA metabolism. This 

leads to increases in malonyl-CoA, long-chain acyl-CoA and diacylglycerol, which activate 

protein kinase C and a subsequent release of insulin granules [23]. However, it has been 

postulated that increased glucose levels are not responsible for the adaptive increase in insulin 

release in response to insulin insensitivity [30]. In contrast, in dogs, NEFAs have been suggested 

to be responsible for the adaptive response of the β-cells [31]. These data suggest that NEFAs 

might be a more important stimulus for individuals with restricted insulin resistance. NEFAs 

stimulate insulin production directly in two ways. Firstly, NEFAs bind to the G-protein-coupled 

receptor (GPR40) in the cell membrane, activating intracellular signalling, which results in the 

release of insulin though an increase in intracellular calcium [32]. Secondly, NEFAs stimulate 

insulin release directly through activation of protein kinase C [33]. Other than glucose and NEFAs, 

this β-cell–insulin-sensitive tissue loop is also mediated by incretin hormones produced in the 

intestinal mucosa and central nervous system [23].  

Here follows a widely-accepted current model for the defects in β-cell function that develop 

during obesity and type-2 diabetes. Although β-cells are very flexible in matching insulin demand 

through increased insulin production per cell and through increasing β-cell mass [23], chronic 

exposure to NEFAs and glucose cause decreased insulin secretion through β-cell dysfunction 

and degeneration. At the molecular level, it was hypothesised that elevated NEFAs and glucose 

levels are associated with many cellular disturbances including increased misfolded proteins, 
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disrupted preprotein transport from the ER to the Golgi body, inhibition of correct protein 

glycosylation, disturbed post-transcriptional processing and calcium depletion of the ER lumen. 

All of these conditions lead to increased ER stress, which is defined as an imbalance between 

protein load and folding capacity [28]. ER stress disrupts normal insulin production and secretion 

in the following ways: 1) activation of activating transcription factor-6, which in turn up-regulates 

the orphan nuclear receptor small heterodimer partner and attenuates INS insulin gene 

transcription [34]; 2) degradation of insulin mRNA [35]; 3) activation of inositol-requiring 1/X-box-

binding-protein-1 (XBP-1), which leads to decreased insulin mRNA expression [36]; 4) activation 

of activating transcription factor-4, which also attenuates mRNA expression [28]; and 5) 

activation of the CCAAT/enhancer-binding homologous protein, which triggers caspase-12 

mediated β-cell apoptosis [37].   

Progression to obesity and type-2 diabetes are chronic processes, as are the developments at 

the molecular level. Exposure to elevated glucose and NEFAs cause insulin insensitivity (or 

insulin resistance) in insulin-sensitive tissues. In response, β-cells pump more insulin into the 

circulation to maintain normal blood glucose levels. Most obese patients have restricted insulin 

resistance, and the extent of insulin resistance varies among individuals [38]. Prolonged 

exposure to increased glucose and NEFAs combined with up-regulated metabolites trigger 

critical metabolic pathways, leading to β-cell dysfunction and eventual degeneration. As a result, 

blood glucose homeostasis is disrupted resulting in type-2 diabetes [39]. 

1.1.4. Animal Models of Obesity and Type-2 Diabetes 

In the present study, two mouse models have been adopted. One is C57Bl/6 (hereinafter named 

‘C57’), and the other is C57Bl/6 Lepob/Lepob (hereinafter ob/ob). The latter genotype is contained 

with a C57Bl/6 background, and herein serves as a mouse model of obesity and type-2 diabetes 

(‘diabesity’) whereas the former is utilised as a negative control for this condition. Numerous 
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studies have employed two mouse strains and the results have been summarised in online data 

bases. Two of these data bases have been referenced here: The Jackson Labs 

(http://www.jax.org/) and The Mouse Phenome Database (http://phenome.jax.org/pub-

cgi/phenome/mpdcgi) [40]. 

C57Bl/6 

C57Bl/6 is a commonly-used mouse strain. Its name is based on the old nomenclature applied 

when it was first bred. Currently, the strain is commonly referred to as C57B, or just C57 – the 

latter term being adopted for this thesis as it is the shortest form. The C57 mouse has been used 

in various research areas including cardiovascular biology, developmental biology, diabetes and 

obesity, genetics, immunology, neurobiology, and sensorineural studies since the early 1900s. 

Normally, it is used as a background strain to study the effects of exogenous (e.g. oncogenic 

chemicals, environmental changes, and etc.) or endogenous (e.g. genetic modifications) stimuli. 

The genome of the C57 mouse has been fully sequenced [41] and its phenotype has also been 

documented in detail after century-long and continuing studies.  

Compared to other widely used phenotype-normal mouse strains, C57 mice have the following 

characteristic phenotypes: 1) breed normally and are long-lived; 2) low susceptibility to various 

types of tumours; 3) high susceptibility to diet-induced obesity, type-2 diabetes, and 

atherosclerosis; 4) high incidence of microphthalmia and associated eye abnormalities; 4) 

resistance to audiogenic seizures; 5) lower bone density; 6) hereditary hydrocephalus; 7) 

overgrooming-related forms of hairlessness, 8) preference for alcohol and morphine; 9) age-

dependent hearing loss; and 10) high incidence of hydrocephalus and malocclusion [40, 42]. 
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C57Bl/6 Lepob/Lepob 

Leptin is a 16 kD protein hormone that takes part in regulating energy intake and metabolism. 

The leptin gene was firstly recognised from a random mutation in mice [43]. The human 

homologous leptin gene is located at 7q31.3 [44]. Human and mouse leptin amino acid 

sequences are 84% identical [43]. Leptin is predominantly produced in adipocytes, and acts on 

receptors in the hypothalamus of the brain where it inhibits appetite and eating behaviour. 

The first mouse to have developed a null mutation on the leptin gene arose from the C57 strain in 

1949 [45]. This strain was also named ob/ob, and has been used in the present study as 

described above. In general, it has the following phenotypes: 1) hyperphagia-mediated weight 

gain at early age, leading to an obvious obese phenotype (adipocytes increase in both size and 

number and so the adipose tissue is both hypertrophic and hyperplastic), and its body-weight 

may reach up to three-times the normal weight of non-affected C57 controls; 2) exhibits 

conditions of obesity or type-2 diabetes-associated conditions, decreased glucose tolerance, 

increased plasma insulin, subfertility, impaired wound healing and increased hormone production 

from several glands including the pituitary, adrenal and pancreatic islets; 3) elevated overall 

metabolic rate and body temperature; 4) female ob/ob mice exhibit decreased uterine and 

ovarian weights, decreased ovarian hormone production and hyperlipidaemia in follicular 

granulosa and endometrial epithelial tissue layers [40, 42, 46-49]. 

One final noteworthy point is that in the ob/ob mice, hyperphagia is not the only reason for 

obesity, since the ob/ob mice gain excessive weight and deposit excess fat, even when restricted 

to a diet sufficient for normal weight maintenance in lean mice [46]. These additional metabolic 

defects presumably occur through effects secondary to leptin deficiency. 
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1.2. Polyamine Metabolism 

1.2.1. A Brief History of Research on Polyamines 

Polyamines were first described in the year 1678 and the first empirical formulae deduced in 

1924 [50]. During the last 50 years, an enormous amount of work has been done to extend our 

knowledge about these biogenic amines. By my estimation, there are more than 10,000 research 

papers and reviews published about polyamines. This group of biogenic molecules is found in 

almost every type of life-form on earth, ranging from bacteria, fungi and viruses to plants and 

animals [51-53]. The high conservation of these molecules over billions of years of evolution, 

suggests that the polyamines are important for maintenance of life [54]. This has been proven by 

studies at the molecular level, which showed high polyamine concentrations were correlated with 

rapid cell growth while low polyamine concentrations were correlated with quiescent cells [55]. 

Consequently, the polyamine metabolic pathways have become popular targets for drug 

development although, to date, the only polyamine registered for clinical use is 

triethylenetetramine (see below). 

During the past three decades, most of the efforts to develop polyamine-based chemotherapeutic 

methods have fallen into one of the following four categories: 1) Inhibition of polyamine uptake, 

which was aimed at preventing exogenous polyamines from being utilised by tumour cells [56, 

57]; 2) Selective inhibition of the biosynthetic enzymes which can directly affect the polyamine 

pool in the body; these enzymes are ornithine decarboxylase (ODC), adenosylmethionine 

decarboxylase (AdoMetDC), spermidine (SPD) synthase and spermine (SPM) synthase [58]; 3) 

Alteration of the content of the polyamine pool by use of structural analogues of natural 

polyamines: these analogues can mimic the natural polyamines in a feedback loop by binding to 

functionally-important binding sites; and 4) Prevention of the normal polyamine functions by their 

structural analogues [59]. 



Chapter One: Introduction 

 [15]  

After 30 years of enthusiastic pursuit, the goal to develop a polyamine-based anti-tumour drug 

still has not been achieved, although many details about polyamine metabolism in the human 

body have been elucidated. In addition to the limited picture proposed more than 30 years ago, 

nearly every enzyme in this pathway has now been identified; selective inhibitors have been 

developed to each of the enzymes regulating the polyamine pool [60, 61]; and the involvement of 

polyamines in upstream gene regulation and cellular signal transduction has also been explored 

[62, 63]. In fact, this research has not just expanded the possibilities of development of a 

polyamine-based approach to chemoprevention and chemotherapy of cancer and other related 

diseases, but has also provided the ground work for other polyamine-based research. For 

example, many in vitro cell free experiments, as well as animal experiments have shown that 

branched polyamines have apparent beneficial effects in the treatment of prion-related diseases 

[64].  

Because of the important role of the polyamines in tissue regeneration, their presence can 

improve recovery of organs such as the pancreas after acute pancreatitis [65], the liver after 

partial hepatectomy [66] and also intestinal resections [67]. These findings have not, however, to 

date, resulted in therapeutic applications for exogenously administered polyamines.  

Beside the diseases mentioned above, it is believed that polyamine metabolism is also a putative 

target for treatment of Alzheimer’s Disease [68], Parkinson’s Disease [69] and Rheumatoid 

Arthritis [70]. Polyamine metabolism-related human diseases and their pathologies and potential 

treatments have been systematically reviewed in great detail by Christophe Moinarda et al [71].  
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1.2.2. General Aspects of Polyamines 

Definition of the Polyamines  

By definition, the term “polyamine” refers to any organic compound that has two or more amine 

groups. The polyamines and their numerous derivatives all share the same general structures. 

For convenience and consistency in this thesis, the term ‘polyamines’ is used to designate the 

three most common forms (putrescine, SPD, and SPM), since they are the most conserved 

polyamines in evolution and are the most commonly reported polyamines in the literature. The 

other molecules with similar structures will be defined as “polyamine analogues” or just 

“analogues” here (Figure 1.1).   

The Physical Properties of the Polyamines  

The nature of the amine group is such that it can form primary, secondary and tertiary functional 

groups in organic molecules depending on how many non-hydrogen groups are bound to it. It 

also has a lone electron pair, which allows amines to bind ionically to cations or anions 

depending on the environmental pH. The amine groups in polyamines can also be protonated 

individually. Thus, depending on the total number of protonated amines, each polyamine has 

multiple pKa values, or multiple dissociation constants of protonation. For example, 

triethylenetetramine (TETA) has four amine groups, so it has four dissociation constants (9.8, 9.1, 

6.7, and 3.3 respectively) [72]. The physiological functions of polyamines are markedly reliant on 

this multi-protonation property (Figure 1.1). 
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Figure 1.1 The Condensed Structures of Polyamines and Analogues and the TETA Protonation Profile. 

(A), the IUPAC (International Union of Pure and Applied Chemistry) names and abbreviations used here for 

polyamines (Putrescine, SPD, and SPM) and analogues (DENS, DES, and TETA) are listed on the left-hand side 

with their corresponding condensed chemical structures adjacent. (B). *TETA protonation profile. The 

physiological pH range marked on the graph is from 6.0 (intestinal) to 7.4 (plasma). Abbreviations: L, ligand; H, 

hydrogen and its superscript number indicating the overall protonation state and charges. *Reproduced with 

permission from Elsevier: Crisponi, G., et al., Copper-related diseases: From chemistry to molecular pathology. 

Coordination Chemistry Reviews, 2010. 254(7-8): p. 876-889. 
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1.2.3. Polyamine Synthesis and Catabolism 

Polyamine Synthesis 

Polyamine metabolism is illustrated in Figure 1.2. The starting material for polyamine synthesis is 

L-ornithine, which is one of the metabolites in the urea cycle [73]. ODC converts L-ornithine to 

putrescine, which is the first and committed step in the polyamine synthesis pathway. ODC is 

tightly regulated at several levels, including transcription, translation and degradation [6]. Its 

degradation does not require ubiquitination, but is under the control of an intricate pathway 

involving antizyme (AZ) and antizyme inhibitor (AZIn). The binding of AZ shuts down functional 

ODC and tags it for 26S proteasome-mediated degradation, whereas AZIn acts as a mimic of 

ODC, binding to AZ more tightly and thus protecting ODC from degradation [74].  

The aminopropyl groups are provided by decarboxylated S-adenosylmethionine (DcAdoMet), 

which is produced by AdoMetDC. In humans, AdoMetDC is also tightly regulated at the 

transcription, translation and degradation levels via its substrate or product concentrations. 

Putrescine not only promotes the processing of the AdoMetDC proenzyme to functional 

AdoMetDC, but also activates it allosterically [75]. Translation is also controlled by a small open 

reading frame upstream of the AdoMetDC-mRNA. The encoded peptide is necessary for 

downstream translation, and the production of this peptide is down-regulated with increases in 

the polyamines [76]. Decreases in SPD and SPM stabilise AdoMetDC by preventing ubiquitin-

mediated degradation [77]. On the other hand, increased levels of SPD/SPM are associated with 

down-regulated transcription and up-regulated degradation of AdoMetDC [74]. DcAdoMet is 

condensed from ATP and methionine (MET) in a reaction catalysed by methionine 

adenosyltransferase (MAT) [75]. Notably, two ATP molecules are used as building blocks to 

synthesise one SPM molecule.  

http://en.wikipedia.org/wiki/Methionine
http://en.wikipedia.org/wiki/Methionine_adenosyltransferase
http://en.wikipedia.org/wiki/Methionine_adenosyltransferase
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SPD and SPM are synthesised by adding respectively one or two aminopropyl groups to the two 

primary amine termini of putrescine. In humans, these processes are mediated by two similar but 

different enzymes, SPD synthase (from putrescine to SPD) and SPM synthase (from SPD to 

SPM) [78]. Compared to the cellular concentrations of putrescine and AdoMet, these two 

enzymes have relatively large Km values, even at extremely high substrate concentrations. As a 

result, the production rates of SPD and SPM are more dependent on the availability of their 

substrates rather than the amount of functional enzyme [6].  

Polyamine Catabolism 

The degradation of the polyamines starts through acetylation (where the acetyl group is provided 

by AcCoA) on their primary amine groups catalysed by spermidine and spermine N1-

acetyltransferase (SSAT1). The products are N1-acetylspermidine (N1-ASPD) or N1-

acetylspermine (N1-ASPM), which are converted to putrescine and SPD through the action of 

acetyl-polyamine oxidase (APAO) [79]. The molecular structures of polyamines, analogues and 

their acetylation products are shown in Figure 1.3. SSAT1 is the most regulated enzyme in the 

polyamine catabolism pathway. Its activity and abundance is regulated at many levels by toxins, 

hormones, cytokines, natural products, stress pathways and ischaemia-reperfusion injury. The 

details of SSAT1, SSAT1 regulation, and the effects of altered SSAT1 activity will be discussed 

in the next Section.  

In the next step, APAO catalyses the oxidation of acetylated polyamines (N1-ASPD and N1-

ASPM) back to polyamines (SPD and SPM), utilising flavin adenine dinucleotide (FAD). The 

activity of APAO is solely controlled by the availability of its substrate (N1-acetyl polyamines). [74]. 

The by-products of these two oxidation reactions are 3-acetoamidopropanal and hydrogen 

peroxide. APAO also plays a role in drug metabolism, since it can oxidise acetyl-polyamine 

analogues. One of these analogues is N1-ethyl-N11-[(cycloheptyl)methyl]-4,8-diazaundecane [80].   



Chapter One: Introduction 

 [20]  

 

Figure 1.2 The Polyamine Syntheses and Catabolism. Metabolites and cofactors are shown in blue and 

red respectively. Enzymes are shown in orange. Abbreviations: AdoMet, S-adenosylmethionine; 

dcAdoMet, decarboxylated S-adenosylmethionine; Met, methionine; ATP, adenosine triphosphate; 

AcCoA, acetyl coenzyme-A; AdoMetDC, S-adenosylmethionine decarboxylase; APAO, acetylpolyamine 

oxidase; MAT, methionine adenosyltransferase; ODC, L-ornithine decarboxylase; SMO, spermine oxidase; 

and SSAT1, spermidine/spermine N1-acetyltransferase. This is an original diagram produced by the 

candidate.   
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Figure 1.3 The Polyamines and Their Acetylation Products. The IUPAC names and abbreviations used 

here for SPD, SPM, TETA and their acetylation products are listed on the left-hand side with their 

corresponding condensed chemical structures adjacent 

Beside the cooperative two-step polyamine degradation, SPM also can be converted directly to 

SPD by spermine oxidase (SMO) [81]. Similar to APAO, the by-products of this reaction are also 

3-acetoamidopropanal and hydrogen peroxide. Both humans and mice have multiple splice 

variants of SMO, and the active splice variants are found in the nucleus and cytoplasm. Of these, 

SMO1 is the most abundant in humans [82, 83]. SMO is regulated predominantly at the 
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transcriptional level, but it is also induced by many stimuli and polyamine analogues which also 

induce SSAT1 activity [84]. Therefore, SMO is important in ROS-mediated apoptosis. 

Polyamine Transport  

To date, several parts of the polyamine transport system (especially for eukaryotic cells) have 

been identified, although the complete picture is yet to be elucidated in detail.  

In prokaryotes, a series of proteins have been identified that are involved in polyamine uptake 

and export. Some of these proteins assemble into trans-membrane protein complexes and have 

different polyamine substrate preferences. These complexes include a SPD-preferential uptake 

system consisting of the polyamine transport protein PotA, PotB, PotC and PotD proteins, and a 

putrescine-specific uptake system consisting of the PotF, PotG, PotH and PotI proteins. Another 

two trans-membrane proteins [PotE and cadaverine transport protein (CadB)] are antiporters, 

which transfer two specific molecules in opposite directions. PotE takes up putrescine and 

exports ornithine, while CadB takes up cadaverine and exports lysine [85, 86].  

In eukaryotes, homologues of the genes of prokaryote polyamine transport proteins have not 

been found, which indicates that eukaryotes must have a different polyamine transport system. In 

mammalian cells the polyamine-transporting mechanism may involve firstly a plasma membrane 

carrier [87]; then polyamine-sequestering vesicles (e.g. glypican-1) [88]; in addition, AZ also 

inhibits the uptake of polyamines [89, 90]. As discussed, ODC catalyses the first committed step 

of polyamine synthesis and is down-regulated by AZ. One study based on mouse cells 

overproducing ODC showed that antizyme (Z1 antizyme) also promotes cellular polyamine 

export and suppresses polyamine uptake [91].    

Apart from the antizyme-controlled transporting system, diamine exporter complex (DAC) has 

been identified in Chinese hamster ovary cells (CHO cells). DAC facilitates export of a wide 
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range of natural polyamines and their metabolites, which include putrescine, cadaverine, and N1-

ASPD and N1-ASPM at acidic or neutral pH [92]. One of the subunits of DAC is SLC3A2, which 

has also been identified in CHO cells. Its normal expression and function are essential for cellular 

diamine exportation. Immunoprecipitation studies have also shown that this subunit can probably 

be cross-linked to SSAT1. In theory, this binding facilitates the export of cellular polyamines by 

clearing the local catalytic products (N1-ASPD and N1-ASPM) of SSAT1 [93].   

1.2.4. The Polyamines in Cellular Metabolism 

Polyamines are functionally important in several contexts [74]. Polyamine levels are carefully 

tuned and maintained in cells. At the molecular level, they are involved in numerous cellular 

reactions and pathways, which are disrupted by either up-regulation or down-regulation of the 

polyamines. The ultimate consequence of these disturbances is that they influence the health 

state of the cells, as determined by cell growth, proliferation and death [94]. This apparent 

contradiction in polyamine regulation can be explained by fractal complexity: one finite change in 

polyamine levels can result in infinite possible consequences, some of which could even be 

completely opposite to each other. Some of the extensively studied mechanisms involving the 

polyamines are summarised here with focus on polyamine-associated reactions over their 

ultimate consequences (Figure 1.6). 

The polyamines bind to anionic structures such as nucleic acids and anionic groups of proteins 

via ionic bonds. Specifically, binding of polyamines to nucleic acids stabilises chromatin 

structures and protects them from damage and degradation by impaired DNA-repairing 

mechanisms, nucleases, irradiation, heat and cytotoxic compounds amongst other stimuli [95, 

96]. For protein/polyamine binding, this is highly dependent on the specific structure of the 

polyamines. This binding can stabilise or alter a protein’s secondary and tertiary structures, 

leading to preserved or disturbed physical and biological activities [96]. For example, polyamines 
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stabilise SSAT1 [77] but SPM inhibits certain nucleases [96, 97]. Depletion of the polyamines in 

the nucleosome resulted in partial unwinding of DNA and unmasking of DNA sequences that 

were previously buried in the chromatin [98].          

Polyamines can covalently bind to proteins. Transglutaminase can link the primary amine group 

of the polyamines to proteins. This can be important in regulation in cellular function. In 

experiments based on murine and human melanoma cells, polyamines were cross-linked to 

proteins by transglutaminase action, which prevented polyamine-induced apoptosis [99]. Another 

study in murine melanoma cells showed that transglutaminase-mediated amine incorporation is 

also associated with changes in expression of 60 proteins [100]. 

The polyamines also scavenge reactive oxygen species (ROS). In vitro experiments have shown 

that all of the polyamines can inhibit the formation of hydroxyl radicals. For example, it was 

reported that polyamines inhibit the formation of 1O2-dependent 2,2,6,6-tetramethylpiperidine N-

oxyl, where putrescine is less effective than SPD and SPM [101]. The polyamines also have 

beneficial effects on the mitochondrial permeability transition, whereas ROS causes 

proteinaceous pores to open in the inner mitochondrial membrane. The mechanism of protection 

is still not certain. One possible explanation is that the polyamines directly bind to the negatively 

charged adenine nucleotide translocator, whose oxidation is responsible for pore opening. This 

hypothesis is supported by the fact that SPM is more effective than SPD and putrescine [102]. 

The polyamines are involved in the formation of cytotoxic substances. In the presence of water 

and oxygen, amine oxidases (e.g. spermine oxidase) oxidise the primary amine group (from 

mono-, di-, polyamines, and several N-acyl-amines) to aldehydes and hydrogen peroxide [87]. 

Amine oxidases are a class of enzymes named for their oxidase functions. In general, there are 

two classes of amino oxidases: one is the flavin adenine dinucleotide amino oxidases (FAD-AOs), 

and the other one is the copper/lysine tyrosylquinone amine oxidases (Cu-AOs). Spermine 
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oxidase belongs to the FAD-AOs and is a cytosolic polyamine oxidase. The products of 

polyamine oxidation are aldehydes and hydro-peroxides. Both of these classes are cytotoxic and 

they are more toxic if they are found in the extracellular space, where there is a lack of enzymes 

to remove them, especially aldehyde dehydrogenases [96, 102].  

Finally, polyamines are also the precursor of hypusine, which is an unusual amino acid found in 

all eukaryotes and in some archaea. The only known protein containing hypusine is the 

eukaryotic translation initiation factor 5A (eIF5A), which is important in mitochondrial dysfunction-

mediated apoptosis[103] and in cell proliferation [104]. It is up-regulated with increases in 

polyamine concentrations. On the other hand, it is inhibited by SSAT-1 through hypusine 

acetylation [105].  

1.2.5. Polyamines and Fat Metabolism 

In 2007, two papers described a close relationship between up-regulated polyamine catabolism 

and energy/fat metabolism. Both of these studies were based on genetically-modified mice 

overexpressing spermidine and spermine acetyl-transferase (SSAT1) (SSAT1-tg mice) [1, 2]. 

SSAT1 acetylates polyamines and some polyamine analogues to form the corresponding acetyl-

polyamines. This is the rate-limiting step in polyamine catabolism. Jell and colleagues reported 

that mice over-expressing SSAT1 had reduced adipose tissue mass, raised fatty acid and 

glucose oxidation and elevated basal metabolic rates, while SSAT1 gene-knockout mice showed 

the reverse trend [1]. Similarly, Pirinen and colleagues reported that SSAT1 over-expressing 

mice had reduced adipose tissue mass, raised basal metabolic rates, increased insulin sensitivity, 

improved glucose tolerance, and elevated fat and glucose oxidation. In addition, they also 

observed an increased expression of peroxisome proliferator-activated receptor γ co-activator 1α 

(PGC-1α) and 5’-AMP-activated protein kinase (AMPK), which are known regulators of oxidative 

phosphorylation [2]. They have also shown that the process needs an adequate supply of 

http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Eukaryote
http://en.wikipedia.org/wiki/Archaea
http://en.wikipedia.org/wiki/Eukaryotic_initiation_factor
http://en.wikipedia.org/wiki/EIF5A
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putrescine, since the administration of an ornithine decarboxylase-specific inhibitor 

difluoromethylornithine (DFMO) could reverse the phenotype described above [2].  

The mechanism behind this phenotype may be explained as below. With a continuous supply of 

putrescine, SPD and SPM are synthesised with the consumption of ATP. At the same time, 

overexpressed SSAT1 causes the degradation of these polyamines with the consumption of 

AcCoA. The over-produced N1-acetyl polyamines and putrescine are excreted from the cells 

[106]. The continuous consumption of ATP and AcCoA results in a decreased ATP/AMP ratio, 

which activates AMPK and PGC-1α. Increased ATP and AcCoA consumption represents 

elevated energy requirement. As a compensatory response, lipolysis and β-oxidation are 

elevated to meet the increased energy demand. The overall consequence is to reverse obesity-

related conditions or syndromes [1, 2, 107]. This process could be imagined as a water tap, 

where the metabolites (including energy providers, such as ATP) needed for the polyamine 

catabolism are the water, and the tap is the SSAT1.  

1.3. Spermidine and Spermine N1-Acetyltransferase 1 (SSAT1) 

1.3.1. General Aspects of SAT1 and SSAT1  

SAT1 Genes 

SSAT1 is a member of the general-control non-derepressible 5 (GCN5)-related N-

acetyltransferase family (GNAT). Humans have one SSAT1 gene, abbreviated SAT1 [108]. The 

human SAT1 gene is located on the X chromosome at location Xp22.1. It has six exons (Figure 

1.4). Exon 1 contains one 5’-untranslated region (UTR) followed by the first 22 codons. Exon 6 

contains the last 56 codons, the stop codon, which is followed by one 3’-UTR [108]. The mRNAs 

encoded by these exons have sizes between 1.3 and 1.5 kb [including poly (A)] [109]. On the 5’ 

flank of the SAT1 transcriptional region, rests the SSAT1 promoter with a size about 2 kbp. 
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Within this region, there are multiple protein binding motifs for different transcriptional factors, 

including Sp-1, AP-1, CCAT/enhancer binding protein-β (C/EBPβ), cAMP response element 

binding protein (CREB), nuclear factor κB (NF-κB), and peroxisome proliferator-activated 

proteins (PPARs) (Figure 1.4) [108, 110-112]. 

SAT1 Polymorphism in Humans and Other Species 

Compared to the human SAT1, the mouse SAT1 also has six exons and five introns with very 

similar sizes [113]. The SSAT1 amino acid sequences from different eukaryotes (mouse, human, 

horse, pig, chicken, zebra fish and frog) are well conserved. The substrate binding residues are 

nearly identical, with only pig and frog having one and two residues different from the others 

respectively [114]. Another exception is found in BALB-C mice, where an alternative splicing form 

has been identified having an additional 110-bp exon between exons 3 and 4 [79, 112]. 

SSAT1 Protein Structures 

In eukaryotic cells, SSAT1 is predominantly found in the cytoplasm. Active SSAT1 has also been 

found in mitochondria. One study using immunoblotting methods also found SSAT1 proteins in 

the nuclei, though this SSAT1 did not give the same response to SSAT1-inducer (DENS) as the 

cytoplasmic and mitochondrial SSAT1 [115, 116]. The crystal structure of SSAT1 expressed from 

a human cDNA was determined in 2006 [117]. SSAT1 is a homodimer with the typical α/β-

construction found in the GNAT superfamily (Figure 1.4). Each monomer has α-helices flanked 

by β-sheets that form a barrel structure from the two monomers, which is also the core of the 

SSAT1 dimer. In nature, the SSAT1 dimer exists in two forms in equilibrium with slight 

conformational differences. These two forms share identical amino acid sequences, one being 

symmetric, and the other one asymmetric. Each of these two forms has two active sites running 

across the surface on opposite sides of the two monomers. In the symmetric form, both active 

sites can transfer acetyl groups. However, only one active site from the asymmetric form is 
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functional [117]. SSAT1 can also self-acetylate on its lysine-26 in the presence of AcCoA and in 

the absence of polyamine substrates. When lysine-26 was replaced with arginine, which can’t be 

acetylated, the acetylating function of SSAT1 is not affected [117]. It has been hypothesised that 

this self-acetylation reaction may regulate SSAT1’s function or degradation [117].   

Beside SSAT1 itself, structures of complexes consisting of SSAT1, its cofactor (AcCoA), and a 

polyamine substrate (e.g. SPM) or a polyamine analogue (e.g. DENS) have also been 

determined [114, 117, 118]. In parallel with the conformational studies, the catalytic mechanism 

of SSAT1 has also been studied [114, 118]. Similar to the other GNAT proteins, the AcCoA 

binding motif consists of alpha4, the COOH-terminal end of beta4 and the NH2-terminal end of 

alpha3 [114]. SPM binds to the active site residues through hydrogen bonds. These binding 

residues contain amino acids from both of the monomers (e.g. Leu128, Leu156 are from one 

monomer and His 126, Trp154 are from the other monomer). Many of these substrate-SSAT1 

hydrogen bonds have water molecules as intermediates. In the active site, the N1-group of SPM 

is orientated towards to the sulphydryl group of AcCoA. 
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Figure 1.4 The SSAT1 Gene and SSAT1 Protein. (A), SAT1 gene structure. All SAT1 exons are shown as 

rectangular boxes. Blue portions are either the 5’- or the 3’-untranslated regions (UTR).* Red portions are 

amino acid codons. (B), *a 3.5-kb clone up-stream to SAT1, where SSAT1 transcription factors are sited. 

These include binding sites for Sp-1, AP-1, CCAT/enhancer binding protein-β (C/EBPβ), cAMP response 

element binding protein (CREB), nuclear factor κ B (NF-κB), and peroxisome proliferator-activated 

proteins (PPARs). (C), **the ribbon diagram of the mouse SSAT1-CoA binary complex. The two monomers 

within one SSAT1 dimer are shown in different colours (Yellow and Purple). The acetyl-linked sulphydryl 

group of acetyl-Coenzyme A is closely facing the active sites, while the adenosine rings are hanging 

outside. * Reproduced with permission from American Journal of Physiology: A.E., Spermidine/spermine-N(1)-

acetyltransferase: a key metabolic regulator. American Journal of Physiology - Endocrinology and Metabolism, 2008. 

294(6): p. E995-1010. ** Reproduced with permission from Molecular and Cellular Biology: Pirinen, E., et al., 

Enhanced polyamine catabolism alters homeostatic control of white adipose tissue mass, energy expenditure, and 

glucose metabolism. Molecular and Cellular Biology, 2007. 27(13): p. 4953-4967.  
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Figure 1.5 The SSAT1 Active Site and Its Catalytic Mechanism. (A), *electron density maps of SSAT1’s 

active site showing all residues involved in spermine binding. The residues from different monomers are 

indicated by an apostrophe. (B), *schematic diagram of all hydrogen-bonding between SSAT1 and 

spermine, with or without water molecules as intermediates. (C),* proposed general acid-base catalytic 

enzyme mechanism. The N1-amine of the polyamine substrate is deprotonated by Glu92, and the sulphur 

of acetyl-CoA is protonated by Tyr140. It has been suggested that associated water molecules play a 

central role in substrate binding and catalysis. * Reproduced with permission from American Chemical Society: 

Montemayor, E.J. and D.W. Hoffman, The crystal structure of spermidine/spermine N1-acetyltransferase in complex 

with spermine provides insights into substrate binding and catalysis. Biochemistry, 2008. 47(35): p. 9145-53. 

1.3.2. SSAT1 Activity 

Catalytic Mechanism  

It is proposed that SSAT1 catalyses the acetyl-group transfer reaction using a general acid-base 

catalytic mechanism, which is similar to that utilised by other enzymes in the GNAT family. In a 

typical general acid-base catalytic mechanism, the presence of one catalytic base and one 

catalytic acid is necessary for the reaction (Figure 1.5). In the proposed catalytic mechanism of 
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SSAT1, Tyr140 may act as the general acid to protonate the sulphur of AcCoA; the Glu92 may 

act as the general base to deprotonate the N1 amine of SPM through a series of water-mediated 

proton transfers. Point mutations on these two residues decrease the enzyme’s activity 

significantly (Figure 1.5C) [114]. Although point mutations at other amino-acid residues (such as 

Glu28 and Asp 93) in the active site also decrease SSAT1 activity, the effects of these mutations 

are weaker than Glu92 mutation [118]. Therefore, the Glu92 and Tyr140 mediated acid-base 

mechanism remains the most well-accepted mechanism for SSAT1-catalysed acetylation. 

SSAT1 Substrate Specificity 

Many studies have measured SSAT1 activity in vitro, based on a method reported by Della and 

Pegg in 1982, with or without modifications [119]. In the original paper, purified SSAT1 from rat 

liver was used. In the presence of excess AcCoA, Km values for SPD, SPM and N1-ASPM were 

measured, which were 130 µM, 35 µM and 30 µM respectively. SSAT1 has a wide range of 

substrates, which are polyamines and their analogues. Other than the natural polyamines, 

SSAT1 also catalyses N1-acetylation on TETA and ATETA (data will be shown in Chapter Four) 

[120]. Both of these two polyamine analogues can be acetylated at one or both of their primary 

amine termini. Beside these identified substrates, SSAT1 is believed able to catalyse N1-

acetylation of other polyamine analogues with similar structures to the three natural polyamines.  

Polyamine analogues without primary amines also bind to SSAT1 active sites. For example, two 

of these analogues are DENS and DES. These can compete with the natural polyamines for the 

SSAT1 active site, but they cannot be acetylated. Therefore, they act as competitive inhibitors of 

SSAT1. However, since high levels of natural polyamines increase SSAT1’s activities at multiple 

levels, these analogues function as good inducers of SSAT1.  
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1.3.3. Physiological Regulation of SSAT1 

As described above, both SSAT1 genes and amino acid sequences are well conserved among 

eukaryotic species, consistent with the idea that SSAT1 is a very important enzyme. This 

conclusion is consistent with the fact that SSAT1 is regulated at multiple levels (transcription, 

translation, protein stability) and may be affected by many exogenous and endogenous stimuli 

(including polyamines, polyamine analogues, metabolites from other toxins, and stress 

pathways). The following sections discuss the current understanding of these regulatory 

mechanisms at each step, including some of the important stimuli and their characteristic effects. 

SAT1 Transcription  

The current hypothesis for the mechanisms of transcriptional regulation of SAT1 is believed to be 

similar to that for many other eukaryotic genes. SAT1 transcription is initiated by the formation of 

a transcriptional complex, which includes: 1) a core promoter sequence; 2) transcription factors; 

3) RNA polymerase; 4) activators and (or) repressors. This hypothesis is based at the point prior 

to the start of the actual transcription; several candidate components of this complex have been 

identified. The promoter sequence may extended to -1735 bp upstream from the SAT1 

transcriptional-start site [79, 121]. Two transcriptional factors have been identified: one is NF-E2-

related factor 2 (NRF-2), which binds to the proposed promoter sequence; the other one is 

polyamine-modulated factor-1 (PMF-1), which is a 165-amino acid protein with a predicted 

molecular mass of ~20 kD [79, 122]. The COOH-terminus of PMF-1 is linked to the leucine-

zipper region of Nrf-2, and this link is also essential for SAT1 transcription [79, 123]. The 

availability of these two working transcriptional factors and the promoter region are all under the 

influence of surrounding polyamine levels.  

In addition, there are other factors which also affect SAT1 transcription. Thioredoxin-1 is a 

protein that can dissociate the PMF-1/Nrf-2 complex, and then suppress the transcriptional 
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activity. In contrast, non-steroidal anti-inflammatory drugs (NSAIDs) can increase SSAT1 

transcription by utilizing NF-κB or peroxisome proliferator-activated receptors (PPAR) [124]. For 

example, aspirin can increase the binding of NF-κB, which further induces SAT1 transcription.  

When SSAT1 pre-mRNA is produced, it has to undergo splicing to form the mature mRNA. 

Alternative splicing may reduce the level of functional SSAT1 in two ways. Firstly, alternative 

splicing can insert a 100-bp exon between exon3 and exon4. Since there are multiple premature 

stop codons within this inserted exon, the resulting mRNA is a target of nonsense mRNA decay 

[2]. Secondly, the translation product from this step can be truncated to a 71-amino acid peptide. 

This small peptide may bind to the “authentic” SSAT1 monomer (where authentic is used to 

denote the ultimate production of the functional SSAT1), resulting in an incorrectly formed dimer 

which is not functional and is subject to degradation [125]. Polyamines and their analogues can 

prevent this alternative splicing and maintain the level of the mRNA which produces the 

functional monomer [79]. Beside this, they also increase the stability of the authentic SSAT1 

mRNA. In particular, DENS can increase SSAT1 mRNA’s half-life from 17 to 64 hours [126-128]. 

As well, the levels and half-life of authentic SSAT1 mRNA are also increased by protein 

synthesis inhibitors [129]; and the authentic SSAT1 mRNA level is increased by deprivation of 

amino acids (arginine, methionine or leucine) [130]. 

SSAT1 Translation 

Translation of “authentic” SSAT1 mRNA is up-regulated by polyamines and analogues. Although 

a detailed mechanism has yet to be produced, it has been found that an unknown cytoplasmic 

protein can bind to the coding region of the SSAT1 mRNA and suppress its translation process. 

Polyamines and analogues (e.g. DENS) prevent this inhibitory binding in a concentration-

dependent manner [131]. Chemotherapeutic drugs, such as platinum derivatives [132] and 5-
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fluorouracil [133] can also increase SSAT1 mRNA translation through mechanisms which are 

currently unknown. 

SSAT1 Protein Stability 

In general, proteins are synthesised to fulfil particular purposes in a cell. Misfolded or damaged 

proteins that are biologically inactive, and normal proteins that have done their job will be 

degraded specifically. In eukaryotic cells, this process is completed by ubiquitin-mediated 

degradation, where a target protein is labelled with an ubiquitin tag, and then proteases 

recognise this tag and carry out a subsequent “chopping” process. The result could be single 

peptides or peptide sections [134]. In typical ubiquitin-mediated protein degradation, individual 

ubiquitin molecules are activated by ubiquitin-activating enzymes (E1s) and transferred to 

ubiquitin-conjugating enzymes (E2s). Subsequently, the E2-bound ubiquitin is transferred to the 

target protein by forming an amide bond with one lysine residue [135]. Ubiquitin-mediated protein 

degradation occurs in the nucleus, cytoplasm and on trans-membrane proteins. It has been 

hypothesised that the subcellular location might influence the fate of an ubiquitin-protein complex. 

Not every ubiquitin-bonded protein is subjected to degradation by proteasome attack; 

ubiquitination also facilitates protein transfer across membranes [135, 136]. In addition, since 

there are seven lysine residues and one N-terminal in one ubiquitin molecule itself, a target 

protein may have various possible types of oligo- or poly-ubiquitin tags. Evidence has shown that 

the minimum signal necessary for proteasome targeting is a chain of four ubiquitin molecules 

linked through ubiquitin-Lys48 [137].  

SSAT1 is the subject of ubiquitin-mediated degradation. SSAT1 has a rapid turnover time. In rats, 

this has been determined to be as short as 15 minutes [138]. Another study expressed human 

SSAT1 in Chinese hamster ovary cells, and determined that it had a turnover time of 29 minutes 

[139]. Once SSAT1 is labelled with polyubiquitin moieties, it is subjected to protease-mediated 



Chapter One: Introduction 

 [35]  

degradation; the subsequent cleavage starts at Lys141-Ar142-Arg143 by trypsin or 

endoproteinase Lys-C, or at Glu151-Glu152 by endoproteinase Glu-C [140]. Consistent with 

SSAT1 degradation, ubiquitination suppresses SSAT1 activity at the cellular level. Pegg and 

colleagues have shown that SSAT1 activity is positively correlated with SSAT1 levels and 

negatively correlated with ubiquitin-SSAT1 complexes [139]. 

Polyamines and analogues are believed to stabilise SSAT1 and extend its turnover time. One 

study found that DENS increased SSAT1 turnover time from two hours to 20 hours, where 

human SSAT1 was transfectionally-expressed in SSAT1-deficient primary foetal fibroblasts [141]. 

Present evidence indicates the protection mechanism involves the interaction of polyamine 

analogues with the Glu152 and the last five amino acids (MATEE) from its COOH-terminus. This 

interaction prevents the ubiquitination of SSAT1 and subsequent degradation by proteases, and 

also leads to a conformational change of SSAT1, which increases its substrates affinity.  

1.3.4. Polyamine Analogues Have Complex Effects on SSAT1 

As described in the previous sections, polyamines and analogues are closely involved in SSAT1 

regulatory mechanisms (Figure 1.1). In response to a high concentration of polyamines and 

analogues, there will be increased SAT1 transcription, “authentic” mRNA production, SSAT1 

protein synthesis, and prolongation of SSAT1 turnover time. All of these responses share one 

common purpose, which is to maintain the homeostatic intercellular polyamine concentrations. 

Among all of these altered pathways, a large proportion of elevated SSAT1’s acetylating activity 

is due to enzyme induction, although up-regulated gene expression also contributes [79]. The 

effects of polyamine analogues on SSAT1’s activity are also different. Since some of them are 

able to be acetylated by SSAT1, the “polyamines concentration” is thus lowered. On the other 

hand, there are polyamine analogues that are not substrates of SSAT1. In this case, they could 

cause a prolonged elevation of SSAT1 activity until they have been removed from cytoplasm 



Chapter One: Introduction 

 [36]  

through other metabolic pathways. The effects of different polyamine analogues and different 

types of SSAT1 inducers will be discussed in more detail in the following chapters along with the 

novel experimental results. 

1.3.5. Effects of Altered SSAT1 Activity 

Since the first description of SSAT1, a great deal of information has been obtained from clinical 

studies and animal experiments, which links altered SSAT1 expression to many conditions, 

including pancreatitis, ischaemia-reperfusion injury, hair loss, suppressed liver regeneration, 

carcinogenesis and suicidal behaviour [79]. It should be noted that: 1) each of these described 

conditions is a macroscopic summary of overall molecular changes (alterations in the levels of 

normal metabolites) which cause elevated SSAT1 activity directly or indirectly; 2) interactions 

exist among different specific changes, including stimulated compensatory reactions or metabolic 

pathways; 3) SSAT1 inducers may affect normal metabolism independent of SSAT1, which 

further complicates the individual scenario. In the present review, metabolic changes which are 

caused by altered SSAT1 activity are described first, followed by discussion of possible resulting 

pathological conditions (错误!未找到引用源。). 

Decreased Spermidine and Spermine levels 

Once SSAT1 formation has been induced, the immediate result is a decrease in SPD and SPM. 

As described in previous sections, SPM and SPD are essential for cell growth and proliferation. 

Low cellular concentrations of these two metabolites prevent tissue regeneration and may even 

contribute to cell death.  

Induced polyamine catabolism, especially the depletion of the high polyamines (SPD and SPM), 

may lead to suppressed liver regeneration. This statement is supported by observations of 

increased polyamine synthesis during liver regeneration [142], the essential role played by SPD 
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in DNA synthesis and hepatocyte proliferation [143], and the inhibitory effect of overexpressed 

SSAT1 on liver regeneration in transgenic mice [143]. 

 

Figure 1.6 The Effects of SSAT1 Induction at the Functional Level and Possible Links to Related 

Pathological Conditions. Based on clinical data and available experimental results, it seems that SSAT1 

may be induced by a wide range of endogenous and exogenous stimuli, including genetic modification of 

SAT1. As a result, its induction is thought to lead to altered metabolite levels, protein-metabolite and 

protein-protein interactions. Accumulation of these changes with time may affect the pathological 

pathways towards many conditions associated with impaired health status. Here, each event has been 

designated in orange and a straight line drawn between two of these events if sufficient evidence has 

been found to indicate the existence of the interaction. Red line: positive interaction; blue line: negative 

interaction; solid line: strong interaction: dashed line: hypothesised relation. Abbreviations: SSAT1, 

spermidine and spermine N1-acetyltransferase; SPD, spermidine; SPM, spermine; and SLC3A2, human 

gene codes for 4F2 cell-surface antigen heavy chain.  
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Among mammalian tissues, the pancreas has the highest concentration of SPD, and is very 

sensitive to acute decreases in the concentrations of the higher polyamines (SPD and SPM). 

Increased polyamine catabolism causes acute acinar cell necrosis, leading to pancreatitis, other 

characteristics of which involve appearance of autophagosomes, disruption of intracellular 

membranes and organelles, and intravascular coagulopathy [144, 145]. Initially, this was thought 

to be caused by activation of trypsin [144]. Later studies on transgenic mice over-expressing 

SSAT1 suggested that trypsin activation is not necessary in the pathological mechanism [94]. 

Treatment with polyamine analogues (α-monomethyl-spermidine and dimethylspermine) 

ameliorated the extent of acinar necrosis [94, 145]; pre-treatment with dimethyl-spermine even 

prevented the onset of high SSAT1-activity-induced pancreatitis [144, 146].   

Hair is another tissue that undergoes rapid growth and regeneration. Initially, it was hypothesised 

that putrescine might have a deleterious effect on hair follicles. One study has shown that mice 

overexpressing ODC are hairless, and the effect is greater in mice overexpressing both ODC and 

SSAT1 [147]. Later experiments on human hair follicle epithelial stem cells revealed that SPD 

also contributes to hair growth through up-regulation of keratins K15 and K19. In addition, SPD 

moderately promoted primary human epidermal keratinocytes to enter into the S/G2-M phases of 

the cell cycle [148]. 

Decreasing levels of the high polyamines (SPD and SPM) are also hypothesised to prevent 

carcinogenesis. This deduction rests on two underpinning bases: 1) elevated polyamine levels 

are associated with neoplastic growth; 2) decreased polyamine levels cause tissue degradation 

(e.g. in the liver and pancreas) [79].  

Increased Putrescine levels 

As well as the postulated deleterious effect of putrescine on hair follicles, high levels of 

putrescine may also be associated with carcinogenesis One study using a mouse model 
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overexpressing SSAT1 showed induced tumour growth with significantly increased putrescine 

but only a small decline in SPD and SPM levels [149]. The abnormally high putrescine level may 

have resulted from both increased polyamine catabolism and the compensatory response of 

activating ODC [79]. 

It has been proposed that down-regulated SSAT1 activity in the brain could be associated with 

suicidal behaviour. This association has been attributed to SAT1 promoter polymorphisms [150, 

151] and CpG methylation on one of these (rs6526324) [152]. However, little has been 

elucidated about the exact molecular mechanism involved. One recent study based on 126 brain 

Brodmann’s area samples showed that both putrescine and SPD levels are elevated in suicide 

completers [153]. Pegg and colleagues suggested that altered polyamine levels in the brain may 

influence the activity of ion channels, such as N-methyl-D-aspartate-receptors, α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors, K+ channels, and Ca2+ channels, which 

cause downstream behavioural changes [79]. 

Increased Reactive Oxygen Species (ROS) 

The direct products of SSAT1 are N1-ASPD and N1-ASPM, which are substrates for acetyl-

polyamine oxidase (APAO). Since APAO’s activity depends solely on substrate availability, 

induced SSAT1 activity leads to elevated APAO action, and thus its by-products, hydrogen 

peroxide and N-acetylaminopropanal. Hydrogen peroxide in turn acts as a precursor of other 

ROS. It is widely accepted that ROS can be carcinogenic, which is consistent with observations 

that some transgenic mouse models overexpressing SSAT1 have a high incidence of tumours. 

However, other genetically-modified mice overexpressing SSAT1 showed the opposite results. 

These experimental results have been summarised in two reviews by Pegg and colleagues [79, 

154]. Increased oxidative stress may also contribute to acute necrotising pancreatitis, through 
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activation of the serum inflammatory pathway, characterised by elevated cytokine and NF-κB 

levels [146]. 

Increased Consumption of Energy (or Energy-Storing Metabolites)  

Referring to two previous Sections 1.2.3 and 1.2.5, two molecules of AcCoA are consumed in the 

polyamine catabolism pathway and two molecules of ATP are consumed in the polyamine 

synthesis pathway. Induction of SSAT1 activity up-regulates polyamine catabolism, together with 

the compensatory up-regulation of polyamine synthesis; the cumulative effect is markedly- 

increased energy consumption, which suggests that SSAT1 could be a potential target for 

developing drugs for obesity and type-2 diabetes. Recent studies regarding elevated polyamine 

catabolism and energy (and lipid) metabolism have been discussed previously in 1.2.5. 

SSAT1-Protein (or Metabolite) Interactions 

Recently, it was reported that SSAT1 suppresses the expression of exogenous protein, for 

example green fluorescent protein (GFP) or GFP-eIF5A (eukaryotic translation initiation factor 5A) 

[155]. A subsequent study confirmed that the deactivation of the SSAT1 deactivates elF5A 

through acetylation of the hypusine and (or) deoxyhypusine residues. Interestingly, hypusine or 

deoxyhypusine as free amino acids are not substrates of SSAT1. This indicates the presence of 

a macromolecular interaction between elF5A and SSAT1 [105]. 

The integrins comprise a large family of receptor proteins that mediate attachment between cells 

or between cells and the extracellular matrix (ECM). The integrins are also involved in signal 

transduction. SSAT1’s NH2-terminal region binds to α9β1-integrin, which is essential for integrin-

mediated cell migration [156]. In addition, SPD and SPM are effective blockers of K+-ion efflux 

through inward-rectifier K+ (Kir 4.2) channels, the activation of which also contributes to the 

integrin-mediated cell migration [156, 157]. 
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Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that responds to changes of oxygen 

availability in the cellular environment, and especially to hypoxia [158]. Activated HIFs trigger the 

expression of vascular endothelial growth factor (VEGF), which stimulates angiogenesis and 

therefore increases oxygen supply to surrounding tissues. SSAT1 binds to the HIF-1α subunit 

and promotes binding to ubiquitin and subsequent protease-mediated degradation. SSAT1-

mediated HIF-1 degradation is found under anaerobic conditions, whereas SSAT2-mediated HIF-

1 degradation is found in aerobic conditions through a slightly different degradation pathway 

[159]. Tumours (especially at their centre) have a characteristic hypoxic environment, because of 

the unregulated cell-proliferation and abnormal blood vessels formed inside a tumour. Therefore 

down-regulation of HIFs has been suggested as a therapy for anti-cancer treatment. As a result, 

SSAT-mediated HIF degradation may be of benefit by suppressing carcinogenesis [160].  

SLC3A2 is the essential component of the diamine exporter complex (DAC). Immunoprecipitation 

studies have shown that this subunit can probably be cross-linked to SSAT1. In theory, this 

binding is positively associated with SSAT1’s activity, because of the on-site clearance of 

catalytic products (N1-ASPD and N1-ASPM) of SSAT1 [93]. 

Effects of SSAT1 Inducers 

One point of note is that SSAT1 inducers may have separate effects on metabolic pathways that 

are independent of SSAT1 activity. This is less important in experiments where genetically-

modified animals are used as SSAT1-overexpressing models. However, chemical SSAT1 

inducers, such as DENS and DES may well influence metabolic pathways in addition to those 

influenced by SSAT1. As a result, experimental results from chemical induction of SSAT1 should 

be carefully interpreted. 



Chapter One: Introduction 

 [42]  

1.3.6. SSAT2 

Biochemistry of SSAT2 

From DNA sequence alignment searches in eukaryotic-expressed sequence tag (EST) 

databases using a basic local alignment search tool (BLAST), another GNAT protein gene similar 

to the SAT1 has been identified in the human genome [161, 162]. It is located at 17p13.1, and 

codes for a 170 amino-acid peptide, which has 46% sequence identity and 64% sequence 

similarity with the SSAT1 [162]. The human SSAT2 has a similar overall crystal structure to that 

of SSAT1, but with significant differences in charged surface residues and in the presumed 

substrate-binding residues at the active site region [163]. 

Activity and Function of SSAT2 

The SSAT2 has a very low substrate affinity (Kcat/Km) for SPD or SPM, which is <0.001% of 

corresponding values for SSAT1. In vitro cell culture experiments have also shown that SSAT2 

did not have any significant effect on the cellular polyamine pool, whereas the SSAT1 can reduce 

SPD and SPM concentrations by up to approximately 30% [161, 162]. However, SSAT2 has a 

much greater activity toward the ε-amino group of thialysine [S-(2-aminoethyl-L-cysteine)]. 

Thialysine is an analogue of one of the essential amino acids lysine, and the ε-amino group 

which refers to the fifth carbon down from the α-carbon, is attached to the carboxyl group. 

Therefore, SSAT2 has also been named thialysine N-ε-acetyltransferase (TLAT) [161]. SSAT2 

has been shown to acetylate TETA just as SSAT1 does. In that report, SSAT2 demonstrated a 

lower Km value for TETA (2.5 ± 0.3 mM) than for thialysine (0.29 mM) and its Vmax for TETA was 

3.96 ± 0.15 µmol/min/mg [120].  

SSAT2 is also involved in the ubiquitin-mediated degradation of hypoxia-inducible factor 1 (HIF-

1). The HIF-1α subunit is subject to oxygen-dependent prolyl-hydroxylation leading to 
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ubiquitination by elongin C-ubiquitin ligase and subsequent degradation by the 26 S proteasome. 

SSAT2 is essential in the formation of the degradation complex, which consists of HIF-1, HIF-1α 

and elongin C [164]. 

1.4. Triethylenetetramine 

1.4.1. Pharmacological Importance of TETA  

TETA is a synthetic tetra-amine that is closely related in structure to SPD and SPM (Figure 1.1). 

Its characteristic structure makes it a potent Cu(II)-selective chelator. Since copper is an 

essential but highly toxic trace element in humans, TETA has certain pharmacological 

applications in relation to the treatment of disease.  

TETA is used to treat Wilson’s disease, also known as hepatolenticular degeneration. This is an 

autosomal recessive genetic disorder of the ATP7B gene that encodes the ATP7B copper 

transporter, and is characterised by accumulation of copper in different tissues, leading to liver 

cirrhosis, neurological disturbances, and a complex array of other symptoms related to distorted 

copper transport and distribution in the whole body [165].This disease was first identified in 1921 

[166]. Until 1969, D-penicillamine was the only available copper chelator to treat this disease but 

it causes severe side effects in quite a high percentage (~20%) of cases [167]. Currently, TETA 

is used to chelate and remove excess copper in such patients [165].  

Distorted copper homeostasis has also been identified in both rat models of diabetes and in 

patients with type-2 diabetes [168, 169]. TETA-treatment prevented and reversed the 

development of diabetes-associated tissue damage in a rat model of diabetes [168]; and left 

ventricular hypertrophy in humans with type-2 diabetes [170]. In a recent review by Cooper 

(2011), evidence of the correlation between defective copper regulation and diabetes-associated 

tissue damages has been presented; and the potential of TETA being a therapeutic drug to treat 
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tissue damage has been discussed, based on both animal models and human clinical trials [171]. 

The general mechanism is that defective copper regulation causes Cu
Ⅱ

-mediated oxidative 

stress and impairs a copper-catalysed anti-oxidant defence system [171].  

Furthermore, since TETA has a prominent effect on preventing and reversing oxidative stress-

caused tissue damage in diabetic animal models and humans, it may also be useful as a drug to 

treat other oxidative stress-caused conditions including heart failure, end-stage renal disease, 

dementia, and certain types of cancer [172-176].  

1.4.2. TETA-Acetylating Enzymes  

Recently, the pharmacokinetics of TETA in humans has been reviewed by Lu [177]. In humans 

TETA undergoes acetylation and forms two metabolites: ATETA and DATETA (Figure 1.3), 

which are excreted in the urine [178]. To study the metabolism of TETA in humans, it is 

necessary to determine which acetylating enzyme(s) is (are) involved in TETA acetylation. The 

current evidence suggested that both SSAT1 and SSAT2 can acetylate TETA: hSSAT1 and 

hSSAT2 have been shown to acetylate TETA at different rates, where the Vmax of SSAT1 was 66% 

of SSAT2 [107, 120]. More interestingly, in vivo drug metabolism experiments have shown that 

SSAT1 knockout mice can acetylate TETA at a similar rate to wild-type mice [120]. These 

observations suggest that both SSAT1 and SSAT2 could play roles in metabolising TETA in vivo, 

and that SSAT2 probably has the more important role. 

1.5. Aims and Hypotheses 

It has been shown that over-expression of the SSAT1 transgene in mice (SSAT1-tg) can 

ameliorate the syndromes associated with obesity and type-2 diabetes. Effects of this genetic 

modification include the following: decreases in fat mass, body-weight, and insulin resistance; 

and improved glucose tolerance. In addition, numerous studies have shown that SSAT1 can be 
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induced at the transcriptional, post-transcriptional, and translational levels [79]. Therefore, 

induction of SSAT1 activity could be a potential target for drug development for treating obesity 

and type-2 diabetes. To our knowledge to date, there has not been a study using drugs to induce 

SSAT1 in vivo focussing on their effects on to fat/energy metabolism. Therefore, to further study 

this possibility in vivo, three continuous studies were carried out. 

Before determining any possible effect of induced SSAT1 activity, it is essential to measure the 

extent of this induction. In addition, since TETA is a substrate of SSAT1 and it also has important 

current and potential therapeutic uses, TETA was chosen to be the substrate for the in vitro 

acetylation assay measuring SSAT1 activity. Therefore, in Chapter three, the first study was to 

develop an assay to measure acetylation activity of tissue preparations using TETA (and ATETA) 

as the substrate. This method was designed to mimic the human physiological environment and 

work with the tissue preparations collected from later animal experiments. The hypothesis of this 

study was that TETA could be acetylated by tissue preparations, and the result would be mainly 

dependent on the intrinsic differences between tissue preparations.  

Subsequently, in Chapter four, this method was applied to measure the acetylation of different 

liver preparations from human, rats, and mice using TETA or ATETA as the substrates. The 

hypothesis of this second study was the liver preparations from human, rats, and mice could 

acetylate both TETA and ATETA, and the acetylation could be used as an indicator of the overall 

SSAT1 activity in the tissue preparations. Furthermore, the different liver preparations were 

compared for polyamine acetylation activity. Differences detected, and possible reasons for 

these differences are discussed.  

Finally, in Chapter five, mice were treated with three possible SSAT1 inducers: DENS, aspirin, 

and TETA. During and after the treatments, the physiological parameters were monitored; and 

biochemical assays carried out, including in vitro polyamine acetylation using TETA as a 
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substrate. The hypothesis here was these drugs could ameliorate the syndromes associated with 

obesity and type-2 diabetes. The expected mechanism under this hypothesis was that induced 

SSAT1 could then accelerate the polyamine catabolism pathway. Since energy-storing 

molecules ATP and AcCoA are essential substrates for reactions within the polyamine catabolic 

pathway, induction of these could further suppress or even reverse lipogenesis. 
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Chapter 2. General Materials and Methods 

This chapter describes the materials and general methods used in this thesis. Many of these 

methods were repeatedly used. The results generated are presented in figures, tables, or both. 

For reasons of simplicity, when the results are presented, only changes to the general method 

and specific manipulations are described in the legend. The relevant general methods are noted 

in each of the Result Chapters (Chapter Three to Five) at appropriate locations.  

2.1.1. Human Tissue Samples 

Healthy human liver supernatant (HLS) and microsomal preparations (HLM) prepared from post-

mortem tissues from five otherwise-healthy organ donors, were prepared from livers stored in the 

human liver bank, Department of Pharmacology and Clinical Pharmacology, Faculty of Medical 

and Health Sciences, University of Auckland. Their use was supported by relevant Human Ethics 

Approvals that had previously been obtained by members of the Department of Pharmacology 

and Clinical Pharmacology.  

2.1.2. Polyamines and Other Special Chemicals 

TETA, SPD, SPM, AcCoA, N8-acetylspermidine (N8-ASPD) dihydrochloride, N1-acetylspermine 

(N1-ASPM) dihydrochloride, and heptafluorobutyric acid (HFBA) were purchased from Sigma-

Aldrich. N1,N12-diethylspermine (DES) tetrahydrochloride and N1,N11-diethylnorspermine (DENS) 

tetrahydrochloride were purchased from Tocris. N1-Acetyltriethylenetetramine (ATETA) 

trihydrochloride and N1,N8-Diacetyltriethylenetetramine (DATETA) dihydrochloride were 

synthesised by CARBOGEN AMCIS Inc. 
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2.2. Tissue Preparations 

2.2.1. Preparation of Liver Supernatants and Microsomes 

Healthy rat-liver supernatant preparations (RLS) and microsomal preparations (RLM) were 

prepared from fresh liver tissues collected from Wistar rats that weighed around 400 – 500 gram 

(6 - 9 months after weaning). 

The method was slightly modified from existing methods used for preparing HLS and HLM [179]. 

Rat liver tissues were washed with ice-cold 1 X phosphate buffer (PBS) (NaCl, 13.7 mM; KCl, 

0.27 mM; Na2HPO4, 1 mM; and KH2PO4, 0.2 mM) at pH 7.4 and blotted dry. Livers were then 

immersed in 1 X PBS containing 1.15% KCl in a volume that was 3 times their weights. The 

mixture was divided into fractions each containing 1.2 to 1.6 mL total volume, which was then 

transferred into 2.0 mL round-bottom microcentrifuge tubes containing 3-mm stainless steel 

beads. Subsequent homogenisation was carried out by using a TissueLyser II (QIAGEN) in 3 

separate shaking operations (25 Hz, 3 minutes), with an interval of 10 minutes, during which the 

tubes were cooled in a - 30 °C freezer. According to the manufacturer’s specifications for the 

TissueLyser II, the mechanical force applied was enough to break the majority of organelles in a 

cell, which included nuclei, mitochondria, and endoplasmic reticulum. Therefore, all soluble 

proteins in the cytoplasm and organelles should have been released and mixed.  

The resulting homogenates were then centrifuged at 10,000 g at 4 °C (SORVALL-Discovery-

100S) for 20 minutes in ultracentrifuge tubes (Beckman Coulter). Supernatants were removed 

and centrifuged again at 100,000 g at 4 °C for one hour in ultracentrifuge tubes. The 

supernatants were collected as RLS. The remaining pellets were rinsed, re-suspended in a small 

volume of 1 X PBS, and collected as the RLM. Both RLS and RLM were stored immediately at –

 80 °C till required. According to similar methods described elsewhere [180, 181], the resulting 
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microsomal preparations will contain ruptured membrane, pieces of cellular organelles, and 

associated proteins. 

2.2.2. Bicinchoninic Acid (BCA) Protein Assay 

Total protein concentrations of all tissue samples were determined using BCA protein assay kits 

(ThermoFisher Scientific). Firstly, a serial dilution of bovine serum albumin (BSA) standards was 

prepared (0 to 2,000 μg/mL). Tissue samples were also diluted by 100- and 1000-times with 

1 X PBS to concentrations that were within the range of the prepared standards. Then, sufficient 

working reagent was prepared by mixing 50 parts of reagent A (containing sodium carbonate, 

sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide) and one 

part of reagent B (containing 4% cupric sulphate). Each standard and sample in duplicate (25 μL 

each) were added to a flat-bottomed 96-well plate (Nalge Nunc). Then, the reaction was started 

immediately by addition of 200 μL working reagent to each well. The plate contents were mixed 

thoroughly on a plate shaker for 30 seconds, after which it was covered by a piece of aluminium 

foil and incubated at 37 °C for 30 minutes. After incubation, the plate was cooled to room 

temperature. The absorbance was then read at 562 nm using a micro-titre plate reader (Spectra 

Max 340). Finally, sample concentrations were calculated automatically according to the 

standard curve plot. 

2.3.  In Vitro Polyamine Acetylation  

2.3.1. In Vitro Polyamine Acetylation Assay Template 

All in vitro polyamine acetylation reactions shared a common methodology, which was composed 

of four continuous steps: 1) sample preparation, 2) enzymatic acetylation (incubation), 3) reaction 

termination, and 4) metabolite detection. This process was followed for all in vitro acetylation 

experiments with the purpose of determining reaction conditions (such as protein concentrations 
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and reaction durations), measuring enzyme kinetic parameters, and finding the best negative 

controls for enzymatic acetylation. Deviations from this process were specified where appropriate 

in the results sections of later chapters.  

In the first step, substrate (polyamines) was mixed with enzyme(s), and then the total volume 

was topped up to the same level for all of the reactions samples using 0.5 X PBS (1 X PBS 

mixed with the same volume of water). Since phosphate ions may precipitate during mass 

spectrometry and cause blockages, 0.5 X PBS was used instead of 1 X PBS. After this, the 

reaction was initiated by addition of AcCoA (final concentration: 1.67 mM) to all samples 

simultaneously  

In the second and the third steps, microcentrifuge tubes containing the activated reaction mixture 

were transferred to a Thermomixer incubator (Eppendorf) and kept at 37 ºC with agitation at 

450 rpm for a specified period of time, according to the design. After incubation, 100 μL of 

heptafluorobutyric acid (HFBA) was added to each reaction tube to stop the reaction, and then 

20 μL of 1 mM N1,N12-diethylspermine tetrahydrochloride was added as the internal standard 

(IS). Next, the solution was centrifuged at 21,000 g (Eppendorf Centrifuge 5417R, 14,000 rpm) 

for 40 minutes to precipitate protein and any other insoluble substances. The supernatant 

(200 μL) was transferred into a 350 μL flat bottom insert (Grace Davison) within a snap vial and 

stored at - 30 °C. 

In the fourth step, metabolites in the prepared samples were measured by using a single 

quadruple liquid chromatography/mass spectrometry (LC/MS) system (Agilent). Samples were 

kept at 4 °C on a sampler before injection. After a sample was injected into this system, it was 

firstly mixed with a mobile phase containing 15% acetonitrile, 85% water, and 0.1% HFBA. Then, 

it was injected into a cyano-column (5 µm pore size, 150 X 4.6 mm column chamber) 

(Phenomenex). The separation was run isocratically at a flow rate of 0.45 mL/min for 8 minutes. 
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After separation, the eluent passed through the electrospray ionisation compartment (ESI) where 

water and uncharged ions were removed. The drying gas flow was 12 L/min and the nebuliser 

pressure was 40 psig. Following this, a Fragmentor of 70 V was applied to the ionised particles. 

Then, they were sucked into the single quadruple compartment, which picked all particles with 

selected molecular weights, shooting them to a detector. MS detection was performed at [M + H] 

values of 147, 189, 231 and 245, corresponding to TETA, ATETA, DATETA, and DES (as 

internal standard, IS), respectively [182]. After running of every 18 samples, the column was 

washed with a wash solution containing 95% acetonitrile, 5% water, and 0.1% HFBA at 

0.5 mL/min for 30 minutes. The amount of each metabolite was quantitated by measuring peak 

area under the curve. 

2.3.2. Preparation of the Standard Curve for LC/MS Analysis 

LC/MS can only measure the absolute signal intensities of metabolites in samples. In order to 

calculate their concentrations, the measured values must be compared to a standard with known 

concentrations and known LC/MS signal intensities. To prepare the standard curve, appropriate 

amounts of TETA, ATETA, and DATETA were dissolved in 560 μL of distilled water so each was 

present in a final concentration of 32 μM. Then, 280 μL of the mixture was withdrawn and mixed 

with an equivalent volume of distilled water so the concentrations of all three metabolites were 

halved. This step was repeated another 7 times providing a dilution series, each containing TETA, 

MAT and DAT over a range of concentrations (0.125 to 32 μM) were prepared. A blank sample 

containing water only was included as the zero point. Subsequently, 100 μL of HFBA and 20 μL 

of DES (as IS) were pipetted into each sample. All samples were then centrifuged at 21,000 g for 

40 minutes. Then, 200 μL of the supernatant of each tube was transferred into a 350 μL flat 

bottom insert (Grace Davison) within a snap vial. Prepared samples were stored at - 30 °C and 

analysed using LCMS next day. The amount of each metabolite was quantitated by its peak area 

on the graph. 
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2.3.3. Processing and Presentation of Results 

Most of the in vitro acetylations were presented as Michaelis-Menten plots or Dixon plots. For 

Michaelis-Menten plots, in vitro acetylations were carried out with increasing substrate 

concentrations. The reaction velocity (V, amount of product formed per unit of time per unit of 

protein) was plotted against substrate concentrations. Then the results were fitted with the 

Michaelis-Menten model to deduce Km and Vmax.  

For Dixon plots, in vitro acetylations were carried out with increasing substrate concentrations 

and increasing inhibitor concentrations. Each line of the Dixon plot was produced by plotting the 

reciprocal of the initial velocity (1/V) against a series of increasing inhibitor concentrations at a 

constant substrate concentration. The negative X-value of the intercept is the Ki.  

2.4. SSAT1 Induction in a Mouse Model of Obesity and Type-2 Diabetes 

2.4.1. Animals and Drug Treatments 

All animal experiments were approved by the Institutional Animal Ethics Committee. C57Bl/6 

wild-type mice (C57) and matched C57Bl/6 Lepob/Lepob mice (ob/ob) were provided by the 

Integrated Physiology Unit, School of Biological Sciences. They were kept in mouse cages in 

pairs with unlimited access to water and chow. The room was maintained with constant 

temperature (25 °C), humidity (40 to 70%) and 12-12 hour light-dark cycles.  

Three SSAT1 inducers were used for these studies: DENS, aspirin, and TETA. Saline treatment 

was used as the control for these treatments. Each treatment was also applied to equal numbers 

of C57 mice and ob/ob mice. Therefore, there were eight treatment groups in total. The drug-

dose and injection volumes for these treatment groups are summarised in Table 2.1. The drugs 

and saline were administered through intraperitoneal injection immediately after weaning, and 

then on every Monday, Wednesday and Friday morning for the following 24 weeks. During this 
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period, total body-weights and blood glucose levels of each mouse were measured weekly. If an 

animal died before 24 weeks post-weaning, data from this animal was excluded from final 

analysis. 

Table 2.1 Design of Drug Treatment in Mice 

    

Injecting Injecting Number 

Group Genotype Treatment Dose Concentration Volume of 

   

(mg/kg) (mg/μL) (μL/g) Mice 

1 C57 Sham - - 5 15 

2 ob/ob Sham - - 5 15 

3 C57 DENS 40 0.08 5 10 

4 ob/ob DENS 40 0.08 5 15 

5 C57 Aspirin 30 0.06 5 8 

6 ob/ob Aspirin 30 0.06 5 8 

7 C57 TETA 60 0.12 5 8 

8 ob/ob TETA 60 0.12 5 8 

There were eight treatment groups in total. Each drug was prepared freshly on the day of injection. 

Injecting concentration was the concentration of drug in the saline, which was calculated to give the 

same injection volume for all mouse groups. Abbreviations: DENS, N1,N11-diethylnorspermine; and TETA, 

triethylenetetramine. 

2.4.2. Magnetic Resonance Imaging (MRI) 

During the 24-week post-weaning period, body-fat volume was measured during four time-

windows of 0 - 23, 49 - 84, 107 - 133, 156 - 190 days post-weaning, and cardiac function during 

157 - 203 days post-weaning was measured using a 4.7-T horizontal-bore magnet controlled with 

a Unity Inova spectrometer (Varian). A 72 mm ID circularly-polarised bird-cage coil (M2M 

Imaging) was used to measure fat content, and a 40 mm ID Millipede™ coil for cardiac function 

measurements. Throughout each MRI scan, animals were anaesthetised with 4% isoflurane 

administered via air flow, and core body temperatures were maintained between 35 and 38 °C. 
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ECGs, respiration rates and core body temperatures were monitored using a Small Animal 

Monitoring System (SAII). For fat content, a respiration-gated MRI scan using the three-point 

Dixon fat/water imaging protocol [183] spanning the whole body was applied. (TR = 1000 msec; 

TE was adjusted according to the separation of the fat and water peaks to obtain in-phase and 

opposed-phase images, flip angle = 60°, thickness = 2 mm, averages = 4, matrix = 128x128, 

numbers of slices and FOV were adjusted to cover the whole body from the anterior to posterior). 

Total body volume was determined from regions of interest that had been manually selected by 

combining water and fat signals using ImageJ software (National Institutes of Health, MA, US). 

Total fat volume was determined from threshold-selected regions in ‘fat signal only’ images and 

fat-volume percentage derived. These ‘fat tissues’ included abdominal fat pads, subcutaneous fat, 

along with most other fat tissues in the body. In practical terms, the technique used here did not 

distinguish signals as tissues per se, but as molecules contained within particular volumes of 

tissue. A particular volume containing both fat and water molecules will be represented as a 

single pixel signal. The grey-scale colour of this pixel will be dependent on the content of fat 

molecules in the volume under study, where white represents the highest fat-molecule content 

whereas black represents the lowest fat-molecule content. In this project, white signals were 

counted as being ‘fat tissues’.  

For cardiac function, an ECG and respiration-gated gradient-echo sequence MRI scan in the 

cardiac short axis orientation, spanning from the apex to the base of the left ventricle, was 

carried out (4). (TR = 2* R-R interval, ~280 - 360 msec, TE = 1.8 msec, cardiac phases = 10, flip 

angle = 60°, slices = 12, thickness = 1 mm, averages = 4, FOV = 40 x 40 mm, matrix = 

128 x 128). Cardiac output (CO), left ventricle ejection fraction (LVEF), left ventricular mass 

(LVM), and left ventricle volume (LVV) were determined manually from regions of interest in the 

cine images using ImageJ software.  
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2.4.3. Calorimetric Analysis 

Calorimetric analysis was performed when mice were between 150 and 209 days post-weaning 

by using an open-circuit system implementation of a Comprehensive Laboratory Animal 

Monitoring System (CLAMS) (Columbus Instruments) for approximately 72 hours under a 12 

hour-light/12 hour-dark cycle (wherein the light period was between 7.00 to 19.00 hours) at 

22 ± 2 °C. During the 72 hours, as least the first 24-hour period was for purposes of 

acclimatisation, following which mice underwent a 24-hour period of data collection. Throughout 

this time period, the machine measured the rates of oxygen consumption, carbon dioxide 

production, energy expenditure (EE), food consumption, water consumption, and activity (in the 

X- and Z-axial directions) every 10 minutes. The timing of the measurements is consistent with 

recommended practice. Collected data were reviewed; a continuous section of 24-hour data with 

smooth food and water consumption and RER curves was selected for the next step of analysis.  

2.4.4. Urine Collection 

About one week after the calorimetric experiment, animals were housed individually in Tecniplast 

metabolic cages for 24 hours, and the total urine produced during this period was collected and 

labelled as mouse urine (MU). These samples were stored at - 80 °C for later analysis. 

2.4.5. Blood Glucose and Insulin Tests 

After completion of the MRI study, mice underwent a series of end-stage tests to measure 

fat/energy metabolism-related parameters, which included insulin tolerance test (ITT), insulin 

sensitivity test (IST), and glucose tolerance test (GTT). Each mouse underwent these tests in the 

specified order, and sufficient recovery time (over a week) was allowed between each pair of the 

ongoing tests. The detailed methods of each test have been described below.  
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Insulin Tolerance Test (ITT) 

ITTs were performed when mice were between 152 and 221 days post-weaning. Mice were 

fasted for 12 hours starting at 19:00 on the day before the test was to be administered. The next 

morning, the tail tip of each mouse was punctured by a syringe needle (23G). Then, gentle 

pressure was applied on the tail from the bottom to the tip between the experimenter’s thumb 

and index finger. This action was repeated a few times until a large drop of blood (diameter of 

approximately 2 - 3 mm) had appeared at the tail tip. The blood glucose value was measured by 

using an automatic blood glucose meter (Glutest Pro). After this, the animals were 

intraperitoneally injected with 0.5 mU/g (body-weight) human insulin (Actrapid, Novo Nordisk). 

Subsequent blood glucose levels were measured using the same method repeated at 20, 40, 

and 80 minutes after the injection. Finally, the wound was wiped with tissues soaked with 70% 

v/v aqueous ethanol. 

Insulin Sensitivity Test (IST) 

ISTs were performed when mice were between 157 and 216 days post-weaning. Each mouse 

was fasted for 12 hours starting at 19:00 on the evening before the test was to be administered. 

The next morning, blood glucose levels were measured as described above. Then, the animals 

were intraperitoneally injected sequentially with 0.15 mU/g (body-weight) human insulin and 

0.4 mg/g (body-weight) glucose (UNIVAR) at the same time. Subsequently, blood glucose levels 

were measured using the same method as for the ITT, at 20, 40, and 80 minutes after injection. 

Finally, the wound was wiped with tissues soaked with 70% v/v/ aqueous ethanol. 

Glucose Tolerance Test (GTT) 

GTTs were performed when mice were between 157 and 232 days post-weaning. Each 

individual was fasted for 12 hours beginning at 19:00 on the evening before the test was to be 

administered. On the next morning, blood glucose levels were measured as described above. 
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After this, 20 - 25 µL of blood was collected. Then, mice were intraperitoneally injected with 

2.0 mg/g (body-weight) aqueous glucose and blood glucose levels were measured at 0, 15, 30, 

60, 120 minutes post-injection. Thereafter, blood samples of 20 - 25 µL were collected at 0, 20, 

and 120 minutes post-injection in Microtainer-tubes with serum-separator additive (Becton 

Dickinson). Collected blood was centrifuged at 10,000 rpm for 10 minutes. Resulting serum was 

transferred into a microcentrifuge tube and stored at -80 °C till use. Insulin levels were 

determined using an Ultra Mouse Insulin ELISA Kit (Crystal Chem).  

2.4.6. Dissection and Tissue Processing 

After the completion of the above tests, mice were culled and tissues collected at between 178 

and 234 days post-weaning. The tissue collections were carried out in the mornings. Firstly, the 

mouse was anaesthetised with 4% (v/v) isoflurane via air flow. Then, the maximum possible 

volume of blood was collected by cardiac puncture and stored in Microtainer-tubes with serum 

separator additive, on ice. Next, the mouse was culled by cervical dislocation. After that, the 

heart, liver, fat, kidneys, and hind-limb skeletal muscle were harvested into labelled 

microcentrifuge tubes in liquid nitrogen. Morphological differences amongst mice were checked 

during dissection. After the above operations were completed, collected blood was centrifuged at 

10,000 rpm for 10 minutes. Resulting serum (MS) was transferred to another microcentrifuge 

tube. Finally, all of these tissues were stored at -80 °C until use. 

After the completion of the drug-treatment experiments using the live mice, all tissues collected 

(liver, heart, and muscle) were processed into liver supernatant (MLS), liver microsomes (MLM), 

heart supernatant (MHS), heart microsomes (MHM), and muscle homogenate (MMH) using the 

same procedures detailed in 2.1.2, and the total protein concentrations were measured as 

described in 2.1.3. Resulting tissue preparations and homogenate were stored at -80 °C until use. 
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2.4.7. Measuring Polyamine Abundance in Tissue Preparations 

Concentrations of SPD, N8-ASPD, SPM, and N1-ASPM in liver (MLS, MLM), heart (MHS, MHM), 

muscle (MMH), blood (MS), and urine (MU) were measured by using a Triple-Quadrupole Liquid 

chromatography/Mass Spectrometry (QQQ) (Agilent 6460) system as is hereinafter described. 

To prepare samples for analysis, 65 µL of serum, tissue preparation or urine was vortex-mixed 

with 30 µL of HFBA solution and 5 µL of 0.04 mM N1,N12-diethylspermine (internal standard, IS). 

This was followed by centrifugation at 21,000 g for 40 minutes to precipitate proteins and any 

other insoluble substances. The supernatant (50 μL) was transferred into a 350 μL flat bottom 

insert within a snap vial for the QQQ analyses. 

Prepared samples were maintained at 4 °C in the QQQ sampler. For analysis, 10 µL of each 

sample was mixed with a mobile phase containing 15% acetonitrile, 85% water, and 0.005% 

HFBA, and then injected into a 150 X 4.6 mm cyano column (5 µm pore size) (Phenomenex). 

The separation was run isocratically with a flow rate of 0.4 mL/min for 11 minutes. After 

separation, the eluent passed into the electrospray ionisation compartment (ESI) where water 

and uncharged ions were removed. The drying gas flow was 10 L/min at a nebuliser pressure of 

25 psig. Following this, a Fragmentor of 120 V was applied to the ionised particles. Then, product 

ions were drawn into the single quadrupole compartment, which isolated all particles with 

selected parental m/z values and passed them into the collision cell. Thereafter, a collision 

energy of 20 V was applied to the selected parent ions to fragment them into smaller product 

ions, which were selected by their m/z values and counted by the detector. After running 

approximately 20 samples, the column was washed with a solution containing 95% acetonitrile, 5% 

water, and 0.1% HFBA at 0.5 mL/min for 30 minutes. For SPD, N8-ASPD, SPM, N1-ASPM and 

DES (IS), corresponding parental ions were detected at respective m/z values of 146.3, 188.2, 

203.2, 245.2, and 259.3. The most abundant product ion corresponding to each metabolite (as 
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measured by area under the curve) was also detected at respective m/z values of 72.3, 114.1, 

112.2, 100.2, 112.2.  

2.4.8. Immunoblotting Experiments Using Liver, Heart, and Muscle Preparations  

Materials and General Methods of Immunoblotting 

The general method described below was used for all immunoblotting experiments in the current 

study. Parameters were kept constant unless mentioned specifically in the context of specific 

results. Each sample contained an aliquot of tissue preparation [or homogenate, or human 

recombinant SSAT1 (hSSAT1)], with 0.067 mM reducing agent (Dithiothreitol, DTT; Bio-Rad), 

LDS loading buffer (Life Technologies), and water to a final volume of 12 µL, and was mixed and 

then incubated at 70 °C, with agitation at 650 rpm for 10 minutes (Thermomixer Comfort, 

Eppendorf). Then, 10 µL of the mixture was loaded onto the gel (see below). Precision plus 

protein dual colour standard (Bio-Rad) was used for the molecular-weight ladders (applied at 

4 µL/lane).  

NuPAGE 4-12% gradient gels (bis-Tris-HCl, pH 7.0 final), with a 4% (w/v) stacking gel 

(acrylamide/bisacrylamide, bis-Tris, pH 7.0 final) were washed with milli-Q water and then placed 

in an XCell Sure-Lock apparatus (Life Technologies) during sample incubation. NuPAGE anti-

oxidant (500 mL) was added to the negative electrode chamber before loading samples. Gels 

were run in MES running buffer [2-(N-Morpholino) ethanesulphonic acid, 50 mM; sodium 

dodecylsulphate, 0.1%; ethylenediaminetetraacetic acid, 1.0 mM; and Tris-base, 50 mM at pH 

7.3] at 120 V for 1 hour. Then the separated proteins were transferred to a nitrocellulose 

membrane (pore size, 0.2 µm) in transfer buffer (Tris-base, 25 mM; glycine, 192 mM; and 

methanol, 20%) at 300 mA after 1 hour and 45 minutes. The wet-transfer set was kept in water-

ice mixture during transfer operations. 
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After transfer, the membrane was blocked by incubation in 25 mL of 1 X TBST (NaCl, 150 mM; 

Tris-HCl, 10 mM; and Tween 20, 0.05% at pH 7.5) with 5% (w/v) of non-fat dry skim milk 

(Fonterra) for one hour. Primary antibody was dissolved in 7 mL of 1 X TBST with 3% (w/v) BSA 

(ICP Biologicals); secondary antibody was dissolved in 7 mL of 1 X TBST.  

For anti-SSAT1 immunoblotting, after blocking, the membrane was incubated first with SSAT1 

antibody (Abcam, rabbit polyclonal that had been raised against recombinant human SSAT1; 

0.1334 µg/mL) overnight and then with goat anti-rabbit antibody (0.0114 µg/mL) as the 

secondary antibody for 2 hours. When each antibody-incubation step had been completed, the 

membrane was thrice washed with 25 mL of 1 X TBSTA, for 15 minutes each time. For anti-

ubiquitin immunoblotting, after blocking, the membrane was incubated with ubiquitin antibody as 

the primary (rabbit polyclonals raised against recombinant human ubiquitin; 0.1334 µg/mL) 

overnight and with goat anti-rabbit antibody (0.0114 µg/mL) as the secondary antibody for 2 

hours. When each antibody-incubation step had been completed the membrane was thrice 

washed with 25 mL of 1 X TBSTA, for 15 minutes each time. 

After incubation with primary and secondary antibodies, signal development was performed 

using an enhanced chemiluminescence (ECL) kit (GE Healthcare). Some of the early 

experiments were done with an ECL-plus kit (subsequently discontinued). Both of 

chemiluminescence images and normal images were captured by using LAS-3000 (Fujifilm).  

2.5. Statistical Analyses 

Standard statistical analysis methods were adopted in Chapters Three and Four. They are 

explained in the figure or table legends. This section focuses on providing an explanation of the 

general statistical analysis methods and presentation of results used in Chapter Five. The 

parameters measured through the whole course of animal experiments were determined by three 

independent variables. These were genotypes (C57 and ob/ob), treatments (DENS, aspirin, 
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TETA, and Sham-control), and time (0 to 24 weeks after weaning). To test the effects of each 

independent variable and the interaction between two variables, statistical analyses were carried 

out using the following methods. 

Analyses were first done within one Sham-control group and one drug (DENS, aspirin, or TETA)-

treated groups which were sharing the same genotype. Significances of treatment-, time-

dependent changes, and treatment/time-interaction have been analysed by applying linear 

mixed-effects models. The significance values have been presented in graphs for the groups of 

C57 mice (treatment effect . time effect . treatment/time interaction: -, P>0.05; †, P≤0.05; ††, 

P≤0.01; †††, P≤0.001) and ob/ob mice: (treatment effect . treatment/time interaction: -, P>0.05; ‡, 

P≤0.05; ‡‡, P≤0.01; ‡‡‡, P≤0.001).  

Then, analyses were done within four mouse groups: two Sham-control (ob/ob and C57) groups 

and two drug (DENS, aspirin, or TETA)-treated (ob/ob and C57) groups. Significances of 

treatment-dependent changes, treatment/time-, and treatment/genotype-interactions have been 

analysed by applying linear mixed-effects models. The significance values have been presented 

in graphs: -, P>0.05; *, P≤0.05; **, P≤0.01; ***, P≤0.001). For cases where time and genotype 

have very obvious innate effects, analyses were omitted. For the parameters that were measured 

only at the end of animal experiments, they were determined by two independent variables, 

treatment and genotype. Sham-control C57 and ob/ob mice were initially compared by applying 

the Mann Whitney-U test (#, P≤0.05; ##, P≤0.01; ###, P≤0.001).  

Thereafter, one-way ANOVA with Bonferroni post-hoc correction was applied were in groups of 

treated C57 mice (to compare them with Sham-control C57 mice: †, P≤0.05; ††, P≤0.01; †††, 

P≤0.001); and for ob/ob mice (compared to Sham-control ob/ob mice: ‡, P≤0.05; ‡‡, P≤0.01; 

‡‡‡, P≤0.001). Finally, drug- (DENS, aspirin, or TETA) treated mice were compared to their 
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respective Sham controls by two-way ANOVA separately (genotype effect . treatment effect . 

genotype/treatment interaction: -, P>0.05; *,P≤0.05; **, P≤0.01; ***, P≤0.001). 
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Chapter 3. Development of Methods for In Vitro Measurement of 

Enzyme-Catalysed Polyamine Acetylation  

3.1. Introduction 

This study was designed to develop a method to measure polyamine acetylation activity in tissue 

preparations using TETA (and ATETA) as the substrate. In later experiments, this method would 

be used to determine whether the proposed drugs can induce SSAT1 activity and modify the 

polyamine pool. Therefore, this method would be used to measure the polyamine acetylation 

activity in tissue preparations which were processed from mice with or without drug treatment. 

This method would also be used to measure the polyamine acetylation activity in liver 

preparations from human and rats.  

The tissue preparation is a mixture of different macro and small molecules, which includes 

protein and metabolites. The exact content of the tissue preparation largely depends on the 

processing method and storage condition. Any difference in the content would possibly cause 

significant differences in the results of the acetylation assay. Therefore, to minimise the 

possibility of unexpected error, it is essential to develop a new method to measure for 

subsequent polyamine acetylation assay, for which the parameters were carefully tailored for the 

specific substrate and protein source (tissue preparations). 

In general, an in vitro enzyme assay can be viewed as consisting of two consecutive and 

potentially measurable aspects: the first relates to measurements of rates of change in 

concentrations of substrates and/or products of the reaction that are made during the occurrence 

of the reaction (kinetic measurement); the second is the detection and measurement of final 

changes in concentrations of reagents and/or products that occur after a pre-set time has 

elapsed (end-point measurement).  
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For analysing the enzyme-catalysed polyamine acetylation, the process of measurement 

involved preparing reaction samples, followed by their incubation with enzyme-containing 

preparations under controlled conditions and the subsequent stopping of the reaction of interest; 

the second aspect involved the detection and measurement of the amounts of reagents or 

products (in this case, certain small molecules or metabolites) in the samples, and their changes 

over time. Since the second part was necessary for revealing changes in any of the parameters 

relevant to the assays under development, it was addressed first. 

3.1.1. Polyamine Detection by LCMS 

To date, a number of methods have been published for measuring enzyme-catalysed polyamine 

acetylation activity in vitro. The general principle is to measure the rate of disappearance of a 

substrate or the appearance of a product (that is, kinetic measurement). Based on the different 

methods of measuring the metabolites, these in vitro acetylation assays can be categorised into 

the following five groups.  

Radioactive Isotope Assay  

The most widely-used method of measuring SSAT1 activity is through labelling of AcCoA with 

either of the radioactive isotopes 14C [110, 115, 141, 184-189], or 3H [190]. In assays employing 

such substrates, the radioactively-labelled acetyl-polyamines are fixed on phosphocellulose 

paper, and then counted in a scintillation counter. These methods were first described by Libby 

[191, 192] and Wallace [193], respectively. Repeated washing and fixation of metabolites on the 

membrane might improve the termination of the reaction in the case of both positive and negative 

controls. However, the requirement for radioactive isotope makes this method costly and less 

user-friendly.  
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High-Performance Liquid Chromatography (HPLC)-Derivatisation Assay  

Another commonly used method is to derivatise the polyamines, mostly by addition of detectable 

molecules (labelling reagents) to the aminooxyl groups, followed by their separation using HPLC, 

and subsequently their detection and quantitation by fluorescence measurement [107, 194]. The 

limitations of this general approach are: i. complex chromatograms are produced; and ii. there is 

frequently a degree of uncertainty as to whether all the functional groups of any one polyamine 

are properly labelled, and also whether any internal standard polyamine is equivalently labelled 

[172].  

Analysis of SSAT1 Activity by Nuclear Magnetic Resonance Spectroscopy (NMR) 

Montemayor and colleagues have reported measurements of SSAT1 activity using nuclear 

magnetic resonance spectroscopy [114]. The depletion of AcCoA or the generation of acetyl-

polyamines was determined by measuring the peak size of 1H resonances near 1.97 or 2.31 ppm 

respectively. This may be the most accurate method of measurement available at this time but is 

limited by the expense of using an NMR spectrometer to measure large numbers of samples, as 

was required for the current thesis. 

Colorimetric Assay  

Recently, Lin and colleagues described another way to measure SSAT1 activity, using a 

colorimetric reaction [195]. In this assay, the other product of the acetylation reaction, CoA-SH 

reacts with a 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) substrate molecule to form a 2-nitro-5-

thiobenzoate (TNB) molecule, which then can be detected via its absorbance at 412 nm. The 

limitation of this method is that it requires another reaction to measure the acetylation product, 

which might increase the random error involved. In addition, the acetylation product measured is 

not specific to the SSAT-catalysed reaction, since AcCoA participates in several other reactions 

in intermediary metabolism.  
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Liquid Chromatography/Mass Spectrometry (LCMS) Assay  

In 2004, our group developed a new method for measuring TETA and its two metabolites, 

ATETA and DATETA in human plasma and urine [182]. By applying this method, the amounts of 

this linear polyamine and its derivatives can be measured directly.  

In these studies, an in vitro polyamine acetylation assay was developed based on the above 

LCMS method. HLS, HLM, rat liver supernatant (RLS), and rat liver microsomes (RLM) were 

used as enzyme sources. The parameters included in this assay: reaction time, protein 

concentration, and substrate concentration were determined by experimental analysis. At the end 

of this study, the effect of spontaneous (that is, non-enzymatic) acetylation of polyamines by 

AcCoA as acetyl donor, on the accuracy of this assay was also investigated as a potentially 

confounding process. 

3.1.2. Determination of Optimal In Vitro Acetylation Conditions 

For an in vitro enzyme kinetic assay, there are many parameters that must be refined to generate 

an accurate and meaningful result. In this study, some of the starting parameters have been 

determined empirically, based on the available literature.  

PBS was chosen as the reaction medium as it is often used in kinetic enzyme assays. Since the 

phosphate in PBS tends to precipitate in the LCMS, which would affect the accuracy of 

measurement, the concentration of PBS was adjusted to half of the original concentration (i.e. In 

humans, values of the average interstitial pH at rest are: muscle, 7.38 [196]; liver, 7.29 [197, 198]; 

and blood, 7.4. To mimic the physiological conditions of human tissues where the acetylation 

process takes place, the pH was kept at 7.4 [199, 200] and the temperature at 37 °C in all in vitro 

acetylation reactions.  
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Aside from polyamines, AcCoA (acetyl-coenzyme A) is the other substrate necessary for this 

assay, as it provides the acetyl group. Here, AcCoA (1.67 mM) was added just before incubation. 

The concentration of AcCoA was made to be in excess, and was higher than in most equivalent 

enzymatic assays of SSAT1 so that it would not become a limiting factor. Addition of AcCoA was 

also considered to be the initiation point for the acetylation reaction.  

During the incubation period, microcentrifuge tubes containing reaction mixture were agitated at 

450 rpm. After the incubation, HFBA was added to stop the reaction and to precipitate proteins in 

the reaction mixture. N1,N12-diethylspermine was used as the internal standard (IS), since it is a 

non-physiological molecule that would not otherwise be present in the ex vivo samples, and 

which possesses similar reactivity to the polyamines that are being measured. It was used to 

account for random error introduced by between-sample error caused by random fluctuations 

between injections of samples into the LCMS apparatus. After the addition of HFBA and IS, the 

samples were centrifuged at 21,000 g for 40 minutes. The supernatants were then transferred 

into a glass insert in a LCMS vial for subsequent measurement. The other parameters were 

determined through experimental analysis: these were protein concentration, reaction time, and 

the substrate concentration range. 

3.2. Results 

3.2.1. Polyamine Detection by LCMS 

Using the LCMS method described in Section 2.3.1, samples containing polyamines were 

individually identified in chromatograms. These polyamines were TETA, ATETA, DATETA, SPD, 

ASPD (both N1-ASPD and N8-ASPD), SPM, N1-ASPM, DES (as the internal standard, IS), and 

3,4-Dimethylaniline (DMA). They showed dominant peaks at respective [M + H] m/z values of: 

147, 189, 231, 146, 188, 203, 245, 122, and 260 (Figure 3.1 - 3.3). When TETA, ATETA, SPD, 

SPM, and DMA were incubated with HLS and AcCoA at 37 °C for 37 minutes, peaks 
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corresponding to their acetylation products, which were ATETA, DATETA, ASPD, N1-ASPM, and 

N-acetyl-3,4-Dimethylaniline (ADMA) respectively, were detected at [M + H]+ m/z values of 189, 

231, 188, 245 and 164 (Figure 3.1 -  3.3). None of these peaks were detected in blanks 

containing only PBS. This result validated the use of LCMS methodology for detecting 

polyamines and polyamine analogues. It also demonstrated the presence of acetylation 

metabolites. 
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Figure 3.1 Chromatograms of DES, TETA, ATETA, and DATETA. (A), m/z = 260, DES; (B), m/z = 147, TETA; 

(C), m/z = 189, ATETA; and (D), m/z = 231, DATETA. Samples containing 1.6 mM DES, TETA, ATETA, or 

DATETA in 280 µL 0.5 X PBS were mixed with 100 µL heptafluorobutyric acid (HFBA), followed by 

centrifugation at 21,000 g before LCMS was performed. The chromatograms giving the highest DES, TETA, 

ATETA, and DATETA signals were plotted and are shown above. Abbreviations: DES, N1,N12-

Diethylspermine; TETA, Triethylenetetramine; ATETA, N1-Acetyltriethylenetetramine; DATETA, N1,N8-

Diacetyltriethylenetetramine.  
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Figure 3.2 Chromatograms of SPD, N8-ASPD, SPM, and N1-ASPM. (A), m/z = 146, SPD; (B), m/z = 188, N8-

ASPD; (C), m/z = 203, SPM; and (D), m/z = 245, N1-ASPM. Samples containing 1.6 mM SPD, N8-ASPD, SPM, 

or N1-ASPM in 280 µL 0.5 X PBS were mixed with 100 µL heptafluorobutyric acid (HFBA), followed by 

centrifugation at 21,000 g. After this, chromatograms giving the highest SPD, N8-ASPD, SPM, or N1-ASPM 

signals were plotted and are shown above. Abbreviations: SPD, Spermidine; N8-ASPD, N8-Acetylspermidine; 

SPM, Spermine; and N1-ASPM, N1-Acetylspermine. 

  

A.

Time (Minutes)

2 4 6 8

M
S

 In
te

n
s
it
y 

(C
o

u
n
ts

 X
 1

0
4
)

0.0

2.0

4.0

6.0

8.0

B.

Time (Minutes)

2 4 6 8

M
S

 In
te

n
s
it
y 

(C
o

u
n
ts

 X
 1

0
6
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

D.

Time (Minutes)

2 4 6 8

M
S

 In
te

n
s
it
y 

(C
o

u
n
ts

 X
 1

0
6
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

C.

Time (Minutes)

2 4 6 8

M
S

 In
te

n
s
it
y 

(C
o

u
n
ts

 X
 1

0
5
)

0.0

1.0

2.0

3.0

4.0

5.0

6.0



Chapter Three: Development of Methods for In Vitro Measurement of Enzyme-Catalysed Polyamine Acetylation 

 [71]  

 

Figure 3.3 Chromatograms of DMA and N-acetyl-3,4-DMA. (A), m/z = 122, DMA; and (B), m/z = 146, 

ADMA. Sample containing 1.6 mM DMA, 2.68 mg/mL human liver supernatant (HLS), 1.67 mM Acetyl-

Coenzyme A, and 280 µL 0.5 X PBS were incubated at 37 °C, with agitation at 450 rpm for 30 minutes. 

Then the reaction was stopped by adding 100 µL of heptafluorobutyric acid (HFBA), followed by 

centrifugation at 21,000 g. After this, chromatograms giving the highest DMA and ADMA signals were 

plotted and are shown above. Abbreviation: DMA, 3,4-Dimethylaniline 
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3.2.2. The Optimised In Vitro Acetylation Conditions 

The experimental parameters that were determined through experimental analyses were: protein 

concentration, reaction time, and substrate concentration range. For the in vitro acetylation assay, 

the total reaction volume was either 280 µL or 560 µL, and all ingredients were kept at the same 

concentrations as described in the figure legends. For detailed methods, refer to Section 2.5. 

Optimal Total Protein Concentration  

 

 

Figure 3.4 Assay Conditions to Determine Optimal Protein Concentration Using Human Liver 

Supernatants (HLS). (A): in vitro acetylation (as detailed in Section 2.3.1) was carried out with 0.216 mM 

triethylenetetramine as substrate and increasing amounts human liver supernatant for 60 minutes. The 

product to internal standard-ratio (N1-acetyltriethylenetetramine/N1-acetylspermine) was plotted against 

protein concentration and fitted to the Michaelis-Menten model, where the protein concentration = 

substrate concentration, and the rate of product formation = reaction velocity. (B): the same experiment 

was repeated using ATETA (0.216 mM) as the substrate with N1,N8-diacetyltriethylenetetramine (DATETA) 

as the product.   

A. 

Protein Concentration (mg/mL)

0 1 2 3 4 5 6

A
T

E
T

A
/IS

0.0

2.0

4.0

6.0

8.0

10.0

B. 

Protein Concentration (mg/mL)

0 1 2 3 4 5 6

D
A

T
E

T
A

/IS

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4



Chapter Three: Development of Methods for In Vitro Measurement of Enzyme-Catalysed Polyamine Acetylation 

 [73]  

 

Figure 3.5 Assay Conditions to Determine Optimal Protein Concentration Using Rat Liver Supernatants 

(RLS) and Microsomes (RLM). (A): in vitro acetylation (as described in Section 2.3.1) was carried out with 

0.216 mM triethylenetetramine as substrate and increasing amounts of rat liver supernatant for 60 

minutes. The product to internal standard-ratio (N1-acetyl-triethylenetetramine/N1-acetyl-spermine) was 

plotted against protein concentration and fitted to the Michaelis-Menten model, where the protein 

concentration = substrate concentration, and the rate of product formation = reaction velocity. (B): the 

same experiment was repeated using ATETA (0.216 mM) as the substrate and 4.45 mg/mL of rat liver 

supernatant; N1,N8-diacetyltriethylenetetramine (DATETA) was the product. (C and D): a repeat of (A and 

B) using rat liver microsomes respectively.  
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Optimal Reaction Time 

 

Figure 3.6 Assay Conditions to Determine Optimal Reaction Time. (A): in vitro acetylation (as described 

in Section 2.3.1) was carried out with 0.431 mM triethylenetetramine and 2.68 mg/mL human liver 

supernatant. The reaction time ranged from 5 to 60 minutes. The product to internal standard-ratio (N1-

acetyl-triethylenetetramine/N1-acetyl-spermine) was plotted against reaction time, and fitted to the 

Michaelis-Menten model, where the reaction time = substrate concentration and the rate of product 

formation = reaction velocity. (B): the same experiment was repeated using ATETA as the substrate 

(0.431 mM) and 4.45 mg/mL human liver supernatant; N1,N8-diacetyltriethylenetetramine (DATETA) was 

the product. (C and D): a repeat of (A and B) using rat liver supernatant respectively. 
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Substrate Concentration Range 

 

Figure 3.7 Assay Conditions to Determine Optimal Substrate Concentration Range. (A): in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing triethylenetetramine and 

2.68 mg/mL human liver supernatant for 30 minutes. The reaction velocity was plotted against substrate 

concentration, and fitted to the Michaelis-Menten model. (B): the same experiment was repeated using 

ATETA as the substrate (0.431 mM) and 4.45 mg/mL human liver supernatant; N1,N8-

diacetyltriethylenetetramine (DATETA) was the product. (C and D): a repeat of (A and B) using rat liver 

supernatant respectively. 
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Effect of pH on the Acetylation Reaction  

 

Figure 3.8 Assay Conditions to Determine the Effect of pH on the Acetylation Reaction. In vitro 

acetylation (as described in Section 2.3.1) was carried out with 17.86 µM triethylenetetramine and 

2.68 mg/mL human liver supernatant for 30 minutes at pH7 to 9 (adjusted by addition of concentrated 

HCl and 10 M NaOH). The product to internal standard-ratio (N1-acetyltriethylenetetramine/N1-

acetylspermine) was plotted against pH-values and fitted to a best fit curve. (B): the same experiment in 

10 mM Tris-HCl buffer instead of 0.5 X PBS. (C and D): The same experiment using spermidine and 

spermine as substrates in 0.5 X PBS (17.86 µM), with the products formed being acetylspermidine (N1-

ASPD and N8-ASPD) and N1-acetylspermine (N1-ASPM) respectively. Since (C) and (D) did not have a clear 

trend, no curve was plotted.     
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To determine the optimal protein concentration to use, samples containing increasing amounts of 

HLS were used as the protein source to carry out in vitro acetylation of TETA or ATETA as 

substrates (Figure 3.4). The results showed that within the range of protein concentration tested 

(0.5 to 5 mg/mL), the acetylation rate of TETA to ATETA increased proportionally.  

Subsequently, the same experiment was repeated separately with RLS and RLM. The results 

showed that within a protein concentration range from 0.5 to 3 mg/mL, both RLS and RLM 

increased the acetylation rate proportionally (Figure 3.5). The difference was that acetylation 

increased at a constant rate with RLS. When either HLS or RLM was used, the rate of acetylation 

decreased at higher protein concentrations. Also, for the equivalent protein concentration, RLM 

always produced less acetylation product than RLS. Here, HLM was assumed to be similar to 

RLM in general. However, with an equivalent amount of protein, the acetylation rate of ATETA 

was always less than one quarter of the acetylation rate of TETA (Figure 3.4 and 3.5). 

Therefore, it was decided for the next step, to use a protein concentration of 2.68 mg/mL when 

TETA was the substrate; and 4.45 mg/mL when ATETA was the substrate. To determine the 

optimal reaction time for in vitro acetylation, the assay was carried out using 2.68 mg/mL of liver 

supernatant (HLS or RLS) and 0.431 mM substrate (TETA or ATETA) with increasing reaction 

times from 5 to 60 minutes. The results showed that at a given protein concentration, the 

acetylation rate of TETA (or ATETA) increased proportionally. This also indicated that the 

substrate concentration (0.431 mM) was in excess, and exceeded the catalytic capacity of both 

HLS and RLS over the given reaction time. Since RLM acetylated polyamines at a lower rate 

than RLS, as seen in (Figure 3.6), it was assumed that in vitro acetylation of TETA (or ATETA) 

by liver microsomes (RLM or HLM) would also increase proportionally within the reaction time 

range from 5 to 60 minutes. Therefore, a reaction time of 30 minutes, which was within the linear 

range tested, was selected for the following in vitro acetylation experiments.  
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For all the experiments completed up to this point, N1-acetyl-spermine was used as the internal 

standard. It was then changed to N1,N12-diethylspermine for all remaining in vitro acetylation 

experiments, since it is expected to be less reactive than N1-acetyl-spermine, which was still a 

potential substrate for further acetylation. 

To determine the optimal substrate concentration for the assay, samples containing increasing 

concentrations of TETA or ATETA (0 to 1600 µM) were incubated with 2.68 mg/mL or 

4.45 mg/mL of liver supernatant for 30 minutes respectively. Both HLS and RLS were tested. For 

analysis (Figure 3.7), a Michaelis-Menten curve was drawn for each enzyme-substrate 

combination. When HLS was used with this substrate-concentration range, the saturation of the 

enzyme-substrate complex was not reached. For the HLS-TETA combination, the calculated 

kinetic parameters were Vmax = 253.3 pmol/min/mg and Km = 1122.4 µM. For the HLS-ATETA 

combination, the calculated kinetic parameters were Vmax = 33.4 pmol/min/mg and Km = 598.7 µM. 

On the other hand, with RLS, enzyme saturation was almost reached at half of the highest 

substrate concentration (Figure 3.7). The particular calculated kinetic values for the RLS were 

believed to be more accurate than for the HLS, since the Vmax for the RLS had already reached 

saturation, whereas the HLS reaction was still increasing at the highest substrate concentration 

used. For the RLS-TETA combination, the kinetic parameters were Vmax = 104.0 pmol/min/mg 

and Km = 60.0 µM. For the RLS-ATETA combination, the predicted kinetic parameters were Vmax 

= 7.8 pmol/min/mg and Km = 56.0 µM. Once again, since RLM acetylated polyamines at a lower 

rate than RLS, as seen in figure 3.3, it was assumed that the selected substrate concentration 

range (0 to 1600 µM) would be suitable to carry out in vitro acetylation with liver microsomes 

(RLM or HLM).  

Although a pH value of 7.4 was used in the in vitro acetylation assay in order to mimic 

physiological conditions, the effect of variation in pH values on acetylation of TETA and ATETA 

was tested (Figure 3.8). This is standard best practice to ascertain the pH responsiveness of a 
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particular process in order to understand how the reaction undertaken at pH 7.4 relates to that 

which occurs at the optimal pH (which may not actually be and indeed is often not pH 7.4). This 

relates in part to the fact that there are different compartments in a cell which function at pH 

values significantly different from 7.4. The assay was performed using the same amounts of 

TETA (17.86 µM) and HLS (2.68 mg/mL), which were incubated pH values that were step-wise 

increased from 7 to 9 in 0.5 X PBS (adjusted by titration with HCl and NaOH as required). The 

amount of ATETA formed at each pH value was fitted closely by a 3-parameter Gaussian curve 

(Figure 3.8A). This predicted that the maximum rate would occur when the pH value was 8.78. 

The maximum/minimum ratio of the product (ATETA) was 2.26. Then, the same experiment was 

repeated in 10 mM Tris-HCl buffer with a pH range from 7 to 9 (again adjusted by titration with 

HCl and NaOH) (Figure 3.8B). A similar trend was observed as that seen by using the PBS 

buffer. This time, the maximum occurred at a pH value of 8.31 and the maximum/minimum ratio 

of the product (ATETA) was 1.51.  

This result suggested that the optimal pH for TETA acetylation catalysed by HLS lies between 

8.31 and 8.78. However, the pH of following in vitro acetylations were kept at 7.4. 

When SPD and SPM were used as substrates to determine the optimal acetylation pH in 

0.5 X PBS, both demonstrated maximal acetylation rates at pH values of between 8 and 8.5. 

However, no clear curve could be drawn through the measured points in either case (Figure. 

3.8C and D). Since the plots did not show a clear pattern, no curve fitting was attempted here. 

Since in this study, only one pH value (7.4) was used, the effect of increasing pH is a less 

important factor in the development of an assay of in vitro acetylation for application in different 

tissues.  

In summary, beginning with existing published literature and the experiments completed in this 

study, the reaction conditions for in vitro acetylation were determined to be the following: buffer, 
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0.5 X PBS; protein concentration when TETA was the substrate, 2.68 mg/mL; protein 

concentration when ATETA was the substrate, 4.45 mg/mL; reaction time, 30 minutes; agitation, 

450 rpm; reaction co-factor and its concentration, AcCoA, 1.67 mM; and temperature, 37 °C. 

After incubation, the reaction was stopped by adding 100 µL of HFBA, followed by 20 µL of 0.05 

mM of IS. The amount of product and IS were subsequently measured by LCMS. 

3.2.3. Stability of Polyamines in Water and PBS at Different pH Values 

Since there is a possibility of polyamine hydrolysis given the right conditions (that is, the 

conditions used here for in vitro acetylation: a mild alkaline environment), the possibility that the 

acetylation reaction results could be affected had to be considered. The following set of 

experiments was performed to investigate putative polyamine hydrolysis. Based on the 

assumption that the effect is likely to be pH-related, possible polyamine hydrolysis was 

investigated at different pH values (in association with different HFBA concentrations).  
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Figure 3.9 Stability of DES (Internal Standard) at Different pH Values. (●): N1,N12-Diethylspermine (DES) 

was incubated with increasing heptafluorobutyric acid (HFBA, 0% to 50%, v/v%) in 400 µL water at 37 °C, 

450 rpm for 30 minutes. Then, the amount of internal standard (IS) in 20 µL of supernatants was 

measured by liquid chromatography/mass spectrometry and plotted against the logarithm of the HFBA 

concentration. (○): results from the same experiment repeated in 0.5 X PBS instead of water. Each point 

represents the average of two LCMS readings.   

The results showed that there was a drop in the IS-signal response at log [HFBA] = 1 (i.e. 10% 

v/v/ of HFBA) (Figure 3.9). However, when these data were fitted by using a linear-mixed effects 

model (Table 3.1), the signal response of IS was shown not to be correlated with the HFBA 

concentration in either water (P = 0.86), or in PBS (P = 0.85). This could be a false result given 

the limited number of points, or IS could be transformed or degraded at 10% HFBA. If this is the 

case, the difference in IS recovery could be affected by acid hydrolysis, which is a process that 

can be very sensitive to pH and the optimal pH range of hydrolysis will usually lie within a small 

range. In particular, the pH in HFBA-water samples is likely to have been lower than that in the 

HFBA-PBS samples, which would have been less suitable for acid hydrolysis; the pH range 

covered (or represented) between samples (log[HFBA] = 0.75 - 1.0) was more suitable for acid 

hydrolysis. However, since all in vitro acetylation reactions used only one HFBA concentration 

(25% (v/v), log[HFBA] = 1.4), the possible degradation of IS is deemed not to be of significance.   
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TETA and ATETA 

 

Figure 3.10 Hydrolysis of ATETA at Different HFBA Concentrations. (A): A single sample containing 

842.1 µM N1-acetyl-triethylenetetramine (ATETA) was dissolved in water as a control, labelled as “No 

Incu.”. Then, samples containing the same amounts of ATETA were incubated with increasing amounts of 

heptafluorobutyric acid (HFBA, 0% to 50%, v/v%) in 400 µL. water at 37 °C, 450 rpm for 30 minutes. 

Thereafter, samples were centrifuged at 21,000 g for 40 minutes, following which the amounts of 

triethylenetetramine (TETA) and ATETA in 20 µL of supernatants were measured by LCMS. The adjusted 

amounts of TETA (●, X 10-6) and ATETA (○, X 10-9) are shown. (C): The ratio of TETA to ATETA after 

incubation has been plotted against the logarithm of the HFBA concentration. (B and D): repeats of (A 

and C), respectively with 0.5 X PBS instead of water.  
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Table 3.1 Statistical Analysis of Results from Polyamine Stability Experiments 

 

Independent Variables 

Dependent Variables [HFBA] in Water [HFBA] in PBS 

IS 0.86 0.85 

ATETA 0.79 0.81 

TETA 0.49 0.44 

TETA/ATETA 0.38 0.11 

The amount of N1,N12-diethylspermine (internal standard, IS), N1-acetyl-triethylenetetramine (ATETA), 

and triethylenetetramine (TETA) and the ratio of TETA/ATETA were fitted to a linear mixed-effects model 

with the corresponding heptafluorobutyric acid (HFBA) concentration in water and 0.5 X PBS respectively. 

The resulting P-values are listed in this table. 

Although ATETA does undergo a small amount of spontaneous hydrolysis to form TETA, this 

effect will not affect measurements of the in vitro acetylation rates using TETA as a substrate 

because the highest hydrolysis ratio (TETA/ATETA) measured in these studies was less than 

0.04 when the sample was incubated with 50% (v/v) HFBA (Figure 3.10). Given that less HFBA 

(25%, v/v) was added to the samples after incubation, the hydrolysis ratio in the in vitro 

acetylation reaction is expected to fall to values of between 0.0003 and 0.0255 (Figure 3.10). 

Comparing this with the TETA/ATETA ratio in a typical in vitro enzymatic acetylation assay, 

which was always higher than 2, the potential effect of ATETA hydrolysis is seen to be negligible.  

3.2.4. Spontaneous Polyamine Acetylation 

Spontaneous TETA Acetylation as a Possible Confounder of In Vitro Measurements of Enzymatic 

Polyamine Acetylation  

Catalysis by an acetylating enzyme is thought to be critical for in vivo polyamine acetylation. The 

energy barrier was thought to be too high for spontaneous acetylation to occur under 

physiological conditions, and thus acetylation of polyamines should not occur in the absence of 

enzyme. However, all of the “negative controls” in this study, where the enzyme was absent, also 
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produced acetylation products after incubation (data not shown). Thus, it was proposed that 

polyamines may indeed be susceptible to spontaneous acetylation under the conditions of the in 

vitro assay employed here. 

The purpose of the following group of experiments was to determine how spontaneous in vitro 

acetylation and enzyme catalytic acetylation was affected by different reaction-stop methods; and 

in addition how much each acetylation reaction contributed to the measured overall polyamine 

acetylation. Two methods were used to denature the enzymes that catalyse polyamine 

acetylation (Table 3.2): one used acid (HFBA or HCl, 25% v/v) and the other employed heat 

(incubation at 85 °C, 450 rpm for 30 minutes). For each method, three samples were prepared: 

1) TETA and AcCoA were incubated with denatured protein (HLS was used as the proteins 

source); 2) TETA and AcCoA were incubated first, followed by addition of denatured protein; and 

3) TETA and AcCoA were incubated with active protein then the mixtures were denatured 

afterwards. As well, TETA and AcCoA were also incubated without protein followed by heating. 

Finally, the incubation with TETA, AcCoA, and HFBA-denatured protein was repeated with 

substitution of HFBA by an inorganic acid (HCl) where concentrated HCl was titrated to give the 

same pH value (pH = 2) as for HFBA.  

The above set of analyses was repeated with HLS and HLM separately. The detailed 

composition of each reaction mixture has been shown in the following table along with the 

corresponding results.   
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Table 3.2 Measuring Enzyme-Catalysed Polyamine Acetylation 

METHODS 1  2  3  4  5  6  7  8  

Preparation Order PBS PBS PBS PBS PBS PBS PBS PBS 

(From Top to 

Bottom) 

TETA TETA TETA TETA TETA TETA TETA TETA 

  — — — — HFBA HCl — — 

 — Heated 

Protein 

— Protein Protein Protein — Protein 

  AcCoA AcCoA AcCoA AcCoA AcCoA AcCoA AcCoA AcCoA 

Incubation — — — — — — — — 

Denature Enzyme Water Water Water Water — — HFBA HFBA 

 — — Heated 

Protein 

— — — Protein — 

  Heat 

IS 

Heat 

IS 

Heat 

IS 

Heat 

IS 

— 

IS 

— 

IS 

— 

IS 

— 

IS 

 Detection LCMS LCMS LCMS LCMS LCMS LCMS LCMS LCMS 

Results in HLS 3.974 2.550 1.576 1.409 0.009 0.051 0.258 0.804 

Results in HLM 3.195 1.710 2.226 1.988 0.007 0.015 0.319 0.499 

To identify the best way to measure enzyme-catalysed polyamine acetylation, eight samples were set up 

using a different method of reaction-termination or a different sequence for reaction-termination. The 

protein sources used were human-liver supernatant (HLS) and human-liver microsomes (HLM). Samples 

contained the following ingredients as shown in the table: 0.5 X PBS; 1.6 mM (TETA) as substrate; 2.68 

mg/mL heated protein, prepared by incubating HLS (or HLM) at 85 °C, 450 rpm for 30 minutes; untreated 

protein, 2.68 mg/mL HLS (or HLM); and 1.67 mM acetyl-Coenzyme A (AcCoA). (Except for samples 5 and 6, 

280 µL of the reaction mixture was incubated at 37 °C, 450 rpm for 30 minutes. Then, 100 µL water was 

added, followed by incubation at 85 °C, 450 rpm for 30 minutes; or, 100 µL heptafluorobutyric acid (HFBA) 

was added. After this, 20 µL 1 mM N1,N12-diethylspermine (internal standard, IS) was added. Then, 

samples were centrifuged at 21,000 g for 40 minutes. The amount of N1-acetyltriethylenetetramine and 

IS in 20 µL of supernatants were measured by liquid chromatography/mass spectrometry (LCMS) and 

their ratios for each reaction group were as shown at the bottom of the table.  
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These preliminary results (Table 3.2) confirmed that both spontaneous acetylation and enzyme-

catalysed acetylation were occurring under the reaction conditions employed. To ascertain the 

relationships between these processes in the samples, the same experiments were repeated 

with four different aliquots of HLS (Figure 3.11).  

 

Figure 3.11 Measuring Enzyme-Catalysed Polyamine Acetylation in Human Liver Supernatants (HLS). 

Eight different control and normal in vitro triethylenetetramine (TETA) acetylation reactions were 

repeated with 5 aliquots of human liver supernatants. The eight methods are as described in Table 3.2.  

The ratios corresponding to each group have been plotted as histograms with Means ± SEM. 

Consistent with the previous experiment, the heat-denatured and acid-denatured samples 

showed a marked difference in the amount of product, which was caused by extended 

spontaneous acetylation. Thus, a one-way ANOVA test was carried out separately for the two 

types of sample. Samples 1 to 4 used heat to denature protein in order to stop protein-catalysed 

polyamine acetylation by incubating samples again at 85 °C for 30 minutes, after the standard 

incubation (37 °C, 30 minutes). In sample 1 of Figure 3.11, only TETA and AcCoA were present 

and all of the ATETA was formed through spontaneous acetylation. It should be noted that both 

the normal incubation (37 °C, 30 minutes), and the heat denaturation (85 °C, 30 minutes) 

contributed to the production of ATETA.  

In samples 2 and 3 of Figure 3.11, heat-denatured HLS (85 °C, 30 minutes) was added to the 

reaction mixture, which contained TETA and AcCoA, either before (sample 2) or after (sample 3) 

the normal incubation step (37 °C, 30 minutes). Although there was no significant difference 
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between the first three samples, there was a trend indicating that the presence of denatured HLS 

has a negative effect (lower averages compared to sample 1) on the amount of ATETA produced. 

And it also appeared that adding heat-denatured HLS before the normal incubation period 

decreased ATETA production more so than adding it afterwards.  

In sample 4 of Figure 3.11, TETA, AcCoA, and HLS were incubated first (37 °C, 30 minutes), 

followed by the heat denaturation (85 °C, 30 minutes). Theoretically, sample 4 should contain 

two sources of ATETA production: spontaneous acetylation and enzyme-catalysed acetylation, 

and this reaction should produce more ATETA than samples 1 to 3. However, statistical analysis 

using one-way ANOVA with pair-wise Tukey’s post-hoc tests applied to samples 1 to 4, showed 

that both sample 1 and sample 3 produced higher amounts of ATETA than did sample 4, with P-

values of <0.001 and <0.05 respectively. This result confirmed that the presence of denatured 

HLS had a negative effect on the amount of free ATETA produced.  

As part of the polyamine catabolism pathway, APAO oxidises N1-ASPD or N1-ASPM to 

putrescine and SPD at the expense of FAD. However, it is unlikely that ATETA could be 

catabolised by the same pathway, because there is no such redox factor in this in vitro system.  

Therefore, it is likely that proteins in the HLS bound to ATETA and when acid was added to the 

reaction, the ATETA was precipitated together with the denatured proteins in the HLS. The 

difference in the mean amount of ATETA between sample 2 (3.17 ± 0.26) and 3 (3.54 ± 0.35) 

may indicate that the ATETA-protein binding process was time-dependent. In addition, the bigger 

difference in the means between sample 4 (1.93 ± 0.14) and sample 2 (3.17 ± 0.26) further 

suggested that the state of the proteins in the HLS (denatured or non-denatured before 

incubation) had a greater effect on how much ATETA could be bound and precipitated.  

In samples 5 and 6 of Figure 3.11, TETA and AcCoA were incubated (37 °C, 30 minutes) with 

acid (HFBA or HCl)-denatured HLS. Only one out of the five samples treated in this manner had 
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detectable levels of acetylation product (ATETA). It is clear that pH has a very important role in 

the acetylation process. By reducing the pH to 2, polyamine acetylation completely ceased.  

If ATETA could bind to proteins in the HLS, it is also possible that TETA could bind to proteins in 

the HLS. If this were true, the lesser amount of ATETA detected in sample 4 could not be 

explained solely by such a binding process. A reduction in the amount of TETA would also 

contribute to this result. However, comparison of sample 1 with sample 5 showed similar 

amounts of TETA at the end of the reaction, but these two samples had the greatest difference in 

ATETA production amongst all samples. This finding indicated that the TETA concentration used 

in this experiment was in excess. Therefore, TETA availability was not the rate-limiting condition 

in this experiment. 

In sample 7 of Figure 3.11, TETA and AcCoA were incubated first (37 °C, 30 minutes), followed 

by addition of HFBA and HLS. ATETA in sample 7 was formed entirely from spontaneous 

acetylation. The addition of HLS also allowed for the possible binding of ATETA to proteins in the 

HLS.  

In sample 8 of Figure 3.11, TETA, AcCoA, and HLS were incubated (37 °C, 30 minutes) first, 

followed by addition of HFBA. The ATETA in sample 8 was formed from both spontaneous and 

enzyme-catalysed acetylation.  

The shorter time for binding of ATETA to the denatured enzyme in sample 7 may have had a 

smaller effect on precipitating ATETA than the combination of native proteins and 30 minute long 

incubation at 37 °C performed in sample 8, thus the difference between samples 7 and 8 was an 

underestimation of ATETA formation by enzyme-catalysed acetylation. Here, sample 7 and its 

experimental design was determined to be the “best negative control”. 



Chapter Three: Development of Methods for In Vitro Measurement of Enzyme-Catalysed Polyamine Acetylation 

 [89]  

Spontaneous Acetylation of Other Polyamines 

To test whether other polyamines and analogues undergo spontaneous acetylation, the following 

additional experiment was conducted. Acetylation of MAT, SPM, and SPD was performed in two 

experimental designs: one was the normal acetylation reaction where the substrate was mixed 

with protein (HLS, or HLM) and AcCoA, then incubated at 37 °C for 30 minutes, followed by 

addition of HFBA and IS; the other was the “best negative control”, where the substrate was 

incubated with AcCoA, followed by addition of HFBA, protein, and IS. This experiment was 

carried with HLS and HLM separately. The following table (Table 3.3) summarises the results, 

together with the mean of the TETA acetylation results from the previous experiment.   

Table 3.3 Spontaneous Acetylation of Different Polyamines During the In Vitro Enzymatic Reactions.  

substrate 
 

HLS 
 

 
 

HLM 
 

 
- C + C difference  - C + C difference 

TETA 0.23 0.77 0.54  0.32 0.50 0.18 

ATETA 0.05 0.11 0.06  0.07 0.11 0.04 

SPD 0.028 0.03 0.004  0.02 0.03 0.005 

SPM N.P. 0.06 -  0.01 0.09 0.07 

DMA 0.02 1.52 1.50  0.03 0.07 0.05 

Paired normal reactions (+ C) and “best negative control” reactions (- C) were performed with different 

polyamines as the substrates by methods used in Table 3.2 respectively. The ratios of product over IS and 

the difference between the “- C” and “+ C” reactions are tabulated above. Abbreviations: + C, normal 

reaction; - C, “best negative control” reaction; TETA, triethylenetetramine; ATETA, N1-

acetyltriethylenetetramine; SPD, spermidine; SPM, spermine; HLS, human liver supernatant; HLM, human 

liver microsomes; N.P., no peak was detected; and -, not available.  

This set of results showed that, similar to TETA, the polyamines ATETA, SPD and SPM also 

undergo spontaneous acetylation under the same conditions (Table 3.3).  
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Use of the “Best Negative Control” in the Enzyme Kinetic Assay 

One experiment was carried out using the “best negative control” to correct for spontaneous 

acetylation in the enzyme kinetic assay. Normal incubation and the “best negative control” 

experiments were done in parallel with increasing substrate (TETA) concentration and one HLS 

sample (HLS18). Then, at each substrate concentration, the amount of ATETA measured in the 

“best negative control” was subtracted from the normal enzymatic reaction. The results (Figure 

3.12) showed that the Vmax and Km measured in the normal enzymatic reaction was 

114.6 pmol/min/mg and 538.0 µM respectively. After subtraction of the “best negative control”, 

these two parameters were reduced to: 75.8 pmol/min/mg and 391.0 µM respectively.       

 

Figure 3.12 Spontaneous Acetylation of Polyamines in In Vitro Enzymatic Reactions. (A): ▲, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing triethylenetetramine and 

2.68 mg/mL human liver supernatant for 30 minutes as described for method 8 of Table 3.1. The reaction 

velocities at increasing substrate concentration were fitted to the Michaelis-Menten equation and 

plotted. (B): ■, the same experiment was repeated using method 7 of Table 3.1 where HLS was added 

after the incubation. (A – B): ●, the difference of reaction velocity between A and B.  
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It is interesting that the “best negative control” also showed a saturation curve like the normal 

enzymatic reaction since ATETA formation by spontaneous acetylation was expected, perhaps, 

to have a linear relationship with the concentration of TETA.  

3.3. Summary and Discussion 

3.3.1. Detecting Polyamines by LCMS 

Here, LCMS has been used to quantitate polyamine analogues in an acidified mixture. Based on 

adjusted parameters, peaks of TETA, ATETA, DATETA, and IS were detected at respective m/z 

values of 147, 189, 231, and 260. These findings are analysed further in Chapter Four (Figure 3.1 

to 3.3). 

3.3.2. In Vitro Conditions for Measurement of Enzymatic Acetylation  

Based on the prior literature and experiments completed in this study, the in vitro polyamine 

acetylation would be carried out as follows: protein source (tissue preparations) and substrate 

(polyamine) were dissolved in 0.5 X PBS. The protein concentration in the reaction mixture was 

2.68 mg/mL when TETA was the substrate; or 4.45 mg/mL when ATETA was the substrate. 

AcCoA (1.67 mM) was added to the tube to initiate the reaction, and then incubated for 30 

minutes with agitation of 450 rpm at 37 °C. Then reaction was stopped by adding 100 µL HFBA, 

followed by 20 µL 0.05 mM of IS. The amounts of product and IS were measured by LCMS, 

which measures the combined acetylation activity of both SSAT1 and SSAT2. 

Beside the determined in vitro acetylation conditions, the studies about pH effects on product 

stability and the acetylation reaction provide additional information. The results suggested that 

the optimal pH for TETA acetylation catalysed by HLS lies between 8.31 and 8.78. For TETA, 

this pH falls within the range between the optimal pH for TETA-H+ (~9.11) and the pKa of TETA-

2H+ (8); for ATETA, it falls within the range between the optimal pH for ATETA-H+ (9) and the 
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pKa of ATETA-2H+ (8.27) [70, 201]. The optimal TETA acetylation pH could reflect either or both 

of two aspects of this enzymatic reaction. Firstly, TETA acetylation is likely to be catalysed 

through a general acid-base catalytic mechanism by the TETA-acetylating enzyme, similar to the 

mechanism of SSAT1-catalysed SPM acetylation (Figure 1.5). The TETA-acetylating enzyme 

could bind one terminal amine of TETA-2H+ through hydrogen bonding while the other relatively-

unstable protonated terminal amine group can still lose a proton and bind to the acetyl-oxygen of 

AcCoA. Secondly, ATETA-H+ might be the most thermodynamically favoured product of ATETA 

protonation. ATETA has only one primary amine, which is the most easily protonated moiety. The 

repulsion forces from the protonated amine and the acetylated nitrogen make ATETA-2H+ less 

favoured (optimal pH = ~6). Therefore, the formation of the most stable protonated ATETA 

(ATETA-H+) is consistent with the fact that the reaction equilibrium was driven towards the 

product by the optimal pH [201]. 

The studies of reaction rates at different pH values are informative concerning the molecular 

mechanism of the enzymatic reaction by which TETA becomes acetylated enzymatically in 

different tissues, and could be important in determining which enzyme actually mediates this 

reaction. Such information will be required to understand possible drug-drug interactions that 

could be mediated by this enzyme in relation to any propensity it might have to metabolise drugs 

other than TETA.  

3.3.3. Stability of Polyamines at Different pH Values 

The hydrolysis of ATETA was studied and we found that ATETA underwent spontaneous 

hydrolysis to form TETA. This process was also dependent on pH, time and temperature. 

However, since the highest molar hydrolysis ratio (TETA/ATETA) was less than 0.0255 (Figure 

3.10), which was much smaller than the smallest TETA/ATETA ratio observed in the normal in 
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vitro acetylation reaction employed for these studies (TETA/ATETA = 2), the effect of ATETA 

hydrolysis on the total TETA acetylation can be ignored. 

3.3.4. Spontaneous Acetylation of Polyamines 

Spontaneous acetylation came to my attention during the experiments where the control without 

protein showed higher acetylation product than some of the acetylation with protein source. After 

excluding the possibility that pH might be the cause of abnormal control result (Figure 3.8), it has 

been confirmed here that both spontaneous and enzyme-catalysed acetylation reactions 

contribute to the rates of overall TETA acetylation, as measured by the in vitro methods 

developed here (Figure 3.12). The denatured protein (no matter which method was applied) has 

a negative effect on the amount of free product in the reaction mixture. Most likely, the 

mechanism of this effect is that the protein binds to/traps ATETA and is precipitated out as a 

complex when acid is added. The form of the protein (whether it is denatured or not) and the 

incubation time may also affect the extent of any such precipitation of ATETA. 

Here, the conditions used in the in vitro acetylation reaction mimicked the human physiological 

environment. Therefore, spontaneous acetylation may also occur in human tissues, such as liver 

and muscle. This observation addresses an important issue: that is, how much of the 

physiological acetylation was accounted for by this spontaneous acetylation, and how much was 

from enzyme-catalysed acetylation. 

Spontaneous Acetylation of Polyamines in the Literature 

The acetylation of polyamines in the absence of acetylating enzymes has indeed been 

documented previously. One early paper reported the acetylation product N8-ASPD using boiled 

mouse brain nuclei sample, as being 56.1% of the activity in unboiled samples [202].  
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N1-ASPD is the specific acetylation product of SSAT1-catalysed acetylation of SPD and its 

production has also been detected in the absence of SSAT1. One study based on human-

melanoma-cell supernatant samples showed that only 27% of the detectable acetylation activity 

was contributed by SSAT1 whereas this percentage increased to 96% after treatment with DES 

[203]. In later studies, polyamine activity has also been detected in SSAT1-knockout mice [1]. 

Based on Vmax values, the SSAT1 knockout mice expressed some 66.7% of the polyamine 

acetylation activity of the wild type mice in the liver; and 42.7% of that in WAT. Other non-specific 

acetylating enzymes were postulated to be responsible for this acetylation reaction but the 

current results argue that this explanation may not be correct.   

More recently, another mouse-based in vivo study was reported to indicate that both SSAT1-

knockout mice and wild-type mice acetylated TETA at the same rate [120]. It has also been 

suggested that the acetylation of TETA in SSAT1-knockout mice was caused by SSAT2, which 

acetylates TETA with a Vmax of 3.96 ± 0.15 µmol/min/mg and a Km of 2.5 ± 0.3 mM (using human 

recombinant SSAT2 (hSSAT2)). 

Based on these reported cases, it is clear that polyamine acetylation does not rely solely on one 

acetylating enzyme. It is possible that there are other polyamine acetylating enzymes that could 

carry out this process. Another possibility that must be considered is that polyamines become 

acetylated spontaneously, but non-enzyme catalysed processes. This spontaneous acetylation 

could even be a significant part of the total acetylation activity under certain circumstances, 

although further work would be required to verify this possibility. Therefore, measuring the 

spontaneous portion in an enzymatic acetylation assay may give a more precise picture of the 

acetylation of polyamines. 
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Measuring Spontaneous Acetylation in an Enzymatic Acetylation Assay 

To measure the activity of the acetylating enzymes, it is better to have a negative control that 

measures the spontaneous acetylation rate. To date, an accurate way to measure the proportion 

of spontaneous acetylation in an in vitro acetylation experiment in the presence of acetylating 

enzymes, still has not been developed.  

My attempts at measuring spontaneous acetylation faced several difficulties. One of the biggest 

issues was how to separate proteins from the reaction mixture. One way to stop the enzyme-

catalysed acetylation was to apply heat (85 °C, 30 minutes). The limitation of this method was 

that it could not stop or control spontaneous acetylation. Furthermore, part of the ATETA formed 

was precipitated out through binding to proteins in the HLS, which further reduced the amount of 

detectable free ATETA. 

On the other hand, adding acid (HFBA) did stop all kinds of acetylation, but it also denatured the 

proteins in the HLS, leading to the precipitation of polyamines. The “best negative control”, where 

TETA and AcCoA was incubated first, followed by addition of HFBA and HLS, also had two main 

limitations. One was that it was not clear whether the spontaneous acetylation happened to the 

same extent in the presence and absence of the acetylating enzyme, the other limitation being 

that the polyamine precipitation effect was underestimated.  

If the protein has to be left in the reaction mixture, the most accurate methods to measure the 

spontaneous acetylation are probably assays based on radioactive isotopes and NMR.  

Effect of Spontaneous Acetylation on the Accuracy of an Enzymatic Acetylation Assay 

At least two factors affect the accuracy of a typical enzymatic acetylation assay. One is that 

spontaneous polyamine acetylation which happened in parallel with the enzyme-catalysed 

acetylation. The other was that some of the free polyamines in the reaction mixture apparently 
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become bound to proteins in the HLS or HLM, and are then precipitated out when the proteins 

become denatured by the addition of acid. These two phenomena affected the measurements of 

the enzyme kinetic parameters.  

However, the effects may be of limited impact on the final results for the following reasons. Firstly, 

it can be assumed that the spontaneous acetylation probably happens at the same rate in all 

reactions, because for kinetic assays with the same substrate but different HLS (or HLM), the 

reaction conditions including substrate concentration, temperature, pH, AcCoA concentration, 

reaction time, agitation speed and the concentration of added HLS (or HLM) were all the same. If 

we leave out all random errors, any observed differences had to be contributed by protein-related 

effects, which may be polyamine-protein binding, the intrinsic catalytic activity of an acetylation 

enzyme, or the abundance ratio between different acetylating enzymes.  

Secondly, the acetylation rate measured by the “best negative control” might be over-estimated. 

It has been shown that the polyamine-protein binding effect was dependent on the nature of the 

protein and on incubation time. Addition of HFBA and HLS (or HLM) after the incubation step, did 

not precipitate as much as polyamines or polyamine analogues as occurred in the normal 

reaction, where the functional protein had been incubated with polyamines for 30 minutes at 

37 °C. 

3.4. Conclusions 

In this study, an in vitro enzyme kinetics assay was developed, which measured acetylation 

activity in human liver preparation using TETA (and ATETA) as the substrate. It has constant 

values of pH, temperature, agitation speed, protein concentrations and rigid start/stop methods. 

Although spontaneous acetylation did exist, the result of this acetylation assay was mainly 

dependent on the overall state of the acetylating enzymes in the liver preparation.  
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Chapter 4. Measuring Triethylenetetramine Acetylation by Liver 

Preparations In Vitro 

4.1. Introduction 

4.1.1. Background and Aims 

The aim of the studies reported here was to apply the acetylation assay described in the previous 

chapter to measure the acetylation activity of liver preparations from humans, rats, and mice 

using TETA and ATETA as substrates. A second aim was to determine how the measured 

acetylation activity in liver preparations related to that of SSAT1. 

Although current data indicated TETA acetylation can be catalysed by both SSAT1 and SSAT2 

(Section 1.4.2), the possibility that it could also be acetylated by other enzymes has yet to be 

excluded. One of the possible enzymes is N-acetyltransferase-2 (NAT2), which is one of the two 

most abundant N-acetyltransferases (NATs). There are two functional NAT genes (NAT1 and 

NAT2) in humans; they are both polymorphic, and encode N-acetyltransferase 1 (NAT1) and 

(NAT2) respectively [204]. Both proteins are expressed in the cytoplasm [205], and both catalyse 

the acetylation of a range of arylamines, using the acetyl group from AcCoA as the acetyl-group 

source. Their substrate specificities are overlapping but also differ in key aspects [206]: their 

substrate specificities are controlled at least in part by the three amino-acid residues at positions 

125, 127, and 129 [207].  

In other mammals, the NATs have similar sequences and functions to those in humans. Rat 

NAT2 and human NAT1 have conserved amino-acid sequences of Phe125, Arg127, Tyr129, 

which is consistent with the observation that they have a very similar range of substrates and 

corresponding activity levels [206]. Equally, it is predicted that human NAT2 and rat NAT1 have a 
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weaker correlation, since they contain Ser125, Ser127, and Ser129, and Tyr125, Ser127, and 

Tyr129 respectively [208].  

In human populations, depending on the acetylation rate of NAT2, the enzyme can be separated 

into two phenotypes: fast NAT2 and slow NAT2. This difference is associated with a single 

nucleotide polymorphism in the NAT2 gene [204]. For TETA acetylation, a phase 1 clinical trial 

has shown that humans with the fast and slow NAT2 phenotypes did not show a clear difference 

on TETA metabolism [177]. Moreover all known NAT2 substrates contain an aromatic structure 

as the target of acetylation, which suggests that TETA and ATETA, as linear polyamines are less 

likely to act as substrates. Furthermore, their close structural analogues, SPD and SPM are 

acetylated by different enzymes, SSAT1 and SSAT2, as previously discussed in this thesis. The 

hypothesis that an equivalent enzyme may catalyse the acetylation of TETA and ATETA was 

further tested here by in vitro acetylation experiments.    

In this study, in vitro TETA acetylation by HLS, HLM, RLS, and RLM has been studied. Prior to 

this, the presence of NAT2 in the liver preparations was tested by acetylation assays using DMA 

as the substrate. DMA is a synthetic molecule and an exogenous specific substrate for both 

NAT1 and NAT2, for which it has similar substrate-specificity constants (1310 and 1160/second-

mM, respectively) [209]. The acetylation product of DMA is ADMA (Section 3.2.1). To confirm 

that NAT2 does not acetylate TETA or ATETA, in vitro acetylation of TETA was also performed in 

the presence of acetaminophen, a NAT2-specific competitive inhibitor [210]. To demonstrate the 

presence of functional SSAT1 in these liver preparations, in vitro acetylation using specific 

substrates of SSAT1 (SPD and SPM) was performed. In addition, in vitro acetylation was also 

performed with pentamidine, a SSAT1-specific competitive inhibitor [211]. 
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4.1.2. A Comparison of Acetylation Assays from Different Studies. 

Table 4.1 presents a comparison of kinetic data generated from the current study with other data 

available in the literature; key experimental procedures and results from several milestone 

studies regarding SSAT1/2 activities in tissue preparations of different origins are compared with 

the current data, where appropriate [212].  

Samples from different studies have been prepared from melanoma cell cultures, tumours, or 

liver. These biological samples were then homogenised by various methods including sonication 

or glass Dounce tissue-grinders, which are considered to be ‘gentle’ methods, where most of 

subcellular structures remain intact. On the other hand, motor-driven tools such as the Polytron 

Homogeniser and TissueLyser produce more homogeneous samples, in which most of the 

subcellular organelles have been ruptured and their contents mixed with the cytoplasm. After 

homogenisation, most of these samples were further fractionated by centrifugation. A g-force 

equal or greater than 100,000 g can separate most of the soluble proteins from those attached to 

membranes or other subcellular structures. If the g-force used was less than 20,000 g, the 

resulting supernatant was considered to be a homogenate containing both soluble and insoluble 

proteins.  

With the tissue preparations containing SSAT1/2, in vitro acetylation assays were carried out with 

SPD or TETA as the substrate, at different concentrations. The acetylation assay with SPD at a 

concentration of 3 µM was within the linear range of the assay [213]. This was also true for the 

SPD, TETA, and ATETA acetylation reactions studied in this thesis. All of the listed studies 

except the current one, used radioactively labelled [1-14C] AcCoA as a co-factor, and then 

measured the amount of 14C-labelled acetyl-spermidine to deduce the overall acetylation activity.  
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Table 4.1 Comparison of Acetylation Activitys Measured Using Different Preparation Methods and 

Substrates.  

Protein 

Source Protein Source Substrate Activity Ref. 

 Homog Centrif  Method Result  

L1210 cells 

 

Sonication 

 

100,000  

 

SPD, 3 

 

[1-14C]AcCoA, [192] 

 

9.10 

 

[192] 

 

MALME-3 

cells 

Glass Grinder 

 

100,000 

 

SPD, 3 

 

[1-14C]AcCoA, [192] 

 

0.43 

 

[214] 

 

Mice: tumour 

from MALME-

3 cells  

Sonication 

 

 

100,000  

 

 

SPD, 3 

 

 

[1-14C]AcCoA, [192] 

 

 

~45 

 

 

[215] 

 

 

Mice: tumour 

from MALME-

3 cells 

Sonication 

 

 

100,000  

 

 

SPD, 3 

 

 

[1-14C]AcCoA, [192] 

 

 

75c 

 

 

[187] 

 

 

C57 mice liver Sonication 100,000  SPD, 3 [1-14C]AcCoA, [192] 0.50 ± 0.55 b [212] 

Human liver  Homogenisera 100,000 SPD, 3 LCMS, C.S. 1.22c C.S. 

NIH-3T3 cells Homogenated 16,000d SPD, 10,000 [1-14C]AcCoA, [161] 7.7 ± 4.1 [161] 

Human liver  Homogenisera 100,000 SPD, 10,000 LCMS, C.S. 15.7c C.S. 

C57 mice liver  TissueLyser 14,000 TETA, 1,000 [1-14C]AcCoA, [161] 0.06 ± 0.06e [120] 

C57 mice liver  TissueLyser 14,000 TETA, 10,000 [1-14C]AcCoA, [161] 1.6 ± 1.3e [120] 

C57 mice liver  TissueLyser 100,000 TETA, 1,000 LCMS, C.S. 65.7 ± 3.7 C.S. 

C57 mice liver  TissueLyser 100,000 TETA, 10,000 LCMS, C.S. 126.0 ± 5.1b C.S. 

The substrate is listed by name and concentration in the reaction mixture (µM). Activity reported from 

each study is listed as the reaction velocity, measured at the given substrate concentration in terms of 

pmol of substrate formed per minute per mg of total protein (pmol/min/mg). a) Polytron Homogeniser; 

b), mean of all reported measurements; c), values as predicted from the Michaelis-Menten kinetic assay 

with a substrate concentration range from 0 to 3200 µM; d) preparation method not specified, so it has 

been assumed that a method used elsewhere in the same paper was used [161]; and e), total liver 

protein concentration was estimated to be 166 mg per gram of liver wet weight [216, 217]. Abbreviations: 

AcCoA, acetyl-coenzyme A; C.S., current study; Ref., reference; Homog, homogenisation method; Centrif, 

centrifugation g-force applied, after which soluble preparations were used as protein sources.  
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The comparison (Table 4.1) showed that even with very similar preparation methods and similar 

methods for measuring enzymatic activity, the differences in SPD activity between the different 

reports (3 µM) acetylation assays was greater than 100-fold (0.43 to 75 pmol/min/mg). The 

results from the current study are within the lower end of this range (1.22 pmol/min/mg).These 

differences could be due to one or more of several identified factors: different protein sources, 

homogenisation methods, centrifugation speeds, or acetylation assay methodologies. 

In another study which measured TETA acetylation activity using the same mouse strain and 

homogenisation method as the current study [120], the published results were at least 100-fold 

lower than those measured in the current study. The most likely explanation for this difference is 

that here, a higher g-force was used to separate the supernatant from the microsomal 

preparation, which might have enabled a greater concentration of the TETA-acetylating protein(s). 

Therefore, when the absolute activity measurements were normalised to the total protein 

concentrations, a higher activity value was present in this study. 

4.2. Results 

The general methods that have been used in these studies to produce the following results have 

been summarised in Section 2.1 - 2.3. Specific applications of the method employed for each 

experiment are described in the legends of each figure. 

4.2.1. In Vitro 3,4-Dimethylaniline (DMA) Acetylation 

To test for the presence of NAT1 or NAT2 in the tissue preparations, DMA acetylation was 

measured in preparations of HLS, HLM, and hSSAT1 (as a negative control), separately (Table 

4.2). 
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Table 4.2 In Vitro DMA Acetylation. 

Protein Substrate Product/Substrate 

 
DMA ADMA/DMA 

HLS N.P. N.P. 

HLS DMA 0.137 

HLM N.P. N.P. 

HLM DMA 0.004 

hSSAT1 N.P. N.P. 

hSSAT1 DMA 0.002 

HLS, HLM, and hSSAT1 were tested for their ability to catalyse acetylation of DMA to ADMA. In vitro 

acetylation (as described in Section 2.3.1) was carried out with 16 mM DMA (or the equivalent volume of 

water alone as negative control) and 2.68 mg/mL HLS, (or HLM), or 2.68 mg/L hSSAT1 for 30 minutes. The 

product to substrate ratio (ADMA/DMA) is tabulated above. Abbreviations: HLS, human liver supernatant; 

HLM, human liver microsomes; hSSAT1, recombinant human spermidine and spermine N1-

acetyltransferase 1; DMA, 3,4-dimethylaniline; ADMA, N-acetyl-3,4-dimethylaniline; and N.P., no 

corresponding peak for either DMA or ADMA was detectable by LCMS. 

These results (Table 4.2) showed that no DMA or ADMA was produced by treatment with either 

the HLS or the HLM. When DMA was added as a substrate, the rate of formation of ADMA 

(indicated as a ratio of areas under the curve - ADMA/DMA) in the HLS (0.137) was much higher 

than in the HLM (0.004) or with hSSAT1 (0.002). The extremely low formation rate observed with 

HLM and hSSAT1 preparations could also have resulted from spontaneous acetylation similar to 

that which was discussed in the previous Section 2.2.4. Therefore, these results appear to 

indicate that SSAT1 has very little or no catalytic effect on the acetylation of DMA. The majority 

of functional NAT1 and NAT2 exist as soluble proteins that do not bind to membranous 

structures [204]; the tissue-processing method used here thus gave a clear separation between 

the effects of liver supernatant and liver microsomal preparations. 
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4.2.2. In Vitro TETA (or ATETA) Acetylation with Liver Preparations and a NAT2 

Inhibitor 

To test whether TETA (or ATETA) could act as a substrate of NAT2, in vitro acetylation reactions 

using TETA (or ATETA) as substrates with HLS (or HLM) were carried out at different 

concentrations of acetaminophen chosen to match the concentrations of pentamidine at which 

Dixon plots show a significant inhibitory effect on polyamine (SPD, SPM, TETA, and MAT) 

acetylation (Section 4.2.5). In the original paper which described the inhibitory effect of 

acetaminophen on NAT2, Dixon plots were produced with acetaminophen concentrations at 0, 

150, 450, and 1350 µM [210]. This experiment was then repeated with rat liver supernatant (RLS) 

and microsomes (RLM).  

Table 4.3 Effect of a NAT2 Inhibitor on TETA Acetylation with Human Liver Supernatants (HLS) 

 

HLS2 HLS3 HLS6 

 Substrate and Inhibitor ATETA/IS ATETA/IS ATETA/IS Overall 

TETA 200 µM -Ace 100 µM 1.28 4.31 12.54 

 TETA 200 µM -Ace 100 µM 11.22 4.36 12.71 

 TETA 200 µM -Ace 50 µM 10.6 3.7 12.4 

 TETA 200 µM -Ace 50 µM 9.90 4.45 12.62 

 TETA 200 µM -Ace 25 µM 11.53 5.45 11.46 

 TETA 200 µM -Ace 25 µM 11.64 5.51 10.94 

 TETA 200 µM -Ace 12.5 µM 11.41 4.50 12.44 

 TETA 200 µM -Ace 12.5 µM 11.22 4.42 12.30 

 P-value 0.32 0.61 0.48 0.65 

Three HLS samples from individual human donors were tested. In vitro acetylation (as described in 

Section 2.3.1) was carried out with 200 µM TETA, increasing NAT2 inhibitor [Ace], and 2.68 mg/mL of HLS 

for 30 minutes. The correlation between the product to IS ratio (ATETA/IS) and [Ace] was tested by fitting 

linear mixed-effects models. The statistical analysis was performed within the liver preparation from each 

donor. Then, ATETA/IS ratios from all HLS preparations were treated as repeated measurements, and an 

overall correlation to [Ace] was tested. P-values are listed below. Abbreviations: Ace, acetaminophen; 

TETA, triethylenetetramine; ATETA, N1-acetyl-triethylenetetramine; and IS, internal standard. 
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Table 4.4 Effect of a NAT2 Inhibitor on TETA Acetylation with Human Liver Microsomes (HLM). 

 

HLM2 HLM3 HLM5 HLM7 HLM17 

 

Substrate and Inhibitor 

ATETA 

/IS 

ATETA 

/IS 

ATETA 

/IS 

ATETA 

/IS 

ATETA 

/IS Overall 

TETA 100 µM -Ace 100 µM 

TETA 100 µM -Ace 100 µM 

0.82 

1.01 

0.03 

- 

0.14 

0.15 

0.17 

0.17 

0.15 

- 

 TETA 100 µM -Ace 50 µM 0.81 0.07 0.14 0.17 0.14 

 TETA 100 µM -Ace 50 µM 0.92 - 0.14 0.17 - 

 TETA 100 µM -Ace 25 µM 0.97 0.07 0.16 0.16 0.15 

 TETA 100 µM -Ace 25 µM 0.87 - 0.16 0.16 - 

 TETA 100 µM -Ace 12.5 µM 1.10 0.06 0.17 0.15 0.10 

 TETA 100 µM -Ace 12.5 µM 0.89 - 0.17 0.15 - 

 TETA 100 µM -Ace 0 µM 0.79 - - - - 

 TETA 100 µM -Ace 0 µM 

TETA 200 µM -Ace 100 µM 

0.71 

6.48 

- 

0.11 

- 

- 

- 

- 

- 

0.22 
 

 TETA 200 µM -Ace 100 µM 5.35 - - - - 

 TETA 200 µM -Ace 50 µM 1.31 0.13 - - 0.22 

 TETA 200 µM -Ace 50 µM 1.22 - - - - 

 TETA 200 µM -Ace 25 µM 2.02 0.11 - - 0.18 

 TETA 200 µM -Ace 25 µM 2.16 - - - - 

 TETA 200 µM -Ace 12.5 µM 6.62 0.10 - - 0.23 

 TETA 200 µM -Ace 12.5 µM 6.09 - - - - 

 TETA 200 µM -Ace 0 µM 1.63 - - - - 

 TETA 200 µM -Ace 0 µM 1.61 - - - - 

 P-value 0.69 0.85 0.20 0.17 0.83 0.95 

Five HLM samples from different donors were tested. The same experimental and statistical analysis 

method was used as described in Table 4.3. Abbreviations: Ace, acetaminophen; TETA, 

triethylenetetramine; ATETA, N1-acetyl-triethylenetetramine; IS, internal standard; and -, not available.   
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Table 4.5 Effect of a NAT2 Inhibitor on ATETA Acetylation with Human Liver Supernatant (HLS) and 

Microsomes (HLM) 

 

HLS6 HLM2 

Substrate and Inhibitor DATETA/IS DATETA/IS 

ATETA 200 µM -Ace 100 µM 0.004 0.247 

ATETA 200 µM -Ace 100 µM 0.004 0.258 

ATETA 200 µM -Ace 50 µM 0.004 0.215 

ATETA 200 µM -Ace 50 µM 0.004 0.211 

ATETA 200 µM -Ace 25 µM 0.004 0.208 

ATETA 200 µM -Ace 25 µM 0.004 0.216 

ATETA 200 µM -Ace 12.5 µM 0.005 0.189 

ATETA 200 µM -Ace 12.5 µM 0.004 0.184 

ATETA 200 µM -Ace 0 µM - 0.31 

ATETA 200 µM -Ace 0 µM - 0.35 

P-value 0.81 0.86 

One HLS sample and one HLM sample were tested. The same experimental and statistical analysis 

methods used are described in Table 4.3. Abbreviations: Ace, acetaminophen; TETA, triethylenetetramine; 

ATETA, N1-acetyl-triethylenetetramine; IS, internal standard; and -, not available.   
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Table 4.6 Effect of a NAT2 Inhibitor on TETA Acetylation by Rat Liver supernatants (RLS) 

 

RLS1 RLS2 RLS4 RLS10 RLS51 Overall 

Substrate and Inhibitor 

ATETA 

/IS 

ATETA 

/IS 

ATETA 

/IS 

ATETA 

/IS 

ATETA 

/IS  

 TETA 100 µM -Ace 100 µM 0.13 - - 0.20 0.10  

 TETA 100 µM -Ace 100 µM 0.13 - - - -  

 TETA 100 µM -Ace 50 µM 0.12 - - 0.24 0.10  

 TETA 100 µM -Ace 50 µM 0.12 - - - -  

 TETA 100 µM -Ace 25 µM 0.12 - - 0.23 0.12  

 TETA 100 µM -Ace 25 µM 0.12 - - - -  

 TETA 100 µM -Ace 12.5 µM - - - 0.28 0.10  

 TETA 100 µM -Ace 12.5 µM 0.10 - - - -  

 TETA 100 µM -Ace 0 µM 0.14 - - 0.24 0.12  

 TETA 100 µM -Ace 0 µM 0.15 - - 0.24 0.11  

 TETA 200 µM -Ace 100 µM 0.12 1.33 0.65 0.22 0.13  

 TETA 200 µM -Ace 100 µM 0.12 1.36 0.65 - -  

 TETA 200 µM -Ace 50 µM 0.12 0.69 0.65 0.25 0.13  

 TETA 200 µM -Ace 50 µM 0.11 - - - -  

 TETA 200 µM -Ace 25 µM 0.12 0.65 0.51 0.30 0.13  

 TETA 200 µM -Ace 25 µM 0.12 - - - -  

 TETA 200 µM -Ace 12.5 µM 0.11 0.70 0.54 0.28 0.16  

 TETA 200 µM -Ace 12.5 µM 0.11 - - - -  

 TETA 200 µM -Ace 0 µM 0.17 0.68 0.66 0.28 0.15  

 TETA 200 µM -Ace 0 µM 0.17 0.68 0.66 0.28 0.17  

P-values 0.43 0.06 0.77 0.29 0.57 0.96 

Five RLS samples were tested. The same experimental and statistical analysis methods used are described 

in Table 4.3. Abbreviations: Ace, acetaminophen; TETA, triethylenetetramine; ATETA, N1-acetyl-

triethylenetetramine; IS, internal standard; and -, not available.  
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Table 4.7 Effect of a NAT2 Inhibitor on TETA Acetylation with Rat Liver Microsomes (RLM) 

 

RLM1 RLM2 RLM4 Overall 

 

ATETA/IS ATETA/IS ATETA/IS  

 TETA 100 µM -Ace 100 µM 0.02 0.09 0.11  

 TETA 100 µM -Ace 100 µM 0.02 - -  

 TETA 100 µM -Ace 50 µM 0.01 0.10 0.12  

 TETA 100 µM -Ace 50 µM 0.01 - -  

 TETA 100 µM -Ace 25 µM 0.02 0.09 0.10  

 TETA 100 µM -Ace 25 µM 0.02 - -  

 TETA 100 µM -Ace 12.5 µM 0.02 0.11 0.11  

 TETA 100 µM -Ace 12.5 µM 0.02 - -  

 TETA 100 µM -Ace 0 µM 0.03 0.10 0.11  

 TETA 100 µM -Ace 0 µM 0.03 0.11 0.11  

 TETA 200 µM -Ace 100 µM 0.03 0.12 0.18  

 TETA 200 µM -Ace 100 µM 0.03 - -  

 TETA 200 µM -Ace 50 µM 0.03 0.15 0.22  

 TETA 200 µM -Ace 50 µM 0.03 - -  

 TETA 200 µM -Ace 25 µM 0.03 0.14 0.22  

 TETA 200 µM -Ace 25 µM 0.03 - -  

 TETA 200 µM -Ace 12.5 µM 0.03 0.16 0.20  

 TETA 200 µM -Ace 12.5 µM 0.03 - -  

 TETA 200 µM -Ace 0 µM 0.04 0.15 0.19  

 TETA 200 µM -Ace 0 µM 0.04 0.15 0.17  

P-values 0.479 0.641 0.996 0.698 

Three RLM samples were tested. The same experimental and statistical analysis methods used are 

described in Table 4.3. Abbreviations: Ace, acetaminophen; TETA, triethylenetetramine; ATETA, N1-acetyl-

triethylenetetramine; IS, internal standard; and -, not available. 

The above results (Table 4.3 to Table 4.7) show that an inhibitor of NAT2 (acetaminophen) at 

concentrations from 0 to 100 µM, did not change the acetylation rates of TETA (or ATETA) by 

any of the tissue preparations: HLS, HLM, RLS, or RLM.   
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4.2.3. SPD Acetylation with Human Liver Supernatant and Human Liver Microsomal 

Preparations 

To test for the presence of functional SSAT1 in HLS and HLM, SPD was used as a substrate and 

the Km, Vmax, Vmax/Km, and V6.25 values were calculated. 

 

Figure 4.1 In Vitro Enzyme Kinetic Assays with SPD and Human Liver Supernatant (HLS) or Microsomes 

(HLM). (A), Kinetic data for HLS sample HLS10; and (B), Kinetic data for HLM sample HLM7. For each assay, 

in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [SPD] as substrate and 

2.68 mg/mL of HLS (or HLM) for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: SPD, spermidine; and ASPD, N1-

acetylspermidine and N8-acetylspermidine. 
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Figure 4.2 Dixon Plots of In Vitro SPD (or SPM) Acetylation with Human Liver Supernatant (HLS) or 

Microsomes (HLM) in the Presence of a SSAT1-Specific Inhibitor. (A), SPD with HLS sample HLS10; (B), 

SPD with HLM sample HLM7; (C), SPM with HLM sample HLM2; and (D), SPM with HLM sample HLM7. For 

each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [SPD] or 

[SPM] (●, 25 µM; ○, 50 µM; ▲, 100 µM; and △, 200 µM), increasing SSAT1-specific inhibitor 

[pentamidine] at each SPD (or SPM) concentration, and 2.68 mg/mL of HLS (or HLM) for 30 minutes. 

Abbreviations: SPD, spermidine; SPM, spermine; ASPD, N1-acetylspermidine and N8-acetylspermidine; N1-

ASPM, N1-acetylspermine; and IS, internal standard.   
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Table 4.8 Effect of a NAT2 Inhibitor on SPD (or SPM) Acetylation with Human Liver Supernatants (HLS) 

or Microsomes (HLM) 

A. 

 

HLS2 HLM7 Overall 

Substrate and Inhibitor ASPD/IS ASPD/IS  

 SPD 200 µM -Ace 100 µM 0.29 0.84  

 SPD 200 µM -Ace 50 µM 0.28 0.84  

 SPD 200 µM -Ace 25 µM 0.28 0.97  

 SPD 200 µM -Ace 12.5 µM 0.28 0.90  

P-value 0.085 0.317 0.900 

 

B. 

 

HLS2 HLM7 Overall 

Substrate and Inhibitor ASPM/IS ASPM/IS  

 SPM 200 µM -Ace 100 µM 0.16 0.05  

 SPM 200 µM -Ace 50 µM 0.16 0.10  

 SPM 200 µM -Ace 25 µM 0.16 0.07  

 SPM 200 µM -Ace 12.5 µM 0.17 0.07  

 SPM 200 µM -Ace 0 µM 0.17 0.11  

P-value 0.169 0.271 0.6011 

For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with 200 µM [SPD] in (A) 

or [SPM] in (B), increasing NAT2 inhibitor [Ace], and 2.68 mg/mL of HLS (or HLM) for 30 minutes. The 

correlations between ASPD/IS (or ASPM/IS) ratio and [Ace] were tested by fitting linear mixed-effects 

models. The statistical test was done within the same liver preparation, then, the ASPD/IS and ASPM/IS 

ratios from different RLS samples were treated as repeated measurements, and an overall correlation to 

[Ace] was tested. P-values of these tests are listed at the bottom of the table. Abbreviations: Ace, 

acetaminophen; SPD, spermidine; SPM, spermine; ASPD, N1-acetylspermidine and N8-acetylspermidine; 

N1-ASPM, N1-acetylspermine; and IS, internal standard. 
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The above enzyme kinetic assays (Figure 4.1) showed that HLS catalysed the acetylation of 

SPD with the parameters of Km, 189.3 mM; Vmax, 15.7 pmol/min/mg; Vmax/Km, 0.083 L/g-minute, 

and V6.25, 0.50 pmol/min/mg; HLM acetylated SPD with the parameters of Km, 375.5 mM; Vmax, 

26.8 pmol/min-mg; Vmax/Km, 0.071 L/g-minute; and V6.25, 0.44 pmol/min-mg. The kinetic 

parameter, Vmax/Km is the intrinsic clearance and V6.25 is the reaction activity at 6.25 µM of 

substrate.  

The following acetylation assay with the SSAT1-specific competitive inhibitor pentamidine (Figure 

4.2) showed that for SPD acetylation, pentamidine had an inhibitor constant (Ki) of 54 µM with 

HLS, and 100 µM with HLM; for SPM acetylation, pentamidine has an (Ki) of 116 µM with HLS, 

and 198 µM with HLM.  

Finally, the acetylation assay with the NAT2-specific inhibitor acetaminophen (Table 4.8) showed 

that it had no measurable influence on acetylation of either SPD or SPM catalysed by the tissue 

preparations studied.  

4.2.4. TETA/ATETA Acetylation by Liver Supernatant and Microsomal Preparations 

from Humans, Rats and Mice 

In this study, in vitro TETA/ATETA acetylation activity was measured in the following 

preparations: liver supernatants and liver microsomes from humans, rats and mice.  

Firstly, HLS and HLM from nine non-diseased human donors were isolated, and following in vitro 

acetylation experiments, the Km, Vmax, Vmax/Km, and V6.25 values for TETA acetylation were 

determined for seven HLS and seven HLM preparations; in addition, the Km, Vmax, Vmax/Km, and 

V6.25 values for ATETA acetylation were determined for five HLS and one HLM preparation. The 

inhibition constant (Ki) of pentamidine was measured using TETA as a substrate for six HLS and 
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five HLM preparations; it was also measured using ATETA as the substrate for three HLS and 

one HLM preparations. The calculated kinetic parameters have been tabulated in Table 4.9. 

Subsequently, the Km, Vmax, Vmax/Km, and V6.25 values for TETA acetylation were determined for 

eight RLS and five RLM preparations; and the Km, Vmax, Vmax/Km, and V6.25 values for ATETA 

acetylation were determined for four RLS preparations. The inhibition constant (Ki) of 

pentamidine was measured using TETA as a substrate for five RLS and five RLM preparations. 

Michaelis–Menten plots were used to determine the Km, Vmax, Vmax/Km, and V6.25 values; and the 

Dixon plot was used to determine the Ki. All of these plots are shown in the Appendix. The 

calculated kinetic parameters have been tabulated in Table 4.10. 

Finally, the Km, Vmax, Vmax/Km, and V6.25 values for TETA acetylation have been determined for 

four MLS and four MLM preparations. The Michaelis–Menten plot was used to derive the Km, 

Vmax, Vmax/Km, and V6.25 values and the Dixon plot was used to determine the Ki values. All of 

these plots are shown in the Appendix. The kinetic parameters are tabulated in Table 4.11. 
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Table 4.9 Summary of In Vitro Kinetic Assays with Human Liver Supernatants (HLS) and Microsomes 

(HLM). (A): Kinetic assay results with 7 HLS samples as the protein source; and (B): kinetic assay results 

with 7 HLM samples as the protein source. For these assays, Km (µM); Vmax (pmol/min/mg); intrinsic 

clearance, Vmax /Km (L/g/minute); activity with 6.25 µM of substrate, V6.25 (pmol/min/mg) were measured 

and deduced from the Michaelis-Menten plot of each assay. The inhibition constant of the SSAT1 

inhibitor (pentamidine), Ki (µM), was deduced from the Dixon plot of each assay. P-values are for TETA vs. 

ATETA as the substrate (Mann-Whitney-U test): p = a, 0.073; b, 0.003; c, 0.018; d, 0.030; and e, 0.26. 

Michaelis-Menten plots and Dixon plots of individual assays are shown in Section A.2.1. Abbreviations: 

SSAT1, spermidine spermine N1-acetyltransferase; TETA, triethylenetetramine; ATETA, N1-

triethylenetetramine; Pro., protein source; Sub., substrate; Para., kinetic parameters; and -, not available. 
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Table 4.9 Summary of In Vitro Kinetic Assays with Human Liver Supernatants (HLS) and Microsomes 

(HLM) 

A. 

Pro. Sub. Para. HLS1 HLS2 HLS3 HLS6 HLS10 HLS17 HLS18 Mean ± SEM 

HLS TETA Km 6320 2650 3695 769 3206 7878 538 3580 ± 1030a 

HLS TETA Vmax 191 896 163 231 997 1342 115 562 ± 190b 

HLS TETA Vmax/Km 0.03  0.34  0.04  0.30  0.31  0.17  0.21  0.20 ± 0.05c 

HLS TETA V6.25 0.50  6.08  0.76  3.83  1.94  1.39  1.19  2.24 ± 0.76d 

HLS TETA Ki 13 31 113 - 137 95 51 73 ± 20e 

HLS ATETA Km 1985 712 - 625 1300 - 212 967 ± 308 

HLS ATETA Vmax 2 26 - 20 28 - 8 17 ± 5 

HLS ATETA Vmax/Km 0.001 0.037 - 0.032 0.022 - 0.038 0.026 ± 0.007 

HLS ATETA V6.25 0.041 1.615 - 0.344 0.136 - 0.086 0.44 ± 0.30 

HLS ATETA Ki 42 - - - 188 - 332 187 ± 84 

  

B. 

Pro. Sub. Para. HLM1 HLM2 HLM3 HLM5 HLM7 HLM10 HLM17 Mean ± SEM 

HLM TETA Km 641 7284 2007 793 921 8175 2658 3210 ± 1200 

HLM TETA Vmax 221 344 375 364 761 110 752 418 ± 94 

HLM TETA Vmax/Km 0.35 0.05 0.19 0.46 0.83 0.01 0.28 0.31 ± 0.11 

HLM TETA V6.25 3.10 0.87 1.17 7.88 5.13 0.29 1.89 2.90 ± 1.03 

HLM TETA Ki - 164 236 221 200 - 264 217 ± 17 

HLM ATETA Km - 112 - - - - - - 

HLM ATETA Vmax - 35 - - - - - - 

HLM ATETA Vmax/Km - 0.31 - - - - - - 

HLM ATETA V6.25 - 1.81 - - - - - - 

HLM ATETA Ki - 142 - - - - - - 
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Table 4.10 Summary of In Vitro Kinetic Assays with Rat Liver Supernatants (RLS) and Microsomes (RLM) 

A. 

Pro. Sub. Para. RLS1 RLS2 RLS3 RLS4 RLS5 RLS6 RLS7 RLS8 Mean ± SEM 

RLS TETA Km 60 246 643 544 88 70 116 313 260 ± 80n.s. 

RLS TETA Vmax 97 74 172 8 415 298 338 257 207 ± 50a 

RLS TETA Vmax/Km 1.62  0.30  0.27  0.02 4.7 4.26 2.91 0.82 1.86 ± 0.66b 

RLS TETA V6.25 22.0  0.90  5.93  0.85 69.9 47.3 35.1 19.0 25.1 ± 8.6c 

RLS TETA Ki - - - 71 59 157 115 24 85 ± 23 

RLS ATETA Km 56 316 285 - - - - 271 232 ± 59 

RLS ATETA Vmax 7 14 14 - - - - 24 15 ± 3 

RLS ATETA Vmax/Km 0.13  0.04  0.05  - - - - 0.09  0.08 ± 0.02 

RLS ATETA V6.25 0.22  0.52  0.31  - - - - 0.67  0.43 ± 0.10 

 

B. 

Pro. Sub. Para. RLM4 RLM5 RLM6 RLM7 RLM8 Mean ± SEM 

RLM TETA Km 3200 4940 1980 3800 658 2920 ± 740 

RLM TETA Vmax 37 395 125 651 248 291 ± 108 

RLM TETA Vmax/Km 0.01  0.08  0.06  0.17  0.38  0.14 ± 0.06 

RLM TETA V6.25 0.66  0.54  0.26  5.21  2.33  1.80 ± 0.93 

RLM TETA Ki 162 50 42 63 24 68 ± 24 

(A): Kinetic assay results with 8 RLS samples as the protein source; and (B): kinetic assay results with 5 

RLM samples as the protein source. For these assays, Km (µM); Vmax (pmol/min/mg); intrinsic clearance, 

Vmax/Km (L/g/minute); and activity with 6.25 µM of substrate, V6.25 (pmol/min/mg) were measured and 

deduced from the Michaelis-Menten Plot of each assay. The inhibition constant of the SSAT1 

inhibitor (pentamidine), Ki (µM), was deduced from the Dixon Plot of each assay. P-values are for TETA vs. 

ATETA as the substrate (Mann-Whitney-U test): P-values = a, 0.028; b, 0.049; and c, 0.004. Michaelis-

Menten plots and Dixon plots of individual assays are shown in Section A.2.2. Abbreviations: SSAT1, 

spermidine spermine N1-acetyltransferase; TETA, triethylenetetramine; ATETA, N1-triethylenetetramine; 

Pro., protein source; Sub., substrate; Para., kinetic parameters; and -, not available.  
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Table 4.11 Summary of In Vitro Kinetic Assays with Mouse Liver Supernatants (MLS) and Microsomes 

(MLM) 

A. 

Pro. Sub. Para. C15 C16 C17 C18 Mean ± SEM 

MLS TETA Km 850  1115  716  1023  926 ± 89 

MLS TETA Vmax 135  134  121  114  126 ± 5 

MLS TETA Vmax/Km 0.16 0.12 0.17 0.11 0.14 ± 0.01 

MLS TETA V6.25 0.99 0.75 1.05 0.69 0.87 ± 0.09 

 

B. 

Pro. Sub. Para. C15 C16 C17 C18 Mean ± SEM 

MLM TETA Km 1231  2534  2453  2520  2180 ± 318 

MLM TETA Vmax 113  129  141  136  130 ± 6 

MLM TETA Vmax/Km 0.09 0.05 0.06 0.05 0.06 ± 0.01 

MLM TETA V6.25 0.57 0.32 0.36 0.34 0.40 ± 0.06 

(A): Kinetic assay results with 4 MLS samples as the protein source; and (B): kinetic assay results with 4 

MLM samples as the protein source. For these assays, Km (µM); Vmax (pmol/min/mg); intrinsic clearance, 

Vmax/Km (L/g/minute); and activity with 6.25 µM of substrate, V6.25 (pmol/min/mg) were measured and 

deduced from the Michaelis-Menten plot of each assay. Michaelis-Menten plots and Dixon plots of 

individual assays are shown as Figure A.25 to 28 in Section A.2.3. Abbreviations: TETA, 

triethylenetetramine; Pro., protein source; Sub., substrate; and Para., kinetic parameters.  
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Figure 4.3 Summary of In Vitro Kinetic Assays with Liver Supernatants and Liver Microsomes from 

Humans, Rats, and Mice. (A), Vmax; and (B), V6.25 reaction velocity at 6.25 µM of TETA were measured and 

calculated from the Michaelis-Menten Plot of each assay. Results have been grouped according to the 

origin of the preparation. For each group, the means ± 95% CI have been indicated by the horizontal line 

in the middle of the vertical line, and the shorter horizontal lines near the top and bottom of the vertical 

line indicate the upper/lower CI values. Numbers of each point were listed in Table 4.9 to 4.11. Michaelis-

Menten plots of individual assays are shown as Figure A.2 to 8, 15 to 20, and 25 to 28 in in Section A.2. 

Abbreviations: HLS, human liver supernatant; HLM, human liver microsomes; RLS, rat liver supernatant; 

RLM, rat liver microsomes; MLS, mouse-liver supernatant; MLM, mouse liver microsomes; and IS, internal 

standard. 

Acetylation Assays with Human Tissue Preparations 

HLS catalysed the acetylation of TETA with a Vmax value of 562 ± 190 pmol/min-mg and a Km of 

3580 ± 1030 mM (Table 4.9). Compared to the other tissue preparations, TETA acetylation with 

HLS had the highest Vmax and the largest variation between sample preparations, and the 95% 

confidence interval (CI) fell within a range of 97 to 1027 pmol/min-mg (Figure 4.3). It was also 

clear that the Vmax of TETA acetylation with HLS fell into two groups, each group being closer to 

the upper and lower limit of the 95% CI. Other tissue preparations including HLM, RLS, and HLM, 

had a similar degree of variation in the Vmax of TETA acetylation, where the upper limit of the 95% 

CI was no greater than six-times the lower limit of the 95% CI. Mouse-tissue preparations (MLS 
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and MLM) showed very little variation in the Vmax of TETA acetylation. Within each species, there 

was no obvious difference in the Vmax of TETA acetylation between the supernatant and the 

microsomal preparations. However, these results may not be representative of the true HLS 

TETA-acetylation phenotype, because of the limited sample sizes.  

For the acetylation reactions with 6.25 µM substrate, the reaction rate (V6.25) of TETA acetylation 

with HLS was reduced to a mean value of 2.24 ± 0.76 pmol/min-mg (Table 4.9). All V6.25 values 

for TETA acetylation with HLS showed a lesser degree of variation and did not fall into two 

distinctive groups. The SSAT1-specific inhibitor (pentamidine) had a Ki of 73 ± 20 mM.  

Compared to TETA, HLS acetylated ATETA with a three-times lower mean Km value (967 ± 

308 mM, P = 0.073), a 33-times lower mean Vmax (17 ± 5 pmol/min-mg, P = 0.003), a five times 

lower mean V6.25 (0.44 ± 0.30 pmol/min-mg, P = 0.030), and a similar mean Ki of 187 ± 84 mM 

(Table 4.9).  

Compared to HLS, HLM showed no significant difference in most of the measured kinetic 

parameters using both TETA and ATETA as the substrates (Table 4.9). HLM acetylated TETA 

with a mean Km value of 3210 ± 1200 mM, a mean Vmax value of 418 ± 94 pmol/min-mg, and a 

mean V6.25 value of 2.90 ± 1.03 pmol/min-mg. Interestingly, TETA acetylation with HLM showed 

the highest Ki (217 ± 17 mM) amongst all tested liver preparation/substrate combinations.  

One measurement of ATETA acetylation with HLM was carried out (Table 4.9). Compared to 

TETA acetylation with the same tissue preparation, it had a ten-fold lower Km value (112 mM), a 

ten-fold lower Vmax value (35 pmol/min-mg), a two times greater V6.25 value (1.81 pmol/min-mg) 

and a similar Ki value (142 mM). The increased V6.25 value could have resulted from experimental 

error, due to a non-linear increase in the Michaelis-Menten plot at the four lower substrate 

concentrations.  
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Acetylation Assays with Rat Tissue Preparations 

RLS acetylated TETA with a mean Vmax value of 562 ± 190 pmol/min-mg and a mean Km value of 

3580 ± 1030 mM (Table 4.10). Compared to the other liver preparations, TETA acetylation with 

RLS had a similar Vmax (except for HLM, P = 0.072), the lowest Km (260 ± 80 mM), and the 

highest V6.25 values (25.1 ± 8.6 pmol/min/mg) (Figure 4.3). This V6.25 value also showed the 

greatest variation and the highest upper limit, where the 95% CI ranged between 4.7 to 

55.6 pmol/min-mg. In contrast, the upper limit of the 95% CI of V6.25 for the rest of liver 

preparations, including HLS, was no greater than 6 pmol/min-mg. There were trends towards 

differences in V6.25 values between RLS and HLS (or HLM) (P = 0.054, and 0.072 respectively). 

The SSAT1-specific inhibitor (pentamidine) had a Ki of 85 ± 23 mM. 

Compared to TETA, RLS acetylated ATETA with a similar mean Km value (232 ± 59 mM), but 

had a 13-fold smaller Vmax (15 ± 3 pmol/min-mg, P = 0.049), and a 58-fold smaller V6.25 (0.43 ± 

0.10 pmol/min-mg, P = 0.004) (Table 4.10).  

Compared to RLS, RLM acetylated TETA with a ten-fold greater Km value of 2920 ± 740 mM, a 

similar Vmax value of 291 ± 108 pmol/min-mg, a smaller V6.25 of 1.80 ± 0.93 pmol/min-mg, and a 

similar Ki (68 ± 24 mM) (Table 4.10).  

Acetylation Assays with Mouse Tissue Preparations 

MLS acetylated TETA with a Km of 926 ± 89 mM, a Vmax of 126 ± 5 pmol/min-mg, and a V6.25 of 

0.87 ± 0.09 pmol/min-mg (Table 4.11). Compared to MLS, MLM acetylated TETA with an 

increased Km of 2180 ± 318 mM, a similar Vmax of 130 ± 6 pmol/min-mg, and a smaller V6.25 of 

0.40 ± 0.06 pmol/min/mg. Amongst all the TETA acetylation reactions with different liver 

preparations, mouse liver preparations showed the lowest degree of variation and the MLM had 

the lowest Vmax and V6.25 values.  
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4.2.5. Immunoblotting of SSAT1 in Human and Rat Liver Supernatant and Microsomal 

Preparations 

To determine whether SSAT1 was present in liver supernatant and microsomal preparations, 

representative tissue preparations were analysed by anti-SSAT1 immunoblotting. Four samples 

of HLS (Figure 4.4), six samples of RLS and three samples of RLM were studied (Figure 4.5). 

The immunoblotting method described in Section 2.4.8 was used as a template to produce the 

following results. Specific changes are shown in the figure legends. 

 

Figure 4.4 Anti-SSAT1 Immunoblotting Using Human Liver Supernatants (HLS). Samples in lanes 1-5 

were human recombinant SSAT1, and HLS3, HLS6, HLS10 and HLS17, respectively. The ladder (lane L, 

41.6 µg/lane), was captured by digital camera and superimposed at the same position on the 

chemifluorescence picture generated from the immunoblot, and sizes are labelled at the left hand side (in 

kD). Sizes of distinguishable SSAT1-immunoreactive bands are labelled on the right hand side (in kD). 

Samples were prepared in LDS buffer (34.9 μg/lane) and were loaded onto a NuPAGE 4-12% gradient gel. , 

run in 1 X 2-(N-morpholino)-ethanesulphonic acid (MES) running buffer at 120 V for 1 hour. Then the 

separated proteins were transferred onto a nitrocellulose membrane at 300mA for 2 hours. The resulting 

membrane was incubated overnight with primary antibody (rabbit polyclonal raised against recombinant 

human SSAT1, 0.1334 µg/mL) and then for 2 hours with a secondary goat anti-rabbit antibody (0.0114 

µg/mL). Finally, the membrane was developed using an enhanced chemiluminescence (ECL) kit.   
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Figure 4.5 Anti-SSAT1 Immunoblotting Using Rat Liver Supernatants (RLS) and Microsomes (RLM). 

Samples in lanes 1-10 were human recombinant SSAT1, RLS1, RLS2, RLS3, RLS4, RLS6, RLS8, RLM4, RLM6, 

and RLM8, respectively. The ladder (lane L, 41.6 µg/lane) was captured by digital camera and 

superimposed at the same position on the chemifluorescence image generated from the immunoblotting 

reaction; sizes are labelled at the left hand side in kD. Sizes of distinguishable bands are labelled on the 

right hand side (in kD). The method described in the legend of Figure 4.4 was used here.   

Human liver preparation samples had gone through several freeze-thaw cycles when they had 

been used for the acetylation assay and so had perhaps undergone degradation. Therefore, the 

densitometry results of the HLS could have been subject to more deterioration than the other 

species. 
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Table 4.12 Summary of the Densitometry Results of SSAT1 Immunoblots  

Band 

 (kD) RLS1 RLS2 RLS3 RLS4 RLS6 RLS8 

Mean 

±SEM HLS3 HLS17 

Mean 

±SEM 

12.7 6  19  9  100  135  22  49 ± 22 97  54  76 ± 21 

22.1 7  14  9  40  102  15  31 ± 15 35  6  21 ± 15 

29.2 9  43  23  74  154  49  59 ± 21 - - - 

62.4 86  172  109  205  201  187  160 ± 20 - - - 

           

 

RLM1 RLM2 RLM3 RLM4 RLM6 RLM8 

Mean 

±SEM 

   12.7 - - - 0.7 0.7 0.0 0.5 ± 0.2 

   22.1 - - - 2.2 2.4 0.0 1.5 ± 0.8 

   29.2 - - - 5.5 6.4 0.0 4.0 ± 2.0 

   62.4 - - - 88  122  59  90 ± 18 

   

The signal density of selected bands was measured on the SSAT1 immunoblots of HLS, RLS, and HLM 

(Figure 4.4 and Figure 4.5). For rats and human, only the bands with visible patterns were measured. 

Since HLS6, HLS10 from Figure 4.4 did not show visible bands at the positions of interest, they were not 

included in this table. Symbol “-” represents data is not available. The statistical test (Mann-Whitney Rank 

Sum Test) showed no significant difference between RLS and HLS. Abbreviation: HLS, human liver 

supernatants; RLS, rat liver supernatants; HLM, human liver microsomes.   

Based on these results (Table 4.12), HLS and RLS had similar signal intensities for the bands at 

12.7 and 22.1 kD (by Mann-Whitney Rank Sum Test). This suggested that, in the liver 

supernatant preparations, rats and humans had similar amounts of SSAT. Within the rat, the 

signal intensity of all the bands in microsomal preparations except the 62.4 kD band were lower 

than those from supernatant, as tested by the Mann-Whitney-U test. For the 22.1 D band, the 

difference was almost 30-fold greater in the RLS. This result suggested that most of the SSAT1 

in rat liver occurred as soluble protein in the supernatant.   
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4.3. Discussion and Conclusions 

4.3.1. SPD and SPM Acetylation with HLS and HLM 

Based on the results presented in this study, it is concluded that either HLS or HLM or both could 

catalyse the acetylation of SPD and SPM.  

Several enzymes could possibly have contributed to the observed acetylation activity. The first to 

be excluded were NAT1 and NAT2. The reasons for these conclusions are two-fold: first, the 

NAT2-specific competitive inhibitor acetaminophen did not affect acetylation activity towards SPD 

or SPM at all (Table 4.8); second, HLM treatment catalysed negligible acetylation of DMA, a 

specific substrate of NAT1 and NAT2, whereas HLM acetylated SPD and SPM at high rates 

(Table 4.2). 

Since the LCMS method used here did not separate N1-ASPD from N8-ASPD, the acetylation 

activity measurements reported have been based on ‘total ASPD’ measurements. N1-ASPD is 

formed predominantly by SSAT1, whereas N8-ASPD is produced by spermidine N8-

acetyltransferase [218]. Thus, the measured values of HLS measured in this thesis could 

comprise contributions from both of these enzymes, since SSAT1 is reportedly located mostly in 

the cytosol and N8-acetyltransferase in the nuclei [218]. Other than the uncertain SPD acetylation 

results (Figure 4.1), SPM only produced one mono-acetyl product, N1-ASPM, in a response 

consistent with catalysis by SSAT1. Together with the anti-SSAT1 immunoblotting results (Table 

4.12), these findings have confirmed that the SSAT1 activity contributed to the HLS and HLM. 

The presence of SSAT1 in the HLS and HLM, and of corresponding acetylation activity in these 

two liver preparations were further confirmed by in vitro acetylation assays in matrices containing 

pentamidine (Figure 4.2). Pentamidine acts as a potent inhibitor of both SSAT1 and APAO [211]. 

Interestingly, the acetylation assay results with pentamidine suggested that the HLM might have 
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higher SSAT1-related acetylation activity than the HLS. The Ki of pentamidine with HLM for both 

substrates, (SPD, 100 µM; SPM, 198 µM) was almost twice as high as that with HLS (SPD, 

54 µM; SPM, 116 µM). Consistently, the Vmax of SPD acetylation was almost doubled (1.7-fold) in 

the HLM preparation as compared with the HLS.  

Holst et al have reported in a related study that in DENS-treated human breast cancer cells, SPD 

acetylation was 1.4- and 5-times higher respectively in the nuclear and mitochondrial 

preparations than in the cytosolic preparation [115]. In that study, only the mitochondrial 

preparation showed detectable SPD acetylation activity (0.11 nmol/h-106 cells) without treatment 

with an SSAT1 inducer. 

Taking all these results into consideration, it is apparent that functional SSAT1 does not only 

exist in the cytoplasm, but also binds to intracellular membranes, which may include the 

mitochondrial, nuclear, and endoplasmic reticulum membranes. Moreover, these membrane-

bound SSAT1 forms might be more abundant or active than the soluble form. 

4.3.2. TETA and ATETA Acetylation 

The current results have confirmed that HLS, HLM, RLS, RLM, MLS, and MLM all displayed 

acetylation activity towards TETA. There are several enzymes that may have contributed to the 

observed activity. Again NAT1 and NAT2 could be ruled out for the following reasons. First, the 

NAT2-specific competitive inhibitor acetaminophen did not affect TETA and ATETA acetylation 

activity at all (Table 4.3 to 4.7). These were also consistent with a recent study in humans, where 

participants with fast and slow NAT2 acetylator phenotypes did not show a significant difference 

in metabolising TETA [177]. Furthermore, HLM showed negligible acetylation of DMA (Table 4.2), 

which is a specific substrate of NAT1 and NAT2, whereas HLM acetylated TETA and ATETA at 

high rates (Table 4.9 to 4.11). 
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It has already been shown that SSAT1 was present in the HLS and HLM preparations (Figure 

4.1). Since all liver tissues were processed in the same way as for the human-liver preparations, 

and given the genetic and genotypic similarity among all three species tested (humans, rats and 

mice), it can be deduced that there was SSAT1 in the balance of the liver preparations as well. 

Also, the qualitative result of TETA (and ATETA) acetylation could be a similar trend among 

these species.  

Not long after the discovery of SSAT2, Cerrada-Gimenez et al (2011) reported (during the course 

of these thesis studies) that hSSAT2 acetylated TETA with a higher Vmax and lower Km than 

hSSAT1. In that report, hSSAT1, had a Vmax of 0.90 ±  0.02 µmol/min/mg, and a Km of 83 

± 7 µM; whereas hSSAT2, had a Vmax of 3.96 ± 0.15 µmol/min/mg, and a Km of 2.5 ± 0.3 µM 

[120]. Here, the anti-SSAT1 immunoblotting results showed no clear correlation between SSAT1 

signal intensity and the Vmax (or V6.25) for TETA acetylation with RLS (Table 4.10 and Table 4.12). 

The anti-SSAT1 immunoblotting result indicated that there was much less SSAT1-like 

immunoreactive material in RLM than in RLS (Figure 4.5), although RLM and RLS acetylated 

TETA at similar rates. Therefore, in rat liver, SSAT1 was not considered to be the major enzyme 

that catalysed TETA acetylation; this may also be true for human and mouse liver. 

These results have also shown that HLS, HLM, and RLS acetylated ATETA with Vmax and V6.25 

values of at least ten- and five-fold less than corresponding values for their acetylation of TETA 

(Figure 4.3). It was determined that recombinant rat SSAT1 (rSSAT1) acetylated TETA with a 

Vmax of 1.36 ± 0.02 µmol/min/mg, and a Km of 144 ± 6 µM; rSSAT1 also acetylated ATETA with 

a Vmax of 0.57 ± 0.02 µmol/min/mg, and a Km of 79 ± 6 µM [107]. Interestingly, in this study with 

HLS and HLM, a reduced Km was also observed for ATETA acetylation compared to TETA 

acetylation. The consistency between the in vitro ATETA acetylation with rSSAT1 and HLS and 

HLM, suggested that SSAT1 might play a bigger role in acetylation of ATETA. However, no 

further direct evidence is available at this time.  
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Amongst the different liver preparations studied, human and rat liver preparations show no 

statistically-significant differences in the Vmax of TETA acetylation (Figure 4.3A), which suggested 

that HLS, HLM, RLS, and RLM all contained similar levels of potentially functional TETA 

acetylation activity.  

However, the V6.25 showed a different trend (Figure 4.3B). Values of V6.25 reflect acetylation rates 

within the linear range of the kinetic assay. This value is considered to provide a better index 

which reflects how fast TETA could be metabolised in vivo. Here, RLS had the highest V6.25 value, 

which was at least eight-fold greater than for any of the other five liver preparations. The fact that 

the RLS had a similar Vmax but much higher V6.25 value compared to the other liver preparations, 

suggested that the liver preparations might contain a similar amount of potentially functional 

TETA acetylation activity, which has only been observed at high TETA concentrations. However, 

at low TETA concentrations, a substantial part of this TETA acetylating activity could have been 

inactive. In RLS, a possible protective mechanism might exist that can maintain the full TETA 

acetylating activity, while the corresponding microsomal preparation lacked this protective 

mechanism. MLS also had a similar Vmax but a higher V6.25 compared to MLM, and in addition, 

mouse and rat are much closer phenotypically than either is to human. A proposed protective 

mechanism has been deduced from the results in this study and the nature of enzyme-catalysed 

biomolecular reactions. One possibility is that a regulator (as a competitive inhibitor) may 

suppress one reaction at low substrate concentration but the suppression may be overcome at 

high substrate concentration. If an enzyme was expressed in different species at a similar level 

but its regulator only was expressed differently, then they could have a similar Vmax but a different 

V6.25; an example of this is provided by malonyl CoA as an inhibitor to carnitine 

palmitoyltransferase-1, which mediates the transport of long-chain fatty acids across the 

mitochondrial membrane [17]. This proposed protective mechanism may exist in MLS as well. 

From the current results, it is impossible to determine the underlying molecular mechanism(s). In 
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future work, it would be possible to search for TETA-sensitive/binding proteins that could mediate 

a process similar to that by which polyamines influence SSAT1. Since polyamines and their 

analogues can stabilise the tertiary structure of SSAT1 by allosteric binding, it is hypothesized 

that TETA might do the same for the TETA acetylating enzyme. This mechanism could contribute 

to the findings that although similar Vmax values were measured for the HLS, HLM, RLS, and 

RLM preparations, RLS had a significantly higher V6.25 value.  

In the case of the mouse tissue preparations, MLS and MLM had similar measured Vmax values, 

which were smaller than those of the other four liver preparations (Figure 4.3A), while MLS had a 

higher V6.25 value (Figure 4.3B). The activity in mouse liver might be controlled in a similar way to 

that in rat liver. Further proteomic studies would be needed to determine the exact biochemical 

base of these observations.  

Pentamidine is known to act as a specific competitive inhibitor of SSAT1 [211]. However, there 

are no published reports concerning whether it might inhibit SSAT2 or any other acetylating 

enzyme as well. Here, pentamidine gave a similar Ki with each of HLS, RLS, and RLM (Table 4.9 

to 4.11); this finding is consistent with the idea that these three liver preparations contained a 

similar amount of functional pentamidine-sensitive TETA-acetylating enzyme. However, the Ki of 

pentamidine with HLM was more than double that in HLS, RLS, and RLM (Table 4.9 to 4.11), 

which suggested that the HLM contained more functional pentamidine-sensitive TETA-

acetylating activity. Beside this, it is interesting to note that on a Dixon plot, the negative X-

coordinate of the intersection is the Ki. The intersection of a competitive inhibitor should be above 

the X-axis, while a non-competitive inhibitor should have an intersection on the X-axis. For 

pentamidine, some of the Dixion plots showed that the intersections are close to the X-axis, 

especially in Figure A.9.C. This observation raised the possibility that pentamindine was also a 

non-competitve inhibitor of other TETA-acetylating enzymes.   



Chapter Four:  Measuring Triethylenetetramine Acetylation by Liver Preparations In Vitro 

 [128]  

4.3.3. Conclusions 

HLS and HLM catalysed the acetylation of SPD and SPM, consistent with the presence of 

SSAT1 in these liver preparations. All six liver-derived preparations (HLS, HLM, RLS, RLM, MLS, 

and MLM) catalysed the acetylation of TETA as well as ATETA, the latter at lower rates. 

According to the literature, it is likely that SSAT2 may contribute a larger proportion of TETA 

acetylation than SSAT1, and some of the findings in this current study hint at that conclusion. In 

addition, there were indications of a possible protective mechanism present in rat- and mouse-

liver supernatant preparations, which could induce TETA-acetylating activity and thereby 

increase TETA acetylation (for example at 6.25 µM) by at least six-fold. 
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Chapter 5. Effect of SSAT1 Inducers in a Mouse Model of Obesity and 

Type-2 Diabetes  

5.1. Introduction 

5.1.1. Mechanism of SSAT1 Induction  

The importance of the role played by SSAT1 in polyamine metabolism and the nature of its 

interactions with other proteins and metabolites, have been reviewed in Chapter 1.3. One of the 

most interesting linkages is that SSAT1 induction leads to or causes elevated polyamine 

catabolism and increased consumption of AcCoA. The overall result of SSAT1 induction is a 

lowering of body-fat content, and thus body-weight. The focus of the studies described in this 

chapter was to investigate the effects of drug-induced SSAT1 induction in an accepted mouse 

model of obesity and type-2 diabetes, the ob/ob mouse. 

Ob/ob mice are homozygous for a recessive mutation in the leptin gene that completely disrupts 

the production of the hormone. As a consequence, they have severely impaired appetite control 

with a resulting increase in food consumption, and marked elevations in body fat percentage and 

body-weight. The ob/ob mice employed in these studies had C57 background genetics, and C57 

mice have been used throughout this project as controls. The detailed phenotypes of these two 

mouse strains have been reviewed in Section 1.1.4 of this thesis.  

Here, three drugs, DENS, aspirin, and TETA, all of which possess putative activity as SSAT1 

inducers, were administered to mice by intraperitoneal injection. DENS is a synthetic polyamine. 

It reportedly acts as a potent inducer of polyamine catabolism by eliciting changes in the activity 

of several important enzymes of polyamine metabolism. Cell culture studies have shown that 

DENS induces enzymes in the polyamine catabolism pathway (for example, SSAT1 and SMO) 
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and at the same time suppresses proteins of polyamine synthesis (ODC and AdoMetDC) [219]. 

Its reported effects are both profound and long lasting; for example, 100-fold changes (induction 

and suppression respectively) were present 48 hours after initial addition of DENS to biological 

systems for measurement of polyamine metabolism [219]. DENS-mediated induction was partly 

due to suppression of the formation of inactive SSAT1 mRNAs that might otherwise have been 

formed by alternative splicing [219]. The net effects on polyamine pools (comprising putrescine, 

SPD, and SPM) was decreased about 10-fold at 48 hours after initial addition of DENS [219]. 

Despite its well-documented effects in both in vitro and in vivo cell culture studies, to our 

knowledge its in vivo effects in animals have not previously been reported in the literature. 

Aspirin was the second drug to be administered in these studies. It is a widely used medicine that 

is employed as a minor analgesic, for suppression of fever, and as a non-steroidal anti-

inflammatory drug. Aspirin has been reported to induce SAT1 expression through a promoter-

mediated activation effect which is accompanied by lowered cellular polyamine content [110, 220]. 

It has also been reported to accentuate ephedrine-evoked thermogenesis [221]. Furthermore, it 

was reported in 1976 that oral aspirin caused a significant lowering of body fat in vitamin B1-

deficient rats [222]. Therefore, it was considered interesting to look again at the effect of aspirin 

on body fat in this research project, by studying its effects in ob/ob mice. 

The third drug to be studied here is TETA, which is also a synthetic polyamine. Unlike DENS 

however, TETA is reportedly a substrate for SSAT1’s N1-acetylating activity. TETA is 

metabolised in vivo by acetylation to form ATETA and DATETA, probably in stepwise fashion. It 

is not clear whether these acetylation reactions are catalysed by SSAT1, SSAT2, or a 

combination of both. The importance of TETA as a copper chelator in organ damage associated 

with type-2 diabetes has been discussed previously in Section 4.1.1. TETA has also been shown 

to induce polyamine catabolism in a cell-culture study [219], where the expression of SSAT1 and 
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other enzymes of polyamine regulation were unaffected. Here, we investigated whether TETA 

can induce in vivo SSAT1 activity in a manner similar to DENS. 

5.1.2. Aims 

A main research hypothesis was that SSAT1-catalysed activity becomes elevated in obesity and 

type-2 diabetes as a compensatory response to disease-associated conditions, including high 

blood glucose, elevated body-fat accumulation, reduced insulin sensitivity, and reduced glucose 

tolerance; and further, that induction of SSAT1 might improve or even reverse these conditions. 

To test this hypothesis, three main aims were set: to determine whether SSAT1 activity was 

elevated in an animal model of obesity and type-2 diabetes; to test whether the selected drugs 

could induce SSAT1 in vivo; and to examine the effects of SSAT1 induction in the animal model.  

To achieve these aims, the animal experiments were designed to: a), measure and compare 

levels of polyamines, and levels and activity of SSAT1 between C57 and ob/ob mice; b), 

determine whether there were significant correlations between SSAT1 activity and levels of fatty 

acid β-oxidation, glucose oxidation, and insulin sensitivity; and c), investigate whether drug-

induced SSAT1 induction might improve indices of energy/fat metabolism and lessen adiposity in 

ob/ob mice. 

It was considered at the outset that the successful completion of this study would provide a 

clearer picture of key aspects of SSAT1-related metabolism, especially those related to 

polyamine metabolism and its links to metabolic regulation. Furthermore, it might also point 

towards a route for deriving new potential lead compounds for the development of drugs to 

control weight, or even to treat obesity and type-2 diabetes. 
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5.1.3. Ubiquitination  

One interesting discovery in this study was that anti-ubiquitin and anti-SSAT1 immunoblotting of 

mouse heart supernatant showed similar patterns. This similarity was not observed in the same 

immunoblotting experiments with other tissue preparations. Before presenting the data, the 

current knowledge of ubiquitination and its possible interaction with SSAT1 was reviewed.  

A Brief Overview of Ubiquitination 

Ubiquitin is a highly conserved 76 amino-acid protein whose molecular mass is 8.6 kD. It is 

involved in cellular processes through ubiquitination, whereby an ubiquitin moiety becomes 

covalently bound to a target protein through a cascade of enzymatic reactions. Ubiquitination is 

one of the general biological mechanisms whereby proteins become post-translationally modified.  

A brief overview of the ubiquitin pathways is now given, with references at the end of the 

paragraph. Typically, a particular ubiquitination cascade is initiated by the transfer of a single 

ubiquitin moiety to a specific ubiquitin-activating enzyme (E1s), in a reaction that consumes ATP. 

The activated ubiquitin moiety is then transferred and linked to conjugating enzymes (E2s) via a 

thiolester bond. After this, ubiquitin ligase enzymes (E3s) bring the E2-ubiquitin complex and the 

target protein into close proximity, and catalyse the final transfer reaction. E3 can either transfer 

the ubiquitin from the E2-ubiquitin complex directly to the target protein or in an intermediate step 

can bind to an ubiquitin moiety via a thiolester bond, and then transfer the ubiquitin to the target. 

At the end, each ubiquitin molecule is normally bound to a lysine residue of the target protein via 

an isopeptide bond and in rarer cases, it can also bind to the NH2-terminus of the target protein 

[135, 223]. In humans, the ubiquitination cascade has remarkable complexity and specificity, 

given that there are several E1 proteins, tens of E2 proteins, and hundreds of E3 proteins. In 

addition, it is the E3s which determine the target specificity by targeting specific ubiquitin binding 

domains [223]. Nine ubiquitin-binding domains have been identified [223]. 
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Three general ubiquitination patterns have been identified: these are monoubiquitination, where 

a single ubiquitin moiety becomes bound to a target protein; multi-monoubiquitination, where 

several single ubiquitin moieties become bound at different lysine residues of a single target 

protein; and polyubiquitination, where a chain of ubiquitin moieties becomes attached to a single 

target protein. This process may happen in the nucleus, cytoplasm or on trans-membrane 

proteins [223]. It also has been proposed that the location of a particular ubiquitination process 

and the structure of particular ubiquitin-tags might influence the fate of a particular ubiquitin-

protein complex [136]. 

Ubiquitination has a broad substrate-range, and thus exerts a pervasive influence on the 

regulation of cellular biochemistry. Several of the identified processes involve the following 

processes: intracellular trafficking of non-proteolytic signals; DNA repair; signal transduction; 

protein translocation through membranes such as those of the endoplasmic reticulum; and 26S-

proteosome-mediated protein degradation [135, 136, 223].  

The minimum signal necessary for proteasome recognition has been identified as a chain of four 

ubiquitin molecules linked to the Lys48 residue of a target protein [137]. In eukaryotic cells, a 

target protein becomes labelled by attachment of an ubiquitin tag. The proteasome then 

recognises this tag and carries out a subsequent “chopping” process, generating single short 

peptide segments or peptide Sections [134]. 

Ubiquitin-Mediated Degradation of SSAT1: Preliminary Summary 

Ubiquitin-mediated SSAT1 degradation was firstly shown by Coleman and colleagues in 1999, 

who demonstrated that cloned human SSAT1 could form mono-, di-, and tri-ubiquitin-SSAT1 

complexes in vitro. They also showed that SPD acetylation activity was positively correlated with 

the amount of free SSAT1 but negatively correlated with (n)-ubiquitin-SSAT1 complexes [128]. In 

addition, they also determined in vitro that the most probable lysine residue that bound to 
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ubiquitin-tag was lysine 87, and polyamine analogues (DENS and DES) could exert dose-

dependent protection of the enzyme against ubiquitin-mediated degradation [128]. 

5.2. Methods 

C57 and ob/ob mice were used for these studies. Male mice of each genotype were randomly 

allocated to experimental groups that received treatment with stated dosages of saline, DENS, 

aspirin, or TETA, respectively, as described in the Section 2.4.1. In total, eight groups of mice 

were enrolled. Mice were enrolled at ages between 0 and 23 days after weaning, at which time 

they received their first MRI scan for total body fat percentage. Thereafter, treatment with 

SSAT1-inducers was begun and lasted for up to 233 days until all the measurements were 

completed. The exact schedule of experimental measurements for each subject was as shown in 

Appendix 1. During this time, body-weight and blood glucose values were recorded weekly. After 

the first MRI scan, a further three MRI scans for body-fat and one for cardiac function were 

completed during four time-windows: respectively at 49 - 84, 107 - 133, 156 - 190 and 157 - 103 

days post-weaning.  

At 154 - 209 days after weaning, mice received calorimetric analysis by using a CLAMS 

apparatus, whereby 24-hour energy expenditure, hourly respiratory exchange ratios throughout 

24 hours, 24-hour food consumption, and 24-hour water consumption were recorded. This study 

was followed by a 24-hour urine collection, at 154 - 219 days after weaning. 

ITT, IST, and GTT studies were subsequently conducted, at 152 - 212, 157 - 216, and 162 - 219 

days post-weaning. The in vivo aspect of the study was completed by culling of subjects at 178 -

 223 days post-weaning. Performing all three tests also made the results more comparable with 

other studies, where only one or two of these tests may have been performed. 
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Post-mortem analyses were carried out on the collected tissues, which included heart, liver, 

skeletal muscle, and blood, according to methods described in Chapter 2. First, abundance and 

activity of SSAT1 in liver, heart, and skeletal muscle were measured. Second, levels of 

energy/fat metabolism biomarkers, including cholesterol, HDL, triglyceride, LDL/VLDL, and 

insulin, were measured in serum. Finally, the abundance of polyamines was measured by LC-MS 

in liver, heart, and skeletal muscle. 

5.3. Results  

All results have been presented as figures or tables. Detailed experimental methods and 

statistical analyses were described in Chapter Two and Section 2.5 respectively.   

5.3.1. Body-weight and Blood Glucose 

During the first phase of animal experiments, mice were treated with saline or one of three drugs 

(DENS, aspirin, and TETA). At the latter stage of these experiments (156 - 190 days post-

weaning), subjects underwent a series of experiments, whose conditions included intermittent 

fasting or being kept in different cages. These processes may have introduced stress, which 

could for example have manifested in terms of stress-related effects on weight or other metabolic 

variables. To minimise any possible influence of such putative stress on body-weight or blood-

glucose levels, after each experiment, animals were left to recover for a week before the next 

experiment. However, it is noted that some of the body-weights taken before recovery were 

significantly lower than the corresponding control values (Figure 5.1A). 

After 178 day post-weaning, we began to cull animals for tissue collection and this procedure 

was completed on day 234 post-weaning. 
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Figure 5.1 Weekly Body-Weight in Groups of Mice During the Experimental Period. (A), groups of Sham-

control and DENS-treated mice; (B), groups of Sham-control and aspirin-treated mice; and (C), groups of 

Sham-control and TETA-treated mice. Individual points are means ± SEM. The Sham-control groups were 

the same in each case, as all four treatments were administered as part of a single overarching 

experimental protocol. Significance of variables (treatment . treatment/time interaction) were analysed 

within C57 mice (-, P>0.05; †, P≤0.05; ††, P≤0.01; †††, P≤0.001) and ob/ob mice (P>0.05; ‡, P≤0.05; ‡‡, 

P≤0.01; ‡‡‡, P≤0.001). Significance of variables (treatment . treatment/time-interaction . 

treatment/genotype-interaction: -, P>0.05; *, P≤0.05; **, P≤0.01; ***, P≤0.001) were analysed within 

drug-treated and Sham-control mice. Abbreviations and symbols: ○, Sham-control ob/ob mice, n = 13; ●, 

Sham-control C57 mice, n = 13; □, N11-diethylnorspermine (DENS)-treated ob/ob mice, n = 10; ■, DENS-

treated C57 mice, n = 10; △, aspirin-treated ob/ob mice, n = 7; ▲, aspirin-treated C57 mice, n = 7; ▽, 

triethylenetetramine (TETA)-treated ob/ob mice, n = 8; and ▼, TETA-treated C57 mice, n = 7; (animals in 

each group before day 178 post-weaning). 
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Figure 5.2 Weekly Blood Glucose Values in Groups of Mice over the Experimental Period. (A), Sham-

control and DENS-treated mice; (B), Sham-control and aspirin-treated mice; and (C), Sham-control and 

TETA-treated mice. The Sham-control groups are the same in each case as all four treatments were 

administered as part of the same overarching experimental protocol. Data-points are means ± SEM. The 

same statistical analyses were applied as described in Figure 5.1. Abbreviations and symbols: ○, Sham-

control ob/ob mice, n = 13; ●, Sham-control C57 mice, n = 13; □, N11-diethylnorspermine (DENS)-

treated ob/ob mice, n = 10; ■, DENS-treated C57 mice, n = 10; △, aspirin-treated ob/ob mice, n = 7; ▲, 

aspirin-treated C57 mice, n = 7; ▽, triethylenetetramine (TETA)-treated ob/ob mice, n = 8; and ▼, TETA-

treated C57 mice, n = 7 (numbers in each group before day 178 post-weaning). 
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Figure 5.3 End-Point Body-Weight and Blood-Glucose Values. End-point values were recorded at days 

178 to 234, before culling. The results are presented as means ± 95% confidence intervals (n ≥ 7/group). 

Error bars are not shown in cases where they overlap with the means, in the interests of clarity. For 

statistical analysis, Sham-control C57 and ob/ob groups were compared firstly by the Mann Whitney-U 

test #, P≤0.05; ##, P≤0.01; ###, P≤0.001), Then, one-way ANOVA with Bonferroni post-hoc tests was applied 

to analyse responses in C57 mice (compared to Sham-control C57 group: †, P≤0.05; ††, P≤0.01; †††, 

P≤0.001) and for ob/ob mice (compared to Sham-control ob/ob group: ‡, P≤0.05; ‡‡, P≤0.01; ‡‡‡, 

P≤0.001) separately. Finally, drug- (DENS, aspirin, or TETA)-treated mice were compared to the respective 

Sham-control groups by two-way ANOVA separately (genotype effect . treatment effect . 

genotype/treatment interaction: -, P>0.05; *,P≤0.05; **, P≤0.01; ***, P≤0.001). Abbreviations and 

symbols: ●, C57 mice; ○, ob/ob mice; S, Sham-control; D, N1,N11-diethylnorspermine (DENS)-treated; A, 

aspirin-treated; and T, triethylenetetramine (TETA)-treated. 

At the start of the mouse experiments (right after weaning, or about three weeks after birth), 

some of the ob/ob mice already showed a slightly higher body-weight, and had rounder body 

shape than the C57 mice (Figure 5.1). Mice went through a fast-growing phase that lasted about 

60 days, which was underway at weaning. Comparing the Sham-control mice of the two 

genotypes, Sham-control ob/ob had a much higher rate of weight gain rate than the 

corresponding Sham-control C57 mice. During this fast-growing phase, Sham-control ob/ob mice 

also showed an increase in blood glucose levels that was greater than the Sham-control C57 

mice (Figure 5.2). This reached a maximum of ~14 mM and then gradually fell to the same level 

as in the Sham-control C57 mice by around 80 days post-weaning. After the fast-growing period, 
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Sham-control ob/ob and C57 mice kept gaining weight at similar but lower rates than during the 

fast-growing phase. At the study’s end, Sham-control C57 and ob/ob mice had respective body-

weights of 39.8 ± 1.0 and 64.9 ± 0.9 g (Figure 5.3A). At ~80 days post-weaning, blood-glucose 

levels were similar in the two groups, and at the end of the study, values were 7.6 ± 0.3 mM in 

Sham-control C57 mice and 8.0 ± 0.6 mM in Sham-control ob/ob mice (Figure 5.3B). 

Compared to Sham controls, DENS-treated ob/ob mice had lower overall body-weights (Figure 

5.1A). This effect was also time-dependent, which meant that it became more evident only during 

the later stages of the experiment. By the end, DENS-treatment had lowered the rate of body-

weight gain of ob/ob mice compared with non-drug-treated controls by 14.0%, and end-stage 

weights were 55.6 ± 1.6 g (Figure 5.3A). Although DENS-treatment of C57 mice did not lower 

either the overall body-weight gain or the end-point body-weight compared with Sham controls, 

DENS-treatment did reduce rate of body-weight gain somewhat in C57 mice during the late 

experimental stage (Figure 5.1A). In general, DENS-treatment had a time-dependent effect on 

reducing body-weight gain in both C57 mice and ob/ob mice, and was more effective in ob/ob 

mice. By contrast, DENS-treatment did not alter the absolute blood glucose levels in mice of 

either genotype, but did show a trend towards decreasing blood glucose in C57 mice over time 

(Figure 5.2A). 

Compared to Sham controls, TETA gradually reduced the rate of body-weight gain in C57 mice 

over time (Figure 5.1B). TETA-treated ob/ob mice had an overall greater weight, which was also 

a time-dependent effect (more prominent at the study’s later stage). TETA-treated ob/ob mice 

also had the highest blood glucose levels among all groups at the starting point (Figure 5.2B). 

These averaged ~20 mM and quickly increased to 33.3 mM in some mice, and then gradually 

decreased to 5.9 ± 0.4 mM at the end-point. Apart from this, TETA-treated C57 and ob/ob had 

lower blood-glucose values (~86%) at the end of the experimental period (178 - 234 days post-

weaning) (Figure 5.3). 
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Aspirin treatment had little influence on either body-weight or blood glucose of either C57 mice or 

ob/ob mice (Figure 5.1C and 5.2C). However, it did lower the rate of weight gain in C57 mice 

over time, though there was no difference in either the overall body-weight or the end-point body-

weight, compared to the Sham controls. Aspirin-treatment also resulted in lower blood glucose 

(~86%) in both C57 and ob/ob mice at the end of the experimental period (178 - 234 days post-

weaning) (Figure 5.3). 

5.3.2. Body Fat Composition 

In order to determine whether any of the three drugs might influence rates of either fat-weight 

gain or non-fat weight gain, mice were analysed by MRI scanning in each of four time-windows 

during the overall study period: T1 (0 - 23), T2 (49 - 84), T3 (107 - 133), and T4 (156 - 190) days 

post-weaning.  

For logistical reasons, it was necessary to carry out all the MRI scanning of the animals over a 

number of days during each time-window. It was clearly shown that mice underwent a rapid fat-

gain phase during T1, with large differences in body fat percentage (Figure 5.4). Results 

obtained during the remaining three time-windows showed much smaller variations. This was 

consistent with the observation that mice had a rapid weight-gain rate until ~60 days post-

weaning and a steady weight-gain rate thereafter. Based on these observations, it was 

concluded that, during the time period from ~156-190 days post-weaning until the mice were 

culled, the body-weight, body composition, and all other related physiological parameters 

remained essentially stable. This meant that the variations between genotypes and among 

treatments would have generated (if they existed) bigger differences in measured physiological 

parameters than intrinsic time-dependent differences existing in the same mouse group.  

In order to obtain a clearer view of longitudinal changes in fat-weight and non-fat weight gain, 

indirectly measured fat-weight and non-fat weight from each experimental group during each 
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time-window was treated as being measured at a single time-point (Table 5.1, Figure 5.5 and 

Figure 5.6). As a result of the large differences in the fast-growing phase, the summary statistics 

presented in T1 were likely to be more biased than data from the other three time-windows. This 

limitation is especially true for the TETA-treated ob/ob mice, most of which were scanned at the 

end of T1 and showed a much higher body-fat percentage on average. 

However, to maintain the statistical power, data were analysed by linear mixed-effects modelling 

according to the actual post-weaning days taking into consideration the longitudinal time effect.  
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Figure 5.4 Percentage Body-Fat Volume during Each of Four MRI-Scan Windows. (A), Sham-control and 

DENS-treated mice; (B), Sham-control and aspirin-treated mice; and (C), Sham-control and TETA-treated 

mice. Significances of variables (treatment . treatment/time interaction) were analysed within C57 mice (-, 

P>0.05; †, P≤0.05; ††, P≤0.01; †††, P≤0.001) and ob/ob mice (P>0.05; ‡, P≤0.05; ‡‡, P≤0.01; ‡‡‡, P≤0.001). 

Significances of variables (treatment . treatment/time-interaction . treatment/genotype-interaction: -, 

P>0.05; *, P≤0.05; **, P≤0.01; ***, P≤0.001) were analysed within drug-treated and Sham-control mice. 

Abbreviations and symbols: ○, Sham-control ob/ob mice, n ≥ 12; ●, Sham-control C57 mice, n ≥ 13; □, 

N1,N11-diethylnorspermine (DENS)-treated ob/ob mice, n ≥ 6; ■, DENS-treated C57 mice, n ≥ 6; △, 

aspirin-treated ob/ob mice, n ≥ 7; ▲, aspirin-treated C57 mice, n ≥ 5; ▽, triethylenetetramine (TETA)-

treated ob/ob mice, n ≥ 7; and ▼, TETA-treated C57 mice, n ≥ 6.  
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Table 5.1 Mouse Body-Fat-Weight and Body-Non-Fat-Weight at Each of Four Time-windows. 

A. 

Genotype Treatment T1 (g) T2 (g) T3 (g) T4 (g) 

C57 Sham 1.4 ± 0.1 4.5 ± 0.6 10.4 ± 1.1 15.1 ± 1.2 

ob/ob Sham 6.4 ± 0.7 31.8 ± 1.0 39.2 ± 1.0 43.8 ± 1.3 

C57 DENS 1.7 ± 0.2 6.9 ± 1.3 7.8 ± 1.7 11.6 ± 0.9 

ob/ob DENS 7.5 ± 0.7 29.1 ± 0.8 34.5 ± 1.0 34.1 ± 1.5 

C57 Aspirin 1.4 ± 0.2 4.2 ± 0.4 11.0 ± 0.6 14.4 ± 0.7 

ob/ob Aspirin 12.5 ± 4.1 31.6 ± 0.8 38.1 ± 1.2 40.4 ± 1.1 

C57 TETA 1.1 ± 0.1 3.9 ± 0.6 7.4 ± 0.6 13.7 ± 0.5 

ob/ob TETA 13.8 ± 1.0 31.0 ± 1.6 35.4 ± 2.0 37.7 ± 1.6 

 

B. 

Genotype Treatment T1 (g) T2 (g) T3 (g) T4 (g) 

C57 Sham 13.5 ± 0.8 23.8 ± 0.6 25.8 ± 0.6 27.5 ± 0.8 

ob/ob Sham 14.4 ± 0.6 24.5 ± 0.6 25.8 ± 0.6 24.5 ± 0.7 

C57 DENS 14.5 ± 0.8 22.6 ± 2.0 25.9 ± 0.6 25.2 ± 0.4 

ob/ob DENS 14.8 ± 0.6 21.0 ± 0.8 25.6 ± 0.5 24.8 ± 0.8 

C57 Aspirin 17.3 ± 0.6 23.2 ± 0.4 23.7 ± 0.3 25.7 ± 0.5 

ob/ob Aspirin 16.3 ± 1.5 23.5 ± 0.8 26.9 ± 1.1 28.8 ± 0.7 

C57 TETA 13.9 ± 0.8 23.0 ± 0.4 25.7 ± 0.9 25.3 ± 0.7 

ob/ob TETA 19.1 ± 0.6 25.1 ± 1.1 29.1 ± 1.3 31.8 ± 1.3 

Mouse body-fat weight (A) and body non-fat weight (B) at four time-windows: T1 (0 - 23), T2 (49 - 84), T3 

(107 - 133), and T4 (156 - 190) days post-weaning are tabulated. Volume of body fat and body non-fat 

were measured by MRI using a three-point Dixon protocol. Body fat weights were calculated by applying 

a value for fat-tissue density of 0.92 mg/mm3. Body non-fat weight was calculated by applying the agreed 

value for lean-tissue density of 1.06 mg/mm3. Results have been presented as means ± SEM (n≥5/group). 

Abbreviations: DENS, N1,N11-diethylnorspermine; TETA, triethylenetetramine; and SEM, standard error of 

mean.  
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Figure 5.5 Mouse Body-Fat-Weight during Each of Four Time-Windows. (A), (B), and (C) Sham-control 

C57 compared with DENS-, aspirin, and TETA-treated C57 mice respectively; (D), (E), and (F) ob/ob 

compared with DENS-, aspirin, and TETA-treated ob/ob mice respectively. Values from Table 5.1A are 

shown as means ± 95% confidence intervals. Significance of variables (treatment . 

treatment/time interaction) was analysed within C57 mice (-, P>0.05; †, P≤0.05; ††, P≤0.01; †††, P≤0.001) 

and ob/ob mice (P>0.05; ‡, P≤0.05; ‡‡, P≤0.01; ‡‡‡, P≤0.001). Significance of variables (treatment effect. 

treatment/time-interaction . treatment/genotype-interaction: -, P>0.05; *, P≤0.05; **, P≤0.01; ***, 

P≤0.001) was analysed within drug-treated and Sham-control mice. The actual post-weaning day when 

each scan was performed was used in each LMEM where the effect of time was considered. Two-way 

ANOVA with Bonferroni post-hoc correction (#, P≤0.05; ##, P≤0.01; ###, P≤0.001) was applied to analyse 

data from each of T2, T3, and T4. Abbreviations and symbols: LMEM, linear mixed-effects model; ○, 

Sham-control ob/ob mice; ●, Sham-control C57 mice; □, N1,N11-diethylnorspermine (DENS)-treated 

ob/ob mice; ■, DENS-treated C57 mice; △, aspirin-treated ob/ob mice; △, aspirin-treated C57 mice; ▽, 

triethylenetetramine (TETA)-treated ob/ob mice; and ▼, TETA-treated C57 mice.  
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Figure 5.6 Mouse Body Non-Fat Weight at Each of Four Time-windows. (A), (B), and (C) Sham-control 

C57 compared with DENS-, aspirin, and TETA-treated C57 mice respectively; (D), (E), and (F) ob/ob 

compared with DENS-, aspirin, and TETA-treated ob/ob mice respectively. Values from Table 5.1B are 

shown as means ± 95% confidence intervals. The same statistical analyses were applied as described in 

Figure 5.5. Abbreviations and symbols: ○, Sham-control ob/ob mice; ●, Sham-control C57 mice; □, 

N1,N11-diethylnorspermine (DENS)-treated ob/ob mice; ■, DENS-treated C57 mice; △, aspirin-treated 

ob/ob mice; ▲, aspirin-treated C57 mice; ▽, triethylenetetramine (TETA)-treated ob/ob mice; and ▼, 

TETA-treated C57 mice. 

Compared to the Sham-control C57 mice, Sham-control ob/ob mice had a faster rate of fat-

weight gain at the early stage (Figure 5.5). At T1, the Sham-control ob/ob mice already displayed 

a body-fat-volume percentage almost twice that of the Sham-control C57 mice. From T1 to T2, 

this difference tripled; the Sham-control ob/ob mice at T2 had a fat weight of 31.7 ± 1.0 g, which 

was 600% higher than the corresponding value of 4.5 ± 0.6 g in Sham-control C57 mice. After T2, 

the Sham-control C57 mice kept gaining fat at a similar rate as before, while the rate of fat-weight 

gain rate in the Sham-control ob/ob mice was reduced and thereafter remained steady up to T4. 
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At T4, the Sham-control C57 mice and ob/ob mice had respective fat weights of 15.1 ± 1.2 and 

43.8 ± 1.3 g.  

Despite these differences in rates of accumulation of fat-weight, both the Sham-control C57 mice 

and ob/ob mice showed similar non-fat weights throughout the course of the study (Figure 5.6). 

They both showed a very slow non-fat weight gain rate after T2, and had very similar non-fat 

weights at T4. Sham-control C57 mice had non-fat weights of 23.8 ± 0.6 g at T2 and 27.5 ± 0.8 g 

at T4; whereas the Sham-control ob/ob mice had similar non-fat weights of 24.5 ± 0.6 g at T2 

and 24.5 ± 0.7 g at T4.  

In summary, compared to the Sham-control C57 mice, Sham-control ob/ob mice longitudinally 

gained similar amounts of non-weight fat but tripled their fat weight. The difference in fat weight 

was the main factor in the difference in body-weight between these two groups of mice. 

DENS-treatment had no influence on non-fat weight of C57 mice (Figure 5.6A) but slowed the 

rate of fat-weight gain in these mice over time (Figure 5.5A), although there was no significant 

difference in values at any time-window. At T4, DENS-treated C57 mice had fat weight values of 

11.6 ± 0.9 g, some 23% less than in Sham controls. In ob/ob mice, DENS-treatment reduced the 

overall non-fat weight gain, but this effect was solely due to the higher non-fat weight at T2, and 

there was no difference in non-fat weight at any of the other time-windows (Figure 5.6B). Apart 

from this, DENS-treatment was also found to be more effective in reducing fat weight gain in 

ob/ob mice than in C57 mice (Figure 5.5B). Fat weight in DENS-treated ob/ob mice had become 

significantly less than in Sham control at T3, when their fat weight was 34.5 ± 1.0 g (14% less 

than in Sham control). At T4, their fat weight had remained essentially static at 34.1 ± 1.5 g (and 

was then 22% less than in Sham-control values). 

In short, DENS has no effect on reducing non-fat weight gain, but a significant effect on reducing 

fat-weight gain. Despite the large difference in the fat weight between C57 mice and ob/ob mice, 
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DENS-treatment had reduced the fat weight gain by the same percentage (23% less in C57 mice 

and 22% less in ob/ob mice), compared to the Sham controls at T4. 

Compared to Sham controls, TETA-treated C57 mice showed no difference in either non-fat or 

fat weight at any of the time-windows (throughout the entire time-course) (Figure 5.5E and 5.6E). 

However, TETA increased the time-dependent rate of non-fat weight gain in ob/ob (Figure 5.6F); 

cross-sectional comparisons became significant at T3 and more so at T4. At the study’s end (T4), 

TETA-treated ob/ob mice had non-fat weight of 31.8 ± 1.3 g (~30% higher than control values). 

Conversely, TETA-treated ob/ob mice had decreased rates of fat-weight gain so that at T4, their 

fat weight was 37.6 ± 1.6 g, which was 14.2% lower than the control value (Figure 5.5F).  

In short, the effects of TETA-treatment were genotype-dependent. It had no effect on C57 mice. 

However, it increased rates of non-fat-weight gain and lowered rates of fat-weight gain in ob/ob 

mice. The overall effect was to increase body-weight gain, wherein the percentage of non-fat 

weight gain was increased. Of note, the absolute effect of TETA to lower fat-weight gain was 

apparently less than that of DENS.  

Compared to the Sham controls of the same genotype, aspirin-treated mice gained the same 

amount of fat weight and non-fat weight over the entire time-course. However, aspirin-treated 

C57 mice had a lower rate of non-fat weight gain (Figure 5.6C). Although aspirin-treated ob/ob 

mice had an apparently higher non-fat weight of 28.8 ± 0.7 g at T4, this was determined not to be 

significant, since statistical analysis using the actual measuring time (i.e. days post-weaning) in 

linear mixed-effects modelling (LME) showed that the apparent difference was not significant 

(Figure 5.6D). 
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5.3.3. Cardiac Function Analysis 

In order to monitor changes in cardiac function and morphology which are commonly associated 

with obesity and type-2 diabetes, the following parameters were measured: LVEF, left-ventricular 

ejection fraction; LVEF/BW, left-ventricular ejection fraction per gram of body-weight; CO, cardiac 

output; CO/BW, cardiac output per gram of body-weight; LVM, left-ventricular mass; LVM/BW, 

left-ventricular mass per gram of body-weight; LVV, left-ventricular volume; and LVV/BW, left-

ventricular volume per gram of body-weight.  

Table 5.2 End-Point Cardiac Function and Morphology. 

A. 

Genotype Treatment BW (g) BFW (g) BNW (g) 

C57 Sham 39.8 ± 1.1 17.1 ± 0.8 27.2 ± 0.9 

ob/ob Sham 66.2 ± 1.0 43.5 ± 1.3 23.9 ± 0.6 

C57 DENS 35.5 ± 1.5 11.1 ± 1.3 24.6 ± 0.5 

ob/ob DENS 57.3 ± 1.5 35.1 ± 1.5 25.3 ± 0.8 

C57 Aspirin 38.0 ± 0.0 14.8 ± 0.4 25.6 ± 0.2 

ob/ob Aspirin 64.5 ± 1.0 39.7 ± 0.9 28.9 ± 0.9 

C57 TETA 37.0 ± 0.9 13.8 ± 0.6 25.5 ± 0.8 

ob/ob TETA 66.6 ± 1.5 38.7 ± 1.5 30.7 ± 0.8 

(A) BW, BFW, and BNW of mice scanned for cardiac function. Results have been represented as 

means ± SEM (n ≥ 4/group; except for aspirin-treated C57, n = 2). BFW and BNW are from Table 5.1. BW 

are also presented graphically in Figure 5.3A. Abbreviations: LVM, left-ventricular mass; LVV, left- 

ventricular volume; BW, body-weight; BFW, body-fat-weight; and BNW, body-non-fat-weight. 
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Table 5.2 End-Point Cardiac Function and Morphology (Continued). 

B. 

Genotype 

 

Treatment 

 

LVEF 

(V/V%) 

LVEF/BW 

(V/V%/g) 

LVEF/BNW 

(V/V%/g) 

CO 

(mL/min) 

CO/BW 

(mL/min/g) 

CO/BNW 

(mL/min/g) 

C57 Sham 82 ± 2 20.8 ± 0.6 30.4 ± 1.0 21.7 ± 1.3 0.55 ± 0.04 0.82 ± 0.07 

ob/ob Sham 79 ± 2 12.0 ± 0.4 32.6 ± 0.8 23.4 ± 1.0 0.35 ± 0.02 0.98 ± 0.06 

C57 DENS 79 ± 4 22.5 ± 1.0 32.3 ± 1.7 18.7 ± 1.3 0.53 ± 0.03 0.77 ± 0.06 

ob/ob DENS 84 ± 3 14.7 ± 0.7 33.2 ± 0.7 26.3 ± 1.0 0.46 ± 0.02 1.05 ± 0.05 

C57 Aspirin 90 ± 1 23.9 ± 0.4 35.1 ± 0.8 20.4 ± 1.5 0.54 ± 0.04 0.80 ± 0.07 

ob/ob Aspirin 86 ± 3 13.3 ± 0.5 29.8 ± 0.7 24.8 ± 0.8 0.38 ± 0.02 0.86 ± 0.04 

C57 TETA 76 ± 3 20.5 ± 0.7 29.8 ± 1.2 18.8 ± 0.6 0.51 ± 0.03 0.74 ± 0.04 

ob/ob TETA 72 ± 5 10.8 ± 0.7 23.6 ± 1.8 25.7 ± 1.6 0.39 ± 0.03 0.84 ± 0.06 

C. 

(B), (C) are cardiac function-related parameters. Results have been represented as means ± SEM 

(n ≥ 4/group; except for aspirin-treated C57, n = 2). BFW and BNW are from Table 5.1. BW are also 

presented graphically in Figure 5.3A. Abbreviations: LVM, left-ventricular mass; LVV, left- ventricular 

volume; BW, body-weight; and BNW, body-non-fat-weight. 

Genotype 

 

Treatment 

 

LVM 

(mg) 

LVM/BW 

(mg/g) 

LVM/BNW 

(mg/g) 

LVV 

(mm3) 

LVV/BW 

(mm3/g) 

LVV/BNW 

(mm3/g) 

C57 Sham 68.1 ± 3.7 1.71 ± 0.11 2.56 ± 0.19 57 ± 4 1.46 ± 0.11 2.17 ± 0.19 

ob/ob Sham 97.1 ± 3.5 1.47 ± 0.06 4.01 ± 0.14 67 ± 2 1.01 ± 0.03 2.81 ± 0.16 

C57 DENS 85.4 ± 6.2 2.47 ± 0.28 3.46 ± 0.22 58 ± 5 1.68 ± 0.21 2.35 ± 0.18 

ob/ob DENS 82.0 ± 2.4 1.44 ± 0.06 3.25 ± 0.14 64 ± 3 1.13 ± 0.06 2.56 ± 0.17 

C57 Aspirin 76.4 ± 0.2 2.03 ± 0.01 3.00 ± 0.04 53 ± 3 1.42 ± 0.07 2.09 ± 0.13 

ob/ob Aspirin 84.2 ± 6.9 1.30 ± 0.10 2.92 ± 0.28 65 ± 3 1.00 ± 0.06 2.25 ± 0.14 

C57 TETA 92.2 ± 6.8 2.49 ± 0.15 3.60 ± 0.18 67 ± 3 1.83 ± 0.10 2.67 ± 0.17 

ob/ob TETA 114.5 ± 5.4 1.73 ± 0.10 3.76 ± 0.25 90 ± 7 1.37 ± 0.12 2.96 ± 0.25 
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Figure 5.7 End-Point Measures of Cardiac Function and 

Morphology. LVEF (A), CO (B), LVM (C), and LVV (D) from 

Table 5.2 are presented as means ± 95% confidence 

intervals. The same statistical analyses were applied as 

described in Figure 5.3. Abbreviations and symbols: 

●, C57 mice; ○, ob/ob mice; S, Sham-control; D, N1,N11-

diethylnorspermine-treated; A, aspirin-treated, T, 

triethylenetetramine-treated; LVEF, left ventricle ejection 

fraction; CO, cardiac output; LVM, left-ventricular mass; 

and LVV, left- ventricular volume. 
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Figure 5.7 End-Point Measures of Cardiac Function and Morphology (Continued). LVEF/BW (E), 

LVEF/BNW (I), CO/BW (F), CO/BNW (J), LVM/BW (G), LVM/BNW (K), LVV/BW (H), and LVV/BNW (L) from 

Table 5.2 are presented as means ± 95% confidence intervals. Error bars are not shown in cases where 

they overlap with the means in the interests of clarity of presentation. The same statistical analyses were 

applied as described in Figure 5.3. Abbreviations and symbols: ●, C57 mice; ○, ob/ob mice; S, Sham-

control; D, N1,N11-diethylnorspermine-treated; A, aspirin-treated, T, triethylenetetramine-treated; LVEF, 

left ventricle ejection fraction; CO, cardiac output; LVM, left-ventricular mass; LVV, left- ventricular 

volume; BW, body-weight; and BNW, body-non-fat-weight. 
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In this study, indices of cardiac morphology and function of the Sham-control C57 mice were 

found to be as follows: LVM, 68.1 ± 3.7 mg; LVM/BW, 1.71 ± 0.11 mg/g; LVM/BNW, 

2.56 ± 0.19 mg/g; LVV, 56.7 ± 3.6 mm3, LVV/BW, 1.46 ± 0.11 mm3/g; LVV/BNW, 

2.17 ± 0.19 mm3/g; LVEF, 82.1 ± 2.0 v/v%; LVEF/BW, 20.8 ± 0.6 v/v/mg; LVEF/BNW, 

30.4 ± 1.0 v/v/mg; CO, 21.7 ± 1.3 mL/min; CO/BW, 0.55 ± 0.04 mL/min/g; and CO/BNW, 

0.82 ± 0.77 mL/min/g (Table 5.2). The Sham-control ob/ob mice had similar indices of cardiac 

function: the CO and LVEF appeared to remain the same in ob/ob mice (Figure 5.7 A and B). 

Although these two parameters decreased in Sham-control ob/ob mice after normalising to body-

weight (Figure 5.7E and F), they were actually the same after normalising to body-non-fat-weight 

(Figure 5.7I and J). The latter normalisation method was considered to be more appropriate, 

since lean tissue is perfused much more than fat tissue, and the large difference in body weight 

between Sham-control ob/ob mice and Sham-control C57 mice was attributed solely to the 

difference in fat mass. As well, Sham-control ob/ob mice developed cardiac hypertrophy with 

elevated LVM/BNW (4.01 ± 0.14 mg/g, some 57% more than the Sham-control C57 mice) and 

LVV/BNW (2.81 ± 0.16 mm3/g, some 24% more than the Sham-control C57’s) (Figure 5.7K and 

L). 

DENS-treatment had no effect on LVEF/BNW, CO/BNW, and LVV/BNW in either C57 or ob/ob 

mice compared to the respective Sham-controls (Figure 5.7J, K and L). However, LVM/BNW was 

increased by 35% in C57 mice (3.46 ± 0.22 mg/g), but decreased by 19% in ob/ob mice 

(4.01 ± 0.14 mg/g). Consistently, it has been reported that 4-month old transgenic female 

SSAT1-tg mice also showed increased heart weight compared to their wild type controls [2] 

The aspirin-treated C57 group contained measurements from only two mice, with a consequently 

enlarged 95% CI, and results based on these measurements must thus be considered tentative. 

In general, aspirin-treated mice had slightly increased LVEF/BNW values, whereas the CO/BNW 
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and LVV/BNW indices were unchanged (Figure 5.7J, K and L). However, aspirin appeared to 

reduce cardiac hypertrophy (LVM/BNW) in ob/ob mice by 27% to 2.92 ± 0.28 mg/g. 

In both C57 and ob/ob Sham-control mice, TETA-treatment showed the same CO/BNW and 

LVV/BNW (Figure 5.7J and L). However, TETA-treated ob/ob mice had 28% lower LVEF/BNW 

but showed the same level of cardiac hypertrophy (LVM/BNW), compared to their Sham-control 

ob/ob (Figure 5.7K). On the other hand, TETA-treated C57 mice had the same level of 

LVEF/BNW but with cardiac hypertrophy (41% more LVM/BNW), compared to their Sham-control 

C57. 

5.3.4. CLAMS Analysis 

To measure the energy expenditure and preferential utilisation of fuel type, mice underwent 

analysis by using CLAMS apparatus at 150-209 days post-weaning. Total time spent in the 

CLAMS apparatus was 72 hours, of which at least the first 24-hour period was for acclimatisation. 

Following this acclimatisation, data within a continuous 24-hour period were collected from each 

mouse; during this period, food intake, water intake, expired CO2, and inspired O2 were recorded 

every 10 minutes. Thereafter, urine excretion for a following 24-hour period was measured and 

collected for each animal.  

Values for the respiratory exchange ratio (RER = VCO2/VO2) and EE were subsequently derived 

from the raw data (Figure 5.8). EE was normalised both to total body-weight and to non-fat body-

weight (Figure 5.9). For these calculations, it was assumed that mice had the same volume-

percentage of fat as at days 156 to 190 days after weaning.  
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Figure 5.8. Effects of Drug Treatment on the Respiratory Exchange Ratio (RER) in Treatment Groups of 

Mice during the 24-Hour Study-Period. Hourly calculated RER values for each group of mice have been 

presented as means ± SEM. For statistical analysis, each drug- (DENS, aspirin, or TETA) treated group was 

firstly compared to the corresponding Sham control by two-way ANOVA (treatment effect . time effect . 

treatment/time interaction: -, P>0.05; *, P≤0.05; **, P≤0.01; ***, P≤0.001). Thereafter, mice with 

different genotypes but receiving the same treatment were compared across two adjacent plots 

(between: A/B, C/D, and E/F), also by two-way ANOVA. Results are noted close to the two compared 

groups, between Sham-control mice: (genotype effect . time effect . genotype/time interaction: -, P>0.05; 

†, P≤0.05; ††, P≤0.01; †††, P≤0.001), and between drug-treated mice (genotype effect . time effect . 

genotype/time interaction: -, P>0.05; ‡, P≤0.05; ‡‡, P≤0.01; ‡‡‡, P≤0.001). Abbreviations and symbols: ○, 

Sham-control ob/ob mice, n = 9; ●, Sham-control C57 mice, n = 9; □, N1,N11-diethylnorspermine (DENS)-

treated ob/ob mice, n = 5; ■, DENS-treated C57 mice, n = 8; △, aspirin-treated ob/ob mice, n = 6; ▲, 

aspirin-treated C57 mice, n = 7; ▽, triethylenetetramine (TETA)-treated ob/ob mice, n = 8; and ▼, TETA-

treated C57 mice, n = 7. 
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Figure 5.9 Results of Drug-Treatments on Variables Measured by CLAMS Analysis in Groups of C57 and 

ob/ob mice over 24 Hours. (A), food intake; (B), water intake; (C), urine excretion; (D), energy 

expenditure per gram of body-weight; (E), energy expenditure per gram of body-non-fat-weight; (F), 

hourly average RER; (G), total horizontal activity; and (H), total vertical activity. BW, BFW, and BNW are 

from Table 5.2. It was assumed that individual mice had the same fat volume percentage in the 

calorimetry experiment as measured by the MRI experiment. Urine was subsequently collected under the 

same conditions in a metabolic cage. Results have been presented as means ± 95% CI. Error bars are not 

shown in cases where they overlap with the means, for clarity of presentation. The same statistical 

analyses were applied as described in Figure 5.3. Abbreviations and symbols: ●, C57 mice; ○, ob/ob 

mice; S, Sham-control; D, N1,N11-diethylnorspermine-treated; A, aspirin-treated, T, triethylenetetramine-

treated; EE, energy expenditure; BW, total body-weight; BNW, body-non-fat-weight; RER, respiratory 

exchange ratio; XTOT, total activity in X-axial horizontal direction; and ZTOT, total activity in the Z-axial 

(vertical) direction. 
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All experimental groups showed flattened RER curves (Figure 5.8). The hourly RER values of the 

majority of study groups were not affected by time and none of them had a significant 

treatment/time interaction by two-way ANOVA. Nor did they show any obvious peak of RER 

during the light/dark-cycle. This observation was different from young C57 mice (~ three-weeks 

post-weaning), which is a continuous period (> 4 hours) with elevated RER, activity level, and 

food consumption during the dark phase [224]. On the other hand, other studies using mice over 

18-weeks post-weaning showed trends similar to those in the current study [225-227]. Therefore, 

physiological parameters related to energy expenditure measured by CLAMS were further 

analysed without consideration of any hourly time-effect.  

On average, compared to Sham-control C57 mice, Sham-control ob/ob mice consumed 22% 

more food (4.8 ± 0.4 g), 76% more water (3.0 ± 0.2 mL), and excreted 158% more urine 

(2.6 ± 0.2 mL) (Figure 5.9). However, the EE/BW was considered a biased value for comparison 

between C57 and ob/ob mice, since the difference was largely due to the higher fat mass in 

ob/ob mice. Fat tissue is known to be much less metabolically active than non-fat (lean) tissue 

and the Sham-control ob/ob mice consumed 28.9% more energy (EE/BNW, 0.58 ± 0.01 kcal/g) 

than the Sham-control C57 mice. This was largely due to the elevated intrinsic metabolic rate, 

since ob/ob mice in general were 75% less active (both in horizontal and vertical directions). The 

Sham-control ob/ob mice had higher overall RER values (mean = 0.93) than Sham-control C57 

mice (mean = 0.86) (Figure 5.8), consistent with higher rates of carbohydrate oxidation in these 

ob/ob mice [228].  

The effect of DENS-treatment on each of the calorimetry parameters was not significant in itself, 

but overall effects were consistent. Comparing the means of these parameters, DENS-treated 

ob/ob mice had lower rates of food consumption, water consumption, urine excretion, and higher 

EE/NFW compared with controls (Figure 5.9). However, DENS-treatment changed all of these 

parameters in the opposite direction in C57 mice. The likely contradictory effect of DENS 
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becomes evident in considering effects on RER (Figure 5.8), where DENS-treated ob/ob mice 

had a 4% lower RER whereas DENS-treated C57 mice had a 4% higher RER comparing to 

corresponding Sham controls. These findings indicated that DENS-treatment changed the 

preferred fuel type from glucose towards fat in C57 mice, whereas its actions were in the 

opposite direction in ob/ob mice.  

TETA-treatment was more effective in ob/ob mice, which demonstrated elevated water 

consumption, and lower EE/NFW and RER compared to controls (Figure 5.9). The results of the 

other measured parameters all remained unchanged compared with Sham controls. In C57 mice, 

TETA also caused lower RER, which was also the lowest (mean = 0.81) among all experimental 

groups. This result indicated that, in TETA-treated mice (both C57 and ob/ob), fat was the 

preferred fuel type. The rest of the measured parameters all remained unchanged compared to 

Sham controls [228]. These findings are consistent with the evident effect of TETA to increase 

the relative percentage of NFM and correspondingly decrease FM in ob/ob mice. 

Aspirin-treatment increased RER in both genotypes (Figure 5.8 and Figure 5.9F). Aspirin-treated 

mice showed the highest RER in each genotype (ob/ob, mean = 0.99; C57, mean = 0.93) (Figure 

5.9F). This result indicated that, in aspirin-treated mice (both C57 and ob/ob), carbohydrate was 

the preferred fuel type [228]. 

5.3.5. Blood Glucose and Insulin Tests 

To determine whether any of the treatments had effects on metabolic indices of obesity or insulin 

resistance, mice underwent tests of their insulin tolerance, insulin sensitivity, and glucose 

tolerance, at periods of 152 - 221, 157 - 216, and 157 - 232 days post-weaning respectively. To 

remove baseline variation, values have been normalised to the corresponding initial 

measurement as percentage values, where the initial blood glucose values (or insulin levels) 
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have been treated as 100%, and the ratios of following measurements over the initial 

measurement calculated accordingly.  
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Figure 5.10. Serum Glucose at Selected Time-points During Intraperitoneal Insulin Tolerance Test (ITT). 

Mice were fasted for 12 hours. Thereafter, they were injected intraperitoneally with 0.5 mU/g (body-

weight) human insulin. Blood glucose levels were measured before injection and at 20, 40, and 80 

minutes post-injection. Results are presented as means ± SEM for each experimental group. Error bars 

are not shown in cases where they overlap with the means for clarity of presentation. Statistical analysis 

was first of all carried out between drug- (DENS, aspirin, or TETA) treated mice compared to their Sham 

controls (C57 or ob/ob) (either C57 vs C57, (A), (C), (E); or ob/ob vs ob/ob, (B), (D), (F) respectively) by 

two-way ANOVA. This treatment effect is denoted by: *, P≤0.05; **, P≤0.01; ***, P≤0.001). Then, C57 and 

ob/ob mice which had undergone the same treatment were compared by two-way ANOVA: (DENS-

treatment: (A)■ vs (B)□; aspirin-treatment: (C)▲ vs (D)△;and TETA-treatment: (E)▼vs (F)▽). This 

treatment effect is denoted by ‡, P≤0.05; ‡‡, P≤0.01; ‡‡‡, P≤0.001. The Sham-control C57 and ob/ob 

mice were also compared with each other by two-way ANOVA (● vs ○). Any effect between these two 

groups is denoted by †, P≤0.05; ††, P≤0.01; †††, P≤0.001 Abbreviations and symbols: ○, Sham-control 

ob/ob mice, n = 6; ●, Sham-control C57 mice, n = 7; □, N1,N11-diethylnorspermine (DENS)-treated ob/ob 

mice, n = 3; ■, DENS-treated C57 mice, n = 4; △, aspirin-treated ob/ob mice, n = 7; ▲, aspirin-treated 

C57 mice, n = 5; ▽, triethylenetetramine (TETA)-treated ob/ob mice, n = 8; and ▼, TETA-treated C57 

mice, n = 7.  
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Figure 5.11. Serum Glucose at Selected Time-points During Intraperitoneal Insulin Sensitivity Test (IST). 

Mice were fasted for 12 hours. Then, the animals were intraperitoneally injected with 0.15 mU/g (body-

weight) human insulin and 0.4 mg/g (body-weight) glucose concurrently. Blood glucose levels were 

measured before injection and thereafter at 20, 40, and 80 minutes post-injection. Results are presented 

as means ± SEM for each experimental group. Error bars are not shown in cases where they overlap with 

the means, for clarity of presentation. The same statistical analyses were applied as described in Figure 

5.10. Abbreviations and symbols: ○, Sham-control ob/ob mice, n = 6; ●, Sham-control C57 mice, n = 7; 

□, N1,N11-diethylnorspermine (DENS)-treated ob/ob mice, n = 3; ■, DENS-treated C57 mice, n = 4; △, 

aspirin-treated ob/ob mice, n = 7; ▲, aspirin-treated C57 mice, n = 5; ▽, triethylenetetramine (TETA)-

treated ob/ob mice, n = 8; and ▼, TETA-treated C57 mice, n = 7.  
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Figure 5.12 Serum Glucose at Selected Time-points During Intraperitoneal Glucose Tolerance Test (GTT). 

Mice were fasted for 12 hours, then injected intraperitoneally with 2.0 mg/g (body-weight) glucose. 

Blood glucose levels were measured before injection and at 15, 30, 30, and 120 minutes post-injection. 

Results are presented as means ± SEM for each experimental group. Error bars are not shown in cases 

where they overlap with the means, for clarity of presentation. The same statistical analyses were applied 

as described in Figure 5.10. Abbreviations and symbols: ○, Sham-control ob/ob mice, n = 6; ●, Sham-

control C57 mice, n = 7; □, N1,N11-diethylnorspermine (DENS)-treated ob/ob mice, n = 3; ■, DENS-

treated C57 mice, n = 4; △, aspirin-treated ob/ob mice, n = 7; ▲, aspirin-treated C57 mice, n = 5; ▽, 

triethylenetetramine (TETA)-treated ob/ob mice, n = 8; and ▼, TETA-treated C57 mice, n = 7. 
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Figure 5.13 Serum Insulin at Selected Time-points During Intraperitoneal Glucose Tolerance Test (GTT). 

From the blood samples collected as described in Figure 5.12, insulin levels were measured using an 

ELISA Kit. Results are presented as means ± SEM for each experimental group. Error bars are not shown in 

cases where they overlap with the means, for clarity of presentation. The same statistical analyses were 

applied as described in Figure 5.10. Abbreviations and symbols: ○, Sham-control ob/ob mice, n = 6; ●, 

Sham-control C57 mice, n = 7; □, N1,N11-diethylnorspermine (DENS)-treated ob/ob mice, n = 3; ■, DENS-

treated C57 mice, n = 4; △, aspirin-treated ob/ob mice, n = 7; ▲, aspirin-treated C57 mice, n = 5; ▽, 

triethylenetetramine (TETA)-treated ob/ob mice, n = 8; and ▼, TETA-treated C57 mice, n = 7. 

Insulin Tolerance Tests (ITT) 

Sham-control C57 mice were insulin-resistant (Figure 5.10). During the ITT, there was no 

significant drop in blood glucose levels over the 80-minute test period, during which the blood 

glucose simply decreased slowly to an average of 84%, compared to the initial value. Similarly, 

Sham-control ob/ob mice were also insulin resistant and their blood glucose decreased to an 

average of 96%, compared to the initial values; there was no difference in ITT between these two 

Sham controls (saline injected). 
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Interestingly, all drug-treatments showed genotype-dependent effects on ITT. DENS significantly 

reversed insulin resistance in the C57 mice (Figure 5.10A). Their blood-glucose values reached a 

low of 61.7 ± 4.2% of the starting value at 40 minutes post-injection and thereafter increased to 

74.1 ± 8.4% at 80 minutes, whereas the DENS-treated ob/ob mice were more insulin resistant 

(that is, they had increased overall blood glucose) (Figure 5.10B). In the DENS-treated ob/ob 

mice, blood glucose levels reached a maximum of 125.0 ± 12.4% at 20 minutes post-injection 

and decreased to 91.2 ± 11.2% at 80 minutes post-injection. TETA-treated ob/ob mice also 

demonstrated elevated insulin resistance with an overall increase of blood glucose after insulin 

injection (Figure 5.10F). 

Insulin Sensitivity Tests (IST)    

Sham-control ob/ob mice were more sensitive to insulin than C57 mice (Figure 5.11). After 

injection with 0.15 mU of human insulin and 0.4 mg/g of glucose, the blood glucose levels in the 

Sham-control C57 mice reached a maximum of 171 ± 16% at 20 minutes post-injection and 

gradually fell thereafter to 115 ± 8% of the initial blood glucose at 80 minutes post-injection. The 

Sham-control ob/ob mice showed a similar trend but the maximum was only 140 ± 12% of the 

initial blood glucose at 20 minutes post-injection.  

Compared to Sham controls, DENS-treated ob/ob mice were apparently less insulin sensitive, in 

that the blood glucose reached a maximum of 260 ± 35% of the starting value at 20 minutes 

post-injection (Figure 5.11B), whereas the DENS-treated C57 showed no difference in the IST 

(Figure 5.11A). Aspirin-treatment also caused lower insulin sensitivity in ob/ob mice, whereas it 

had no effect in C57 mice, compared to the Sham controls (Figure 5.11C and D). Compared to 

Sham controls, TETA-treatment improved insulin sensitivity in C57 mice but not in ob/ob mice 

(Figure 5.11E and F).  
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Glucose Tolerance Tests (GTT) 

After injection of 2.0 mg/g glucose, blood glucose levels in Sham-control C57 mice reached a 

maximum of 235 ± 34% of the initial value at 30 minutes post-injection and then gradually fell to 

124 ± 18% at 120 minutes post-injection (Figure 5.12). Compared to this, the Sham-control ob/ob 

mice were apparently much less glucose tolerant, the blood glucose values reaching a maximum 

of 462 ± 25% at 30 minutes post-injection. This maximum level was twice that of the Sham-

control C57 mice. 

DENS-treatment had a genotype-dependent effect on GTT. It reduced glucose tolerance in C57 

mice, in which the maximal blood glucose was 22% higher than in the Sham control (Figure 

5.12A). However, it improved glucose tolerance in ob/ob mice, where the maximal blood glucose 

was 33% less than in Sham controls (Figure 5.12B). Effects of aspirin or TETA on glucose 

tolerance were similar to those of DENS, compared to their respective Sham-controls. Both 

treatments impaired glucose tolerance in C57 mice but improved it in ob/ob mice (Figure 5.12E 

and F). Among all of the experimental groups, the TETA-treated C57 mice displayed arguably 

the poorest glucose tolerance, with maximal blood glucose values of 395 ± 31% of the initial level, 

at 30 minutes post-injection. Values in aspirin-treated C57 mice reached a maximum of 370 ± 50% 

post-injection.  

During glucose tolerance testing, insulin levels were measured in serum (20 - 25 μL/time-point) 

collected immediately before glucose injection and at 20 and 120 minutes post-injection (Figure 

5.13). Despite marked differences in blood glucose levels, no statistically significant between-

group differences were detected by the ANOVA analysis, except in the case of aspirin-treatment 

in C57 mice; compared to Sham controls, these mice showed an overall increase in blood insulin 

levels, largely due to elevated values at 120 minutes post-injection (231 ± 24% of initial serum 

insulin). 
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5.3.6. Responses of Serum Biomarkers of Energy/Fat Metabolism  

Mice were culled on completion of the in vivo experiments after which tissues, including blood, 

were collected. Serum biomarkers related to energy/fat metabolism were measured using 

commercial kits; they included TC, HDL-C, triglyceride, LDL/VLDL-C, and insulin. The results are 

initially presented in Tables 5.3 as means ± SEM, and thereafter in Figure 5.14 plotted as 

means ± 95% CI with statistical analyses. 

Table 5.3 Serum Biomarkers of Energy/Fat Metabolism in C57 and ob/ob Mice after Treatment with 

SSAT1 Inducers. 

Genotype 

 

Treatment 

 

Cholesterol 

(mM) 

HDL-C 

(mM) 

Triglyceride 

(mM) 

LDL/VLDL-C 

(mM) 

Insulin 

(ng/mL) 

C57 Sham 4.6 ± 0.3 5.5 ± 0.4 2.2 ± 0.3 0.5 ± 0.3 2.7 ± 1. 5 

ob/ob Sham 7.6 ± 0.7 6.1 ± 0.9 4.2 ± 0.8 0.5 ± 0.2 43.3 ± 7.3 

C57 DENS 5.0 ± 0.3 3.5 ± 0.4 2.1 ± 0.5 0.4 ± 0.2 1.0 ± 0.2 

ob/ob DENS 5.8 ± 0.6 8.4 ± 0.8 1.8 ± 0.3 0.5 ± 0.1 21.8 ± 5.5 

C57 Aspirin 7.6 ± 0.7 3.5 ± 0.3 nd 0.6 ± 0.1 1.2 ± 0.3 

ob/ob Aspirin 8.3 ± 0.8 5.2 ± 0.8 nd 0.6 ± 0.1 43.8 ± 6.8 

C57 TETA 5.6 ± 0.4 2.3 ± 0.5 3.3 ± 0.9 0.5 ± 0.1 2.0 ± 0.5 

ob/ob TETA 8.1 ± 1.3 5.9 ± 1.0 5.1 ± 0.8 0.9 ± 0.2 36.6 ± 8.2 

Biomarkers of energy/fat metabolism, including cholesterol, HDL-C, triglyceride, LDL/VL-C, and insulin 

were measured in serum, which was collected just before culling between 178 and 234 days post-

weaning. For each group, means ± SEM have been tabulated; N-values for groups were: Sham-control 

C57 mice, n = 7 - 8; Sham-control ob/ob mice, n = 8; DENS-treated C57 mice, n = 8; DENS-treated ob/ob 

mice, n = 7 - 8; aspirin-treated C57 mice, n = 6 - 7; aspirin-treated ob/ob mice, n = 6 - 8; TETA-treated C57 

mice, n = 5 - 6; and TETA-treated ob/ob mice, n = 4 - 5. Abbreviations: HDL-C, high-density lipoprotein 

cholesterol; LDL/VLDL-C, low-density and very low-density lipoprotein cholesterol; DENS, N1,N11-

diethylnorspermine; nd, not done; and TETA, triethylenetetramine.  
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Figure 5.14 Serum Biomarkers of Energy/Fat Metabolism. (A), cholesterol; (B), HDL-C; (C), triglyceride; 

(D), LDL/VLDL-C; and (E), insulin levels from Table 5.3 are presented graphically. The same statistical 

analyses were applied as described in Figure 5.3. Abbreviations and symbols: ●, C57 mice; ○, ob/ob 

mice; S, Sham-control; D, N1,N11-diethylnorspermine treated; A, aspirin-treated, T, triethylenetetramine 

(TETA)-treated; HDL-C, high-density lipoprotein cholesterol; LDL/VLDL-C, low-density and very low-

density lipoprotein cholesterol; and ELISA, enzyme-linked immunosorbent assay.  
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In general, ob/ob mice had elevated values of serum cholesterol, HDL-C, triglyceride, and insulin 

levels compared to C57 control; there was no obvious difference in LDL/VLDL-C between 

genotypes and among treatments (Figure 5.14).  

DENS-treatment showed genotype-dependent effects. DENS-treated ob/ob mice had lower 

cholesterol, triglyceride, and higher HDL-C levels. DENS-treated C57 mice had the same 

cholesterol and triglyceride values, but significantly lowered HDL-C content. Apart from this, 

DENS-treated mice (both C57 and ob/ob mice) also had lower serum insulin values, compared 

with Sham controls. 

Aspirin-treatment resulted in higher cholesterol levels in both C57 and ob/ob mice, and also 

lowered serum HDL-C in C57 mice, as indeed did DENS-treatment.  

Similarly, TETA-treated mice generally had lower serum HDL-C concentrations. TETA-treated 

C57 mice also showed the lowest HDL-C level among all the groups (5.5 ± 0.4 mM, some 55% 

less than in the Sham controls).  
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5.3.7. Anti-β-Actin Immunoblotting 

To check the feasibility of using β-Actin as a standard for anti-SSAT1 immunoblotting on different 

tissues, the following experiment was performed.   

 

Figure 5.15 Anti-β-actin Immunoblotting of Liver Supernatant, Liver Microsomes, Heart Supernatant, 

Heart Microsomes, and Muscle Homogenates, each from Two Sham-Control ob/ob Mice. Samples 

comprised the following: hSSAT1 standard (4.17 ng/lane), ladder (lane L), LS (41.7 µg/lane), LM 

(41.7 µg/lane), HS (13.6 µg/lane), HM (13.6 µg/lane), and MH (34.9 µg/lane). Samples were prepared in 

LDS buffer, and then loaded into a NuPAGE 4-12% gradient gel. NuPAGE anti-oxidant (500 mL) was added 

to the negative-electrode chamber prior to loading of samples, which were then underwent 

electrophoretic separation at 120 V for 1 hour. Thereafter, proteins were transferred to a nitrocellulose 

membrane (pore size, 0.2 µm) at 300 mA for 1 hour 45 minutes, after which they were incubated with 

anti-β-actin antibody (mouse monoclonal against recombinant human β-actin, 0.0286 µg/mL) as the 

primary antibody overnight and subsequently for two hours with goat anti-mouse antibody 

(0.0114 µg/mL) as the secondary antibody. Finally, the membrane was developed using an enhanced 

chemiluminescence (ECL) according to the manufacturer’s instructions. Ladders captured by digital 

camera were superimposed at the same position in the chemifluorescence image, and sizes of significant 

bands labelled at the left-hand side (in kD). Ladder sizes are labelled at the right-hand side in kD. 

Abbreviations: hSSAT1 (hS), human recombinant spermidine and spermine N1-acetyltransferase 1; kD, 

kilo-Dalton; LS, mouse liver supernatant; LM, mouse liver microsomes; HS, mouse heart supernatant; HM, 

mouse heart microsomes; and MH, mouse skeletal muscle homogenate.   
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Figure 5.16 Anti-SSAT1 and Anti-β-actin Immunoblotting: Comparison of Liver Supernatant, Liver 

Microsomes, Heart Supernatant, Heart Microsomes, and Muscle Homogenate from a Single, DENS-

Treated ob/ob Mouse. Samples included hS (4.17 ng/lane), LS (41.7 µg/lane), LM (41.7 µg/lane), HS (13.6 

µg/lane), HM (13.6 µg/lane), and MH (34.9 µg/lane). They were prepared in LDS buffer, and then loaded 

into a NuPAGE 4-12% gradient gel. All tissue preparations were from the same male DENS-treated ob/ob 

mouse. The same electrophoresis method was applied as described in Figure 5.15. Thereafter, the 

membrane was bisected vertically between lanes MH and hS. The left part was incubated with anti-SSAT1 

antibody (rabbit polyclonal against recombinant human SSAT1, 0.1334 µg/mL) as the primary antibody 

overnight and then for two hours with goat anti-rabbit antibody (0.0114 µg/mL) as the secondary 

antibody. The right part was blotted with anti-β-actin antibody as described in Figure 5.15. Finally, the 

membrane was developed using an enhanced chemiluminescence (ECL) kit. Ladders were labelled at the 

right-hand side in kD. Some of the important bands are labelled (in orange, with masses in kD): A, 42.9; B, 

42.9; C, 39.8; D, 42.9; and E, 42.9. Abbreviations: SSAT1, spermidine and spermine N1-acetyltransferase 1; 

hSSAT1 (hS), human recombinant SSAT1; LS, mouse liver supernatant; LM, mouse liver microsomes; HS, 

mouse heart supernatant; HM, mouse heart microsomes; kD, kilo-dalton; and MH, mouse skeletal muscle 

homogenate.  

This anti-β-actin immunoblotting result indicated that there were clear bands at 42.9 kD in MLS 

and MLM, which could reflect β-actin (45 kD) (Figure 5.15). Corresponding bands (at ~42.9 kD) 

were also detected at lower intensities in MHS and MHM. However, in MH, the 42.9 kD band was 
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not detected, although a similar band at 39.8 kD was present. This experiment was repeated 

once more and generated equivalent results (Figure 5.15). 

Subsequently, anti-SSAT1 and anti-β-actin blotting was performed in parallel on tissue samples 

from one mouse (Figure 5.16). Compared to anti-β-actin immunoblotting, anti-SSAT1 

immunoblotting also showed clear bands at 42.9 kD in MHS and MHM, and a further band at 

39.8 kD in MMH (Figure 5.16). By contrast, neither of the anti-β-actin immunoblotting results 

using skeletal muscle homogenates showed any bands at 42.9 kD. This position was flanked by 

one smaller band (39.8 kD) and two larger bands (51.8 and 57.0 kD).  

5.3.8. Anti-Ubiquitin Immunoblotting  

To test whether the unknown SSAT1-related bands identified in the current study were (n)-

ubiquitin-SSAT1 complexes, anti-SSAT1 and anti-ubiquitin immunoblotting was performed side- 

by-side on a single gel using MLS, MLM, MFS, MHM, and MMH from one each of the following 

mice: DENS-treated ob/ob; Sham-control C57; aspirin-treated C57; aspirin-treated ob/ob; TETA-

treated C57; and TETA-treated ob/ob. 
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Figure 5.17 Anti-SSAT1 and Anti-Ubiquitin Immunoblotting: Comparisons using Liver Supernatant, Liver 

Microsomes, Heart Supernatant, Heart Microsomes, and Muscle Homogenates from Mice with 

Indicated Genotypes and Treatments. Samples analysed in each gel were from the same mouse: gel A, 

DENS-treated ob/ob; B, Sham-control C57; C, and aspirin-treated ob/ob. Samples run on each gel included: 

hSSAT1 (4.17 ng/lane); ladder (lane L); LS (41.6 µg/lane); LM (41.6 µg/lane); HS (13.6 µg/lane); HM 

(13.6 µg/lane); and MH (34.9 µg/lane) that had been prepared in LDS buffer, and then loaded onto 

NuPAGE 4-12% gradient gels. The same electrophoresis method was applied as described in Figure 5.15. 

Resulting membranes were cut through the left side the middle hS Lane. The left sections were incubated 

with anti-SSAT1 antibody (rabbit polyclonal raised against recombinant human SSAT1, 0.1334 µg/mL) as 

the primary antibody overnight, and then with goat anti-rabbit antibody (0.0114 µg/mL) as the secondary 

antibody for two hours. The right sections were incubated with anti-ubiquitin antibody (rabbit polyclonal 

raised against recombinant human ubiquitin, 0.1334 µg/mL) overnight as the primary antibody, followed 

by goat anti-rabbit antibody (0.0114 µg/mL) for two hours as the secondary antibody. Finally, membranes 

were developed using an enhanced chemiluminescence (ECL) kit. Ladders captured by digital camera 

were superimposed on the same position of the chemifluorescence image: sizes have been labelled at the 

right-hand side in kD. Abbreviations and illustrations: SSAT1, Spermidine and Spermine N1-

acetyltransferase 1; hSSAT1 (hS), human recombinant SSAT1; DENS, N1,N11-diethylnorspermine; TETA, 

triethylenetetramine; LS, mouse liver supernatant; LM, mouse liver microsomes; HS, mouse heart 

supernatant; HM, mouse heart microsomes; and MH, mouse skeletal muscle homogenate. 
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Figure 5.17 Anti-SSAT1 and Anti-Ubiquitin Immunoblotting: Comparisons using LS, LM, HS, HM, and MH 

Preparations from Mice with Indicated Genotypes and Treatments (Continued). Samples analysed in 

each gel were from the same mouse: D, aspirin-treated C57; E, TETA-treated ob/ob; and F, TETA-treated 

C57. The same methods were used as described in Figure 5.16. Abbreviations and illustrations: SSAT1, 

Spermidine and Spermine N1-acetyltransferase 1; hSSAT1 (hS), human recombinant SSAT1; DENS, N1,N11-

diethylnorspermine; TETA, triethylenetetramine; LS, mouse liver supernatant; LM, mouse liver 

microsomes; HS, mouse heart supernatant; HM, mouse heart microsomes; and MH, mouse skeletal 

muscle homogenate. 
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The results have shown that using anti-SSAT1 antibody (or anti-ubiquitin antibody), the 

immunoblotting displayed the same band patterns within tissue preparations from the same 

origin, (that is, preparations from the equivalent tissue from mice with different genotypes and 

treatments) (Figure 5.17). However, using the same antibody but different tissue preparations, 

the immunoblotting results were different. In addition, there was generally little similarity between 

anti-SSAT1 and anti-ubiquitin immunoblotting using the same tissue preparations. Anti-SSAT1 

and anti-ubiquitin immunoblotting showed completely different band-patterns in MLS, MLM, and 

MHM preparations, and none of the clearly distinguishable bands shared the same sizes. For 

example, using MMH, anti-SSAT1 and anti-ubiquitin immunoblotting showed apparently 

equivalent bands at 38.9, and 22.2 kD, but the remainder showed no apparent similarity. By 

contrast, in MHS preparations, anti-SSAT1 and anti-ubiquitin immunoblotting did show 

apparently equivalent banding-patterns; both clearly distinguished five bands, having equivalent 

molecular masses of 14.6, 33.6, 42.1, 54.0, and 81.5 kD 

5.3.9. Anti-SSAT1 Immunoblotting  

Before performing anti-SSAT1 immunoblotting with tissue preparations, the substrate specificity 

of the anti-SSAT1 antibody to be employed was checked by using one positive and two negative 

controls. On slice 3 of Figure 5.18, hSSAT1 showed two significant bands, one at 21 kD and a 

second at 41.5 kD, consistent with signals from monomeric (20 kD) and dimeric (40 kD) forms. 

Two MLS samples displayed several bands, at 21.0, 34.7, 55.5, 96.6 and 154.2 kD, whereas the 

MLM sample showed two significant bands, at 34.7 and 55.5 kD. Slice 2 of Figure 5.18 showed 

no discernible bands, which indicated that none of the above bands (identified in slice 3) were 

the result of non-specific binding by the secondary antibody. Similarly, in the slice 1 of Figure 

5.18, all bands of MLS, MLM, and the 41.5 kD band of hSSAT1 disappeared. Also, the 21.0 kD 

band was significantly diminished. These findings indicated that the primary antibody was 

specific to both hSSAT1 and mouse SSAT1 in tissue preparations. The remaining signal 
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(21.0 kD) of hSSAT1 was due to the primary antibody which was incubated with an insufficient 

amount of hSSAT1 and the high loading concentration of hSSAT1. This result confirmed the 

immunoblotting method used in the current study was sufficient to blot SSAT1 protein and the 

signal produced by this method was due solely to the SSAT1 antigen. 

 

Figure 5.18 Anti-SSAT1 Immunoblotting to Check the Binding Specificity of SSAT1 Antibody. Four 

samples were analysed in parallel, in triplicate within the same gel as separated by ladders (L). From left 

to right, these four samples were: hS (hSSAT1) (0.03 µg/lane); two x LS from different mice (41.6 µg/lane); 

and one LM (41.6 µg/lane). Samples were prepared in LDS buffer, and then loaded onto NuPAGE 4-12% 

gradient gels. The same electrophoresis method was applied as described in Figure 5.15. The resulting 

membrane was cut into three slices and incubated overnight with different primary antibody 

preparations: slice 1, SSAT1 antibody (rabbit polyclonal against recombinant human SSAT1, 0.1334 µg/mL) 

preincubated with hSSAT1 protein at a 1:1 molar ratio; slice 2, no SSAT1 antibody; and slice 3, normal 

SSAT1 antibody (rabbit polyclonal against recombinant human SSAT1, 0.1334 µg/mL). Then they were 

rinsed and assembled in one container for subsequent secondary antibody (goat anti-rabbit antibody, 

0.0114 µg/mL) blotting for two hours. Finally, membranes were developed using an enhanced 

chemiluminescence (ECL) kit. Ladders captured by digital camera were superimposed at the same 

position of the chemifluorescence image; sizes have been labelled at the left- hand side (in kD). Sizes of 

significant anti-SSAT1 bands are labelled at the right-hand side. Abbreviations: L, ladder; hSSAT1 (hS), 

human recombinant spermidine and spermine N1-acetyltransferase 1; LS, mouse liver supernatant; and 

LM, mouse-liver microsomes.  
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To measure the expression levels of SSAT1 in different tissue preparations, anti-SSAT1 

immunoblotting was performed using MLS, MLM, MHS, MHM, and MMH (Figure 5.19 and Figure 

5.23) This was followed by densitometry analyses using MultiGauge software. Since several 

bands were detected by anti-SSAT1 immunoblotting, those with relatively robust signal 

intensities and molecular weights between 20 and 50 kD were selected as indicative of SSAT1 

expression level. 

To normalise the densitometry results, the following method was used. For each tissue 

preparation, anti-SSAT1 immunoblotting with samples from all eight experimental groups 

(different genotype/treatment combinations) were completed using four gels. At least two tissue 

samples (samples from one Sham-control C57 and one Sham-control ob/ob mouse in most 

cases) were repeatedly run in all of the four gels to provide for a degree of between-gel 

standardisation. The densitometry result corresponding to each band was normalised to the 

same-sized band of the between-gel repeated samples. The results were further normalised per 

mg of total protein loaded. The final results have been presented here as relative signal 

intensities (RSI).  

From the immunoblotting results, the following bands were selected for each tissue preparations: 

MLS (20.5, 30.4, 37.0, and 46.5 kD), MLM (21.4, 30.9, and 47.1 kD), MHS (19.4, 33.4, and 

43.8 kD), MHM (24.1, 33.6, and 42.0 kD), and MMH (20.9, 23.8, 32.3, and 38.7 kD). Based on 

the assumption that the supernatant preparations and the microsomal preparation from the same 

tissue should contain similar proteins, these findings were expected to be indicative of the 

standard anti-SSAT1 immunoblotting pattern. In addition, by taking into account the limitations of 

the current methods used here to determine the molecular weights of the different bands, those 

which had a ± 3 kD or lesser difference were considered to correspond to the same protein (or 

protein complex).  



Chapter Five: Effect of SSAT1 Inducers in a Mouse Model of Obesity and Type-2 Diabetes   

 [183]  

By this approach, the bands identified in the different tissue preparations were identified as 

follows: in MLS, (~20, ~30, ~37, and ~45 kD); in MLM, (~20, ~30, and ~45 kD); in MHS, (~20, 

~33, and ~45 kD); in MHM, (~24, ~33, and ~45 kD); and in MMH, (~20, ~24, ~33, and ~37 kD). 

These corresponding results are presented and analysed in Figure 5.24. 
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Figure 5.19 Anti-SSAT1 Immunoblotting of Mouse Liver Supernatants (MLS). Each lane contains one 

mouse liver supernatant, labelled as treatments (Sham, DENS, aspirin, or TETA)–genotype (C57 or ob)-

samples identification codes. Samples included the following: hSSAT1 (lane 8, 4.17 ng/lane); ladder; and 

mouse liver supernatants prepared in LDS buffer (pH 7.0, 41.6 μg/lane for liver supernatants), then 

loaded onto NuPAGE 4-12% gradient gels (bis-Tris-HCl pH 7.0 final), which had a 4% (w/v) stacking gel 

(acrylamide/bisacrylamide, bis-Tris, pH 7.0 final) adjacent to the loading wells. The same electrophoresis 

method was applied as described in Figure 5.15. Membranes were incubated overnight with anti-SSAT1 

antibody (rabbit polyclonal against recombinant human SSAT1, 0.1334 µg/mL) as the primary antibody, 

then for two hours with goat anti-rabbit antibody (0.0114 µg/mL) as the secondary antibody. Finally, 

membranes were developed using an enhanced chemiluminescence (ECL) kit. Ladders captured by digital 

camera were superimposed on the same position of the chemifluorescence image; sizes are labelled at 

the left-hand side (in kD). Sizes of bands which were distinguishable in all four gels are labelled on the 

right-hand side (in kD). Abbreviations: A, aspirin-treated; D, N1,N11-diethylnorspermine (DENS)-treated; S 

Sham-control; T, triethylenetetramine (TETA)-treated; SSAT1, Spermidine and Spermine N1-

acetyltransferase 1; and hSSAT1, human recombinant SSAT1. 
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Figure 5.20 Anti-SSAT1 Immunoblotting of Mouse Liver Microsomes (MLM). Each lane contains one 

mouse liver supernatant labelled as treatments (Sham, DENS, aspirin, or TETA)–genotype (C57 or ob/ob)-

samples identification codes. The method used was the same as described in Figure 5.19. Ladders 

captured by digital camera were superimposed on the same position of the chemifluorescence image; 

sizes have been labelled at the left-hand side (in kD). Sizes of bands which were distinguishable in all four 

gels are labelled on the right-hand side (in kD). Abbreviations and illustrations: SSAT1, Spermidine and 

Spermine N1-acetyltransferase 1; hSSAT1, human recombinant SSAT1; DENS, N1,N11-diethylnorspermine; 

and TETA, triethylenetetramine. 
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Figure 5.21 Anti-SSAT1 Immunoblotting of Mouse Heart Supernatants (MHS). Each lane contains one 

mouse liver supernatant labelled as treatments (Sham, DENS, aspirin, or TETA); genotype (C57 or ob/ob); 

and sample-identification code. The method used was the same as that described in Figure 5.19. Ladders 

captured by digital camera were superimposed on the same position of the chemifluorescence image; 

sizes are labelled at the left-hand side (in kD). Sizes of bands which were distinguishable in all four gels 

are labelled on the right-hand side (in kD). Abbreviations: SSAT1, Spermidine and Spermine N1-

acetyltransferase 1; hSSAT1, human recombinant SSAT1; DENS, N1,N11-diethylnorspermine; and TETA, 

triethylenetetramine. 

. 
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Figure 5.22 Anti-SSAT1 Immunoblotting of Mouse Heart Microsomes (MHM). Each lane contained a 

single mouse liver supernatant labelled according to treatment (Sham, DENS, aspirin, or TETA); genotype 

(C57 or ob/ob); and sample identification code. The method used was equivalent to that described in 

Figure 5.19. Ladders captured by digital camera were superimposed at the same position of the 

chemifluorescence image; sizes are labelled at the left-hand side (in kD). Sizes of bands that were 

distinguishable in all four gels have been labelled on the right-hand side (in kD). Abbreviations: SSAT1, 

Spermidine and Spermine N1-acetyltransferase 1; hSSAT1, human recombinant SSAT1; DENS, N1,N11-

diethylnorspermine; and TETA, triethylenetetramine. 
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Figure 5.23 Anti-SSAT1 Immunoblotting of Mouse Muscle Homogenate (MMH). Each lane illustrates 

results from a single mouse liver supernatant labelled according to treatment (Sham, DENS, aspirin, or 

TETA);–genotype (C57 or ob/ob); and sample identification code. The method used was the same as that 

described in Figure 5.19. Ladders captured by digital camera were superimposed at the same position on 

the chemifluorescence image; sizes are shown at the left-hand side (in kD). Sizes of bands that were 

distinguishable in all four gels are labelled on the right-hand side (in kD). Abbreviations: SSAT1, 

Spermidine and Spermine N1-acetyltransferase 1; hSSAT1, human recombinant SSAT1; DENS, N1,N11-

diethylnorspermine; and TETA, triethylenetetramine. 
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Figure 5.24 Abundance of SSAT1 in Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), Heart 

Supernatants (MHS), Heart Microsomes (MHM), and Muscle Homogenates (MMH). The abundance of 

SSAT1 in MLS and MLM was determined according to the prominent signals whose molecular weights 

were between 20 and 50 kD from the immunoblotting results (Figures 5.19 and 5.20). The results have 

been normalised as RSI and are presented as means ± 95% confidence interval (n ≥ 4). Error bars have not 

been shown in cases where they overlap with the means. The statistical analyses applied were equivalent 

to those described in Figure 5.3. Abbreviations and symbols: SSAT1, spermidine and spermine N1-

acetyltransferase 1; ●, C57 mice; ○, ob/ob mice; S, Sham-control; RSI, relative signal intensity; D, N1,N11-

diethylnorspermine treated; A, aspirin-treated, T, triethylenetetramine-treated; MLS, mouse-liver 

supernatant; and MLM. 
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Figure 5.24 Abundance of SSAT1 in Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), Heart 

Supernatants (MHS), Heart Microsomes (MHM), and Muscle Homogenates (MMH) (Continued). The 

abundance of SSAT1 in MHS and MHM was determined from the prominent signals whose molecular 

weights were between 20 and 50 kD from the immunoblotting results (Figures 5.21 and 5.22). The results 

have been normalised as RSI and presented as means ± 95% confidence intervals (n ≥ 4). Error bars have 

not been shown in cases where they overlap with the means. The statistical analyses applied were 

equivalent to those described in Figure 5.3. Abbreviations and symbols: SSAT1, spermidine and spermine 

N1-acetyltransferase 1; ●, C57 mice; ○, ob/ob mice; S, Sham-control; RSI, relative signal intensity; D, 

N1,N11-diethylnorspermine treated; A, aspirin-treated, T, triethylenetetramine-treated; MHS, mouse-

heart supernatant; and MHM, mouse-heart microsomes. 
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Figure 5.24 Abundance of SSAT1 in Mouse liver 

Supernatants (MLS), Liver Microsomes (MLM), Heart 

Supernatants (MHS), Heart Microsomes (MHM), and 

Muscle Homogenates (MMH) (Continued). The 

abundance of SSAT1 in MMH was determined from the 

prominent signals whose molecular weights were 

between 20 and 50 kD as determined by 

immunoblotting (Figure 5.23). The results have been 

normalised as RSI and presented as 

means ± 95% confidence interval (n ≥ 4). Error bars 

were not shown in cases where they overlap with the 

means. The statistical analyses were equivalent to those 

described in Figure 5.3. Abbreviations and symbols: 

SSAT1, spermidine and spermine N1-acetyltransferase 1; 

●, C57 mice; ○, ob/ob mice; S, Sham-control; RSI, 

relative signal intensity; D, N1,N11-diethylnorspermine 

treated; A, aspirin-treated, T, triethylenetetramine-

treated; and MMH, mouse skeletal-muscle homogenate. 
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Some MHS and MHM samples showed no detectable signal or very low signals following anti-

SSAT1 immunoblotting (Figure 5.22), and these were excluded from the final plots and statistical 

analysis. The samples without SSAT1 signals were processed initially during 2009 into 

homogenates, and were subsequently processed into supernatants and microsomes two years 

later, in 2011. The prolonged storage time and dissimilar processing methods by different 

operators (using the same protocol) may have caused systematic errors, which resulted in the 

absence of signals in the anti-SSAT1 immunoblotting experiments. These tissue samples were 

also excluded from subsequent assays for polyamine abundance and TETA acetylation activity. 

The expression of SSAT1 in tissue preparations between different treatments was compared and 

interpreted using all selected bands (between ~20 to ~45 kD). The ~20 kD band was considered 

to be the SSAT1 monomer, while the rest were considered as protein complexes comprised 

partly of SSAT1. As the expression of the protein complex was only partly dependent on SSAT1 

levels, the ~20 kD result was given more weight as an indicator of SSAT1 expression and this 

criterion was applied throughout the subsequent analysis. 

Between the two Sham-control groups with different genotypes, Sham-control C57 mice and 

ob/ob mice had similar amounts of SSAT1 expressed in the majority of tissue preparations 

measured, except for the ~45 kD band of MHM, where the signal intensity of Sham-control ob/ob 

mice was higher than that of the Sham-control C57 (Figure 5.24M). Apart from this, all of the 

MLS bands (different sizes) of the Sham-control C57 mice had a higher mean than in the Sham-

control ob/ob mice, though the difference was not statistically significant. This could indicate that 

the Sham-control ob/ob mice expressed more soluble SSAT1 in their liver. Another trend, which 

was also not statistically significant, was that the Sham-control ob/ob mice could have expressed 

somewhat less SSAT1 in muscle.  
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In general, DENS-treatment had no effect on SSAT1 expression in MLS, where it only slightly 

increased the ~45 kD band (Figure 5.24F). It significantly increased SSAT1 expression in MLM, 

where the induction effect was more effective in C57 (+380%, 630%, and 890% increases of the 

~20 kD, ~30 kD and ~45 kD bands respectively compared to the Sham control) than in ob/ob 

(28%, 380%, and 230% increase of the ~20 kD, ~30 kD, and ~45 kD bands respectively 

compared to the Sham control).  

In heart preparations (MHS), DENS-treatment significantly increased SSAT1 expression in both 

C57 and ob/ob mice. Both the ~33 kD and ~45 kD bands were at least three-times greater than 

the Sham control within the same genotype (Figure 5.24J and L). Also, the ~20 kD band was in 

general increased three-fold as well.  

However, in MHM, the effect of DENS was genotype-dependent. It was likely that the SSAT1 

expression was elevated in ob/ob mice but decreased in C57 mice, while the differences were 

not significant compared to their controls. DENS also displayed the same genotype-dependent 

effect in MMH. This genotype-dependent effect was mainly displayed in bands with molecular 

weight ≤ 23.8 kD. 

Aspirin treatment induced SSAT1 expression in MMH (in C57, by ~150% increase of the ~33 kD 

band; and in ob/ob, by ~170% increase of the ~33 kD band compared with the Sham control) 

(Figure 5.24P). However, the effect of aspirin on liver preparations was not clear. It had an 

apparent, genotype-dependent effect on SSAT1 in MLS, in which the expression level was 

decreased in ob/ob mice but remained the same in C57 mice. Apart from these, aspirin showed 

no effect in MLM and both of the heart preparations. 

TETA-treatment increased SSAT1 expression in MLM of C57 mice (Figure 5.24). It also showed 

a trend of increase in MMH in ob/ob mice. Apart from these, it showed no obvious effect in the 

MLS and either of the heart preparations. 
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In summary, DENS-treatment increased SSAT1 expression in both MLM and MHS, in both C57 

and ob/ob mice; and showed a trend of increases in MHM and MMH in ob/ob but a different trend 

was found in C57 mice. Aspirin treatment clearly induced SSAT1 expression in muscle, and 

showed a moderate trend of increase in MLM. TETA-treatment induced SSAT1 expression only 

in MLM of C57 mice and possibly in MMH of ob/ob mice as well (the ~23 kD band was increased 

by TETA, but not the 23.8 kD band) 

5.3.10. Polyamine Abundance in Tissue Samples 

To study the effects of SSAT1 induction at the molecular level, the abundance of polyamines 

(SPD, SPM, N1-ASPM, and N8-ASPD) was measured in tissue samples. Of these molecules, the 

first three are directly involved in SSAT1-regulated metabolism. N8-ASPD is the acetylation 

product of spermidine N8-acetyltransferase [229], which is indirectly affected by SSAT1 activity 

through SPD concentration. These polyamines were measured in the following preparations: 

MLS, MLM, MHS, MHM, MMH, MS, and MU.  

The method used to make these measurements has been detailed in Chapter Two. The 

respective parent ions for SPD, SPM, N1-ASPM, N8-ASPD and DES (IS) were at m/z values of 

146.3, 203.2, 245.2, 188.2, and 259.3. The most abundant product ions corresponding to each 

metabolite were at m/z values of 72.3, 112.2, 100.2, 114.1, and 112.2; these values were 

consistent with published data by Häkkinen and colleagues [230].  

The results have firstly been presented in tables (Table 5.4 to Table 5.10) as means ± SEM, and 

then plotted in figures (Figure 5.25) as means ± 95% CI which illustrate of the results of statistical 

analyses. 
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Table 5.4 Polyamine Abundance in Muse Liver Supernatant (MLS) of C57 and ob/ob Mice after 

Treatment with SSAT1 Inducers. 

Genotype Treatment 

SPD 

(nmol/mg) 

SPM  

(nmol/mg) 

N1-ASPM 

(pmol/mg) 

N8-ASPD 

(pmol/mg) 

C57 Sham 4.5 ± 0.7 0.8 ± 0.2 0.1 ± 0.02 0.6 ± 0.1 

ob/ob Sham 3.3 ± 0.7 0.4 ± 0.2 0.2 ± 0.2 0.6 ± 0.1 

C57 DENS 9.6 ± 1.3 2.4 ± 0.3 0.2 ± 0.04 0.4 ± 0.04 

ob/ob DENS 12.0 ± 3.1 2.0 ± 0.6 0.9 ± 0.6 1.1 ± 0.3 

C57 Aspirin 6.3 ± 1.1 1.7 ± 0.6 0.11 ± 0.02 0.4 ± 0.1 

ob/ob Aspirin 3.8 ± 0.3 0.4 ± 0.1 0.06 ± 0.00 0.56 ± 0.03 

C57 TETA 11.5 ± 1.0 3.3 ± 0.5 0.7 ± 0.2 0.26 ± 0.02 

ob/ob TETA 6.7 ± 0.7 1.1 ± 0.10 0.7 ± 0.2 0.5 ± 0.1 

Polyamine levels were measured in MLS, (collected between 178 and 234 days post-weaning) then 

processed as described in Chapter Two. Results have been normalised to total protein concentration and 

presented as means ± SEM for each experimental group, which contained the following numbers: Sham-

control C57, n = 5; Sham-control ob/ob, n = 7; DENS-treated C57, n = 4; DENS-treated ob/ob, n = 7; 

aspirin-treated C57, n = 7; aspirin-treated ob/ob, n = 7; TETA-treated C57, n = 7; and TETA-treated ob/ob, 

n=8. Abbreviations: SSAT1, spermidine spermine N1-acetyltransferase 1; SPD, spermidine; SPM, spermine; 

N1-ASPM, N1-acetylspermine; N8-ASPD, N8-acetylspermidine; DENS, N1,N11-diethylnorspermine; and TETA, 

triethylenetetramine. 
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Table 5.5 Polyamine Abundance in Mouse Liver Microsomes (MLM) of C57 and ob/ob Mice after 

Treatment with SSAT1 Inducers. 

Genotype Treatment 

SPD 

(nmol/mg) 

SPM 

(nmol/mg) 

N1-ASPM 

(pmol/mg) 

N8-ASPD 

(pmol/mg) 

C57 Sham 5.0 ± 0.9 3.8 ± 0.5 0.3 ± 0.1 0.56 ± 0.05 

ob/ob Sham 5.3 ± 1.0 3.8 ± 0.7 0.14 ± 0.02 0.71 ± 0.04 

C57 DENS 11.3 ± 1.3 8.5 ± 0.8 1.6 ± 0.3 0.52 ± 0.03 

ob/ob DENS 21.1 ± 3.3 13.5 ± 2.7 1.12 ± 0.34 1.2 ± 0.2 

C57 Aspirin 7.3 ± 0.9 5.7 ± 1.0 0.22 ± 0.03 0.40 ± 0.05 

ob/ob Aspirin 7.5 ± 1.2 6.9 ± 1.8 0.16 ± 0.10 0.9 ± 0.1 

C57 TETA 9.8 ± 1.2 7.4 ± 1.1 0.7 ± 0.1 0.28 ± 0.01 

ob/ob TETA 12.7 ± 1.7 7.7 ± 0.3 0.6 ± 0.1 0.6 ± 0.1 

Polyamine levels were measured in MLM, collected between 178 and 234 days post-weaning and 

processed thereafter. Results have been normalised to total protein concentrations and presented as 

means ± SEM for each group, which contained the following numbers: Sham-control C57, n = 4; Sham-

control ob/ob, n = 7; DENS-treated C57, n = 4; DENS-treated ob/ob, n = 7; aspirin-treated C57, n = 7; 

aspirin-treated ob/ob, n = 8; TETA-treated C57 mice, n = 7; and TETA-treated ob/ob, n=8. Abbreviations: 

SSAT1, spermidine spermine N1-acetyltransferase 1; SPD, spermidine; SPM, spermine; N1-ASPM, N1-

acetylspermine; N8-ASPD, N8-acetylspermidine; DENS, N1,N11-diethylnorspermine; and TETA, 

triethylenetetramine. 
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Table 5.6 Polyamine Abundance in Mouse Heart Supernatants (MHS) of C57 and ob/ob Mice after 

Treatment with SSAT1 Inducers. 

Genotype Treatment 

SPD 

(nmol/mg) 

SPM 

(nmol/mg) 

N1-ASPM 

(pmol/mg) 

N8-ASPD 

(pmol/mg) 

C57 Sham 2.4 ± 0.4 1.3 ± 0.2 15.2 ± 8.1 8.6 ± 4.2 

ob/ob Sham 2.3 ± 0.3 1.3 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 

C57 DENS 2.9 ± 0.5 1.3 ± 0.2 29.2 ± 17.5 15.9 ± 10.0 

ob/ob DENS 1.9 ± 0.2 1.0 ± 0.1 1.4 ± 0.8 0.8 ± 0.2 

C57 Aspirin 1.9 ± 0.2 1.0 ± 0.1 7.2 ± 2.8 3.6 ± 1.3 

ob/ob Aspirin 1.8 ± 0.1 1.0 ± 0.1 0.5 ± 0.3 0.5 ± 0.1 

C57 TETA 2.7 ± 0.2 1.2 ± 0.1 2.3 ± 1.9 1.3 ± 0.8 

ob/ob TETA 2.0 ± 0.2 1.2 ± 0.1 0.15 ± 0.06 0.4 ± 0.1 

Polyamine levels were measured in MHS, collected between 178 and 234 days post-weaning and then 

processed. Results have been normalised to total protein concentration and presented as means ± SEM 

for each group, which contained the following numbers: Sham-control C57, n = 6; Sham-control ob/ob, 

n = 7; DENS-treated C57, n = 4; DENS-treated ob/ob, n = 3; aspirin-treated C57, n = 7; aspirin-treated 

ob/ob, n = 7; TETA-treated C57, n = 7; TETA-treated ob/ob, n = 7. Abbreviations: SSAT1, spermidine 

spermine N1-acetyltransferase 1; SPD, spermidine; SPM, spermine; N1-ASPM, N1-acetylspermine; N8-ASPD, 

N8-acetylspermidine; DENS, N1,N11-diethylnorspermine; and TETA, triethylenetetramine.  
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Table 5.7 Polyamine Abundance in Mouse Heart Microsomes (MHM) of C57 and ob/ob Mice after 

Treatment with SSAT1 Inducers. 

Genotype Treatment 

SPD 

(nmol/mg) 

SPM 

(nmol/mg) 

N1-ASPM 

(pmol/mg) 

N8-ASPD 

(pmol/mg) 

C57 Sham 1.0 ± 0.1 1.6 ± 0.2 4.3 ± 1.4 1.8 ± 0.5 

ob/ob Sham 1.9 ± 0.2 2.4 ± 0.2 0.16 ± 0.04 0.52 ± 0.04 

C57 DENS 0.6 ± 0.1 1.1 ± 0.1 17.3 ± 7.6 8.7 ± 4.9 

ob/ob DENS 1.8 ± 0.6 2.6 ± 0.6 3.6 ± 3.5 1.7 ± 1.3 

C57 Aspirin 0.46 ± 0.03 1.0 ± 0.1 1.0 ± 0.6 0.6 ± 0.3 

ob/ob Aspirin 1.2 ± 0.2 2.4 ± 0.4 0.4 ± 0.2 0.6 ± 0.2 

C57 TETA 0.6 ± 0.1 1.1 ± 0.1 1.4 ± 0.8 0.6 ± 0.3 

ob/ob TETA 1.8 ± 0.6 1.7 ± 0.2 0.09 ± 0.02 0.4 ± 0.2 

Polyamine levels were measured in MHM, collected between 178 and 234 days post-weaning and then 

processed. Results have been normalised to total protein concentrations and presented as means ± SEM 

for each group. They contained the following numbers: Sham-control C57, n = 5; Sham-control ob/ob, 

n = 7; DENS-treated C57, n = 4; DENS-treated ob/ob, n = 3; aspirin-treated C57, n = 7; aspirin-treated 

ob/ob, n = 7; TETA-treated C57, n = 7; and TETA-treated ob/ob, n = 7. Abbreviations: SSAT1, spermidine 

spermine N1-acetyltransferase 1; SPD, spermidine; SPM, spermine; N1-ASPM, N1-acetylspermine; N8-ASPD, 

N8-acetylspermidine; DENS, N1,N11-diethylnorspermine; and TETA, triethylenetetramine.   
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Table 5.8 Polyamine Abundance in Mouse Muscle Homogenates (MMH) of C57 and ob/ob Mice after 

Treatment with SSAT1 Inducers. 

Genotype Treatment 

SPD 

(nmol/mg) 

SPM 

(nmol/mg) 

N1-ASPM 

(pmol/mg) 

N8-ASPD 

(pmol/mg) 

C57 Sham 0.4 ± 0.1 0.7 ± 0.1 2. 9 ± 1.7 2.0 ± 1.1 

ob/ob Sham 0.3 ± 0.1 0.5 ± 0.1 1.4 ± 0.5 1.0 ± 0.3 

C57 DENS 0.6 ± 0.1 0.9 ± 0.1 1.8 ± 1.3 1.3 ± 0.7 

ob/ob DENS 0.7 ± 0.1 1.2 ± 0.2 15.4 ± 10.1 11.5 ± 7.2 

C57 Aspirin 1.0 ± 0.3 2.6 ± 0.5 1.3 ± 0.7 0.8 ± 0.3 

ob/ob Aspirin 0.30 ± 0.04 1.0 ± 0.1 0.7 ± 0.3 0.7 ± 0.2 

C57 TETA 0.20 ± 0.02 0.8 ± 0.1 0.16 ± 0.05 0.18 ± 0.03 

ob/ob TETA 0.20 ± 0.01 0.72 ± 0.04 4.9 ± 4.3 3.2 ± 2.7 

Polyamine levels were measured in MMH, collected between 178 and 234 days post-weaning and then 

processed. Results have been normalised to total protein concentrations and are presented as 

means ± SEM. for each group, which contained the following numbers: Sham-control C57, n = 4; Sham-

control ob/ob, n = 7; DENS-treated C57, n = 4; DENS-treated ob/ob, n = 7; aspirin-treated C57, n = 7; 

aspirin-treated ob/ob, n = 8; TETA-treated C57, n = 7; and TETA-treated ob/ob, n = 8. Abbreviations: 

SSAT1, spermidine spermine N1-acetyltransferase 1; SPD, spermidine; SPM, spermine; N1-ASPM, N1-

acetylspermine; N8-ASPD, N8-acetylspermidine; DENS, N1,N11-diethylnorspermine; and TETA, 

triethylenetetramine.   
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Table 5.9 Polyamine Abundance in Mouse Serum (MS) of C57 and ob/ob Mice after Treatment with 

SSAT1 Inducers. 

Genotype Treatment 

SPD 

(µM) 

SPM 

(µM) 

N1-ASPM 

(µM) 

N8-ASPD 

(µM) 

C57 Sham 11.6 ± 4.4 1.9 ± 1.1 0.0046 ± 0.0007 0.0030 ± 0.0008 

ob/ob Sham 18.8 ± 3.0 3.0 ± 0.8 0.0017 ± 0.0002 0.0010 ± 0.0002 

C57 DENS 4.4 ± 1.5 0.6 ± 0.3 0.09 ± 0.06 0.05 ± 0.04 

ob/ob DENS 4.5 ± 1.0 0.3 ± 0.1 0.04 ± 0.03 0.07 ± 0.07 

C57 Aspirin 13.7 ± 2.3 1.8 ± 0.4 0.0016 ± 0.0005 0.0009 ± 0.0001 

ob/ob Aspirin 3.1 ± 0.7 0.3 ± 0.1 0.008 ± 0.004 0.0023 ± 0.0008 

C57 TETA 2.4 ± 0.4 0.21 ± 0.04 0.0015 ± 0.002 0.0012 ± 0.0001 

ob/ob TETA 4.7 ± 1.3 0.5 ± 0.2 0.0012 ± 0.0003 0.0019 ± 0.0009 

Polyamine levels were measured in MS, collected by terminal cardiac puncture between 178 and 234 

days post-weaning. For each group, results have been presented as means ± SEM. Groups contained the 

following numbers: Sham-control C57, n = 8; Sham-control ob/ob, n = 8; DENS-treated C57, n = 9; DENS-

treated ob/ob, n = 10; aspirin-treated C57, n = 7; aspirin-treated ob/ob, n = 7; TETA-treated C57, n = 7; 

TETA-treated ob/ob, n = 8. Abbreviations: SSAT1, spermidine spermine N1-acetyltransferase 1; SPD, 

spermidine; SPM, spermine; N1-ASPM, N1-acetylspermine; N8-ASPD, N8-acetylspermidine; DENS, N1,N11-

diethylnorspermine; and TETA, triethylenetetramine.   
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Table 5.10 Polyamine Abundance in Mouse Urine (MU) Collected within 24 Hours of C57 and ob/ob 

Mice after Treatment with SSAT1 Inducers. 

Genotype Treatment 

SPD 

(nmol) 

SPM  

(nmol) 

N1-ASPM 

(nmol) 

N8-ASPD 

(nmol) 

C57 Sham 9.8 ± 4.5 2.1 ± 1.0 0.02 ± 0.01 0.4 ± 0.1 

ob/ob Sham 1.4 ± 0.2 1.1 ± 0.2 0.006 ± 0.001 0.33 ± 0.03 

C57 DENS 26.8 ± 10.7 2.5 ± 0.7 0.14 ± 0.06 0.8 ± 0.2 

ob/ob DENS 2.2 ± 0.4 1.4 ± 0.4 0.009 ± 0.002 0.4 ± 0.1 

C57 Aspirin 10.9 ± 3.9 3.0 ± 0.7 0.04 ± 0.01 0.7 ± 0.2 

ob/ob Aspirin 4.9 ± 1.6 3.3 ± 0.6 0.5 ± 0.3 0.8 ± 0.2 

C57 TETA 1.7 ± 0.2 1.6 ± 0.3 0.07 ± 0.04 0.13 ± 0.01 

ob/ob TETA 4.8 ± 1.4 3.7 ± 0.8 0.02 ± 0.01 0.9 ± 0.1 

Polyamine levels were measured in MU collected continuously over 24 hours, between 154 and 219 days 

post-weaning and then processed. Results have been presented as means ± SEM for each group, which 

contained the following numbers: Sham-control C57, n = 8; Sham-control ob/ob, n = 8; DENS-treated C57, 

n = 8; DENS-treated ob/ob, n = 8; aspirin-treated C57, n = 4; aspirin-treated ob/ob, n = 7; TETA-treated 

C57, n = 6; and TETA-treated ob/ob, n = 3. Abbreviations: SSAT1, spermidine spermine N1-

acetyltransferase 1; SPD, spermidine; SPM, spermine; N1-ASPM, N1-acetylspermine; N8-ASPD, N8-

acetylspermidine; DENS, N1,N11-diethylnorspermine; and TETA, triethylenetetramine.   
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Figure 5.25 Abundance of Polyamines (SPD, SPM, N1-ASPM, and N8-ASPD) in Mouse Liver Supernatants 

(MLS), Liver Microsomes (MLM), Heart Supernatants (MHS), Heart Microsomes (MHM), Muscle 

Homogenates (MMH), Serum (MS), and Urine (MU). Polyamine values of MLS (A1 to 4) and MLM 

(B1 to 4) Table 5.4 and 5.5 are presented as means ± 95% CI (n ≥ 4). Error bars are not shown in cases 

where they overlap with the means, for clarity. The statistical analyses applied were equivalent to those 

described in Figure 5.3. Abbreviations and symbols: ●, C57 mice; ○, ob/ob mice; S, Sham-control; D, 

N1,N11-diethylnorspermine treated; A, aspirin-treated, T, triethylenetetramine (TETA)-treated; SPD, 

spermidine; SPM, spermine; N1-ASPM, N1-acetylSPM; N8-ASPD, N8-acetylSPD; MLS, mouse liver 

supernatant; and MLM, mouse liver microsomes. 
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Figure 5.25 Abundance of Polyamines (SPD, SPM, N1-ASPM, and N8-ASPD) in Mouse Liver Supernatants 

(MLS), Liver Microsomes (MLM), Heart Supernatants (MHS), Heart Microsomes (MHM), Muscle 

Homogenates (MMH), Serum (MS), and Urine (MU) (Continued). Polyamine values of MHS (C1 - 4) and 

MHM (D1 - 4) from Table 5.6 and 5.7 are presented as means ± 95% CI (n ≥ 4). For clarity, error bars have 

not been shown in cases where they overlap with the means. The statistical analyses applied were 

equivalent to those described in Figure 5.3. Abbreviations and symbols: ●, C57 mice; ○, ob/ob mice; S, 

Sham-control; D, N1,N11-diethylnorspermine treated; A, aspirin-treated, T, triethylenetetramine (TETA)-

treated; SPD, spermidine; SPM, spermine; N1-ASPM, N1-acetylSPM; N8-ASPD, N8-acetylSPD; MHS, mouse 

heart supernatant; and MHM, mouse heart microsomes. 
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Figure 5.25 Abundance of Polyamines (SPD, SPM, N1-ASPM, and N8-ASPD) in Mouse Liver Supernatants 

(MLS), Liver Microsomes (MLM), Heart Supernatants (MHS), Heart Microsomes (MHM), Muscle 

Homogenates (MMH), Serum (MS), and Urine (MU) (Continued). Polyamine values of MMH (E1 to 4) 

and MS (F1 to 4) from Tables 5.8 and 5.9 are presented as means ± 95% CI (n ≥ 4). For clarity, error bars 

have not been shown in cases where they overlap with the means. The statistical analyses applied were 

equivalent to those described in Figure 5.3. Abbreviations and symbols: ●, C57 mice; ○, ob/ob mice; S, 

Sham-control; D, N1,N11-diethylnorspermine treated; A, aspirin-treated, T, triethylenetetramine (TETA)-

treated; SPD, spermidine; SPM, spermine; N1-ASPM, N1-acetylSPM; N8-ASPD, N8-acetylSPD; MMH, mouse 

skeletal muscle homogenate, and MS, mouse serum. 
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Figure 5.25 Abundance of Polyamines (SPD, SPM, 

N1-ASPM, and N8-ASPD) in Mouse Liver 

Supernatants (MLS), Liver Microsomes (MLM), 

Heart Supernatants (MHS), Heart Microsomes 

(MHM), Muscle Homogenates (MMH), Serum 

(MS), and Urine (MU) (Continued). Polyamine 

values of MU (G1 to 4) from Table 5.10 are 

presented as means ± 95% CI (n ≥ 4). For clarity, 

error bars have not been shown in cases where 

they would overlap with the means. The statistical 

analyses applied were equivalent to those 

described in Figure 5.3. Abbreviations and symbols: 

●, C57 mice; ○, ob/ob mice; S, Sham-control; D, 

N1,N11-diethylnorspermine treated; A, aspirin-

treated, T, triethylenetetramine (TETA)-treated; 

SPD, spermidine; SPM, spermine; N1-ASPM, N1-

acetylSPM; N8-ASPD, N8-acetylSPD; and MU, mouse 

urine. 
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Compared to Sham-control C57, Sham-control ob/ob mice showed lowered polyamine levels in 

liver, where (MLS) values showed a 26% lowering of SPD, 45% less SPM, and a trend towards 

increase in N1-ASPM (Figure 5.25). Conversely, the polyamine levels were increased in the heart, 

as indicated by increased SPD and SPM in MHM; and significantly decreased N1-ASPM (> ten-

fold) and N8-ASPD (> four-fold) in both MHS and MHM. These results are possibly consistent 

with increased rates of catabolism in the liver of ob/ob mice and decreased rates of catabolism in 

their hearts. In general, results from Sham-control ob/ob mice are consistent with lower rates of 

polyamine catabolism, as indicated by the serum and urine polyamine profiles (trends towards 

increases in SPD and SPM in MS; decreases in N1-ASPM and N8-ASPD in MS; decreases in 

SPD in MU; and trends towards decreases in SPD, N1-ASPM, and N8-ASPD in MU). 

DENS-treatment exerted the following effects on polyamines. It significantly elevated SPD and 

SPM levels in liver and muscle in mice of both genotypes (Figure 5.25); ob/ob mice showed an 

apparently greater increase than C57 mice. DENS-treated mice also showed an increase in N1-

ASPM in MLM. In heart preparations, DENS-treatment caused increased SPD and SPM 

acetylation in MHM of C57 mice, which was indicated by a decrease in SPD levels and an 

increase in N1-ASPM. DENS-treated ob/ob mice showed a trend towards decreased N1-ASPM, 

whereas SPD and SPM levels remained equivalent to control values. Finally, DENS decreased 

SPD and SPM levels, but increased N1-ASPM in MS where ob/ob mice were more affected than 

C57. 

In liver preparations, aspirin had no influence on polyamines directly related to SSAT1’s activity. 

However, it did decrease N8-ASPD in MLS of C57 mice (Figure 5.25). In heart preparations, 

aspirin significantly decreased SPD in MHM in C57 mice. It also had a genotype-dependent 

effect on both N1-ASPM and N8-ASPD, where both were decreased in ob/ob mice but increased 

(or not affected) in C57. In MMH, aspirin increased the SPD in C57 mice and SPM in both C57 

and ob/ob mice. In MS, aspirin decreased both SPD and SPM in ob/ob mice. Lastly, aspirin 
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promoted the excretion of SPM in MU of C57 mice. It also promoted the excretion of N1-ASPM in 

MU of ob/ob mice, which was nearly increased 100-fold compared to Sham-control ob/ob mice. 

TETA-treatment elevated SPD and SPM levels in the liver, and this affect appeared to be greater 

in C57 than in ob/ob mice (Figure 5.25). It increased the N1-ASPM level in both genotypes. It also 

decreased the N8-ASPD level in liver of C57 mice, whereas the N8-ASPD level was maintained in 

ob/ob mice. TETA displayed little effect on heart preparations, where it only significantly 

decreased SPD in MHM of C57 mice. It also increased the SPD and SPM levels in the serum of 

ob/ob mice, and also elevated the excretion of SPM in ob/ob mice.  

5.3.11. In Vitro Rates of TETA Acetylation in Tissue Samples 

Here, in vitro TETA acetylation activity was studied in the following preparations: MLS, MLM, 

MHS, and MMH.  

Firstly, ≥ four MLS and MLM samples were chosen from each group, randomly. Using these 

tissue preparations as the protein source and TETA as the substrate, in vitro acetylation 

experiments were carried out. Kinetic values, included V6.25, Vmax, and Km of each MLS (or MLM) 

sample were calculated from the individual assay. The conditions of the in vitro acetylation assay 

were the same as used in Chapter Three for measurement of human and rat liver preparations. 

Subsequently, MHS and MMH from the same group were pooled together. Single assays were 

carried out with each of the three tissue preparations from each experimental group. 

The results have firstly been presented in tables (Table 5.11) as means ± SEM, and then plotted 

in figures (Figure 5.26) as means ± 95% CI with illustrations of the results of statistical analyses. 
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Table 5.11 TETA Acetylation Activity of Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), 

Heart Supernatants (MHS), and Muscle Homogenate (MHH) from Groups of C57 and ob/ob Mice 

Treated with Putative SSAT1 Activators. TETA acetylation activity was measured by applying the method 

developed in Chapter Three, using mouse tissue preparations including MLS, MLM, MHS, and MMH, 

which were processed from tissues collected between 178 and 234 days post-weaning. For each 

acetylation assay, V6.25 (pmol/min/mg), Vmax (pmol/min/mg), and Km (mM) have been derived from 

Michaelis-Menten plots and tabulated. For MLS and MLM, results have been presented as means ± SEM 

for each group. Groups comprised the following numbers: Sham-control C57, n = 4; Sham-control ob/ob, 

n = 4; DENS-treated C57, n = 4; DENS-treated ob/ob, n = 7; aspirin-treated C57, n = 4; aspirin-treated 

ob/ob, n = 4; TETA-treated C57, n = 4; and TETA-treated ob/ob, n = 8. For MHS and MMH, only one assay 

was completed with pooled protein sources for each mouse group. Abbreviations: MLS, mouse liver 

supernatant; MLM, mouse liver microsomes; MHS, mouse heart supernatant; MMH, mouse skeletal 

muscle homogenate; DENS, N1,N11-diethylnorspermine; and TETA, triethylenetetramine. 
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Table 5.11 TETA Acetylation Activity of Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), 

Heart Supernatants (MHS), and Muscle Homogenate (MHH) from Groups of C57 and ob/ob Mice 

Treated with Putative SSAT1 Activators. 

A. 

  MLS  MLM 

Genotype Treatment V6.25 Vmax Km  V6.25 Vmax Km 

C57 Sham 0.87 ± 0.09 126 ± 5 926 ± 89  0.40 ±0.06 130 ± 6 2185 ± 319 

ob/ob Sham 1.08 ± 0.10 195 ± 54 1084 ±196  0.68 ±0.12 185 ± 13 1880 ± 347 

C57 DENS 1.42 ± 0.42 585±169 3114 ± 777  0.29 ± 0.03 551 ± 175 13051 ± 4998 

ob/ob DENS 0.90 ± 0.13 200 ± 39 1372 ± 122  0.56 ± 0.05 264 ± 41 3322 ± 709 

C57 Aspirin 1.02 ± 0.10 160 ± 20 1015 ± 185  0.51 ± 0.08 226 ± 54 3278 ± 1099 

ob/ob Aspirin 0.58 ± 0.09 107 ± 11 1276 ± 297  0.52 ± 0.04 176 ± 24 2113 ± 278 

C57 TETA 1.25 ± 0.25 286 ± 36 1559 ± 329  0.25 ± 0.02 416 ± 72 10059 ± 1177 

ob/ob TETA 1.07 ± 0.16 178 ± 30 1236 ± 244  0.51 ± 0.06 168 ± 47 2292 ± 593 

 

B. 

  MHS  MMH 

Genotype Treatment V6.25 Vmax Km  V6.25 Vmax Km 

C57 Sham 1.23  319 1610  0.69  284 2569 

ob/ob Sham 1.08  689 3988  0.68  110 1000 

C57 DENS 1.44  292 1256  0.70  240 2133 

ob/ob DENS 1.41  224 990  0.72  256 2220 

C57 Aspirin 1.04  192 1145  0.65  241 2317 

ob/ob Aspirin 0.95  342 2232  0.65  243 2327 

C57 TETA 0.87  458 3278  0.65  139 1325 

ob/ob TETA 1.31  213 1007  0.92  203 1366 
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Figure 5.26 TETA Acetylation Activities in Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), 

Heart Supernatants (MHS), and Muscle Homogenates (MMH). Kinetic parameters included V6.25, Vmax, 

and Km of MLM (A, C, and E) and MLM (B, D, and F) from Table 5.11A are presented as 

means ± 95% confidence interval (n ≥ 4 for) for each group. Error bars are not shown in cases where they 

overlap with the means. The same statistical analyses were applied as described in Figure 5.3. 

Abbreviations and symbols: ●, C57 mice; ○, ob/ob mice; S, Sham-control; D, N1,N11-diethylnorspermine 

treated; A, aspirin-treated, T, triethylenetetramine (TETA)-treated; and V6.25, reaction velocity at 6.25 µM 

of TETA as the substrate. 
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Figure 5.26 TETA Acetylation Activities in Mouse Liver Supernatants (MLS), Liver Microsomes (MLM), 

Heart Supernatants (MHS), and Muscle Homogenates (MMH) (Continued). Kinetic parameters included 

V6.25, Vmax, and Km of MHS (G, I, and K) and MMH (H, J, and L) are presented as dots. Abbreviations and 

symbols: ●, C57 mice; ○, ob/ob mice; S, Sham-control; D, N1,N11-diethylnorspermine treated; A, aspirin-

treated, T, triethylenetetramine (TETA)-treated; and V6.25, reaction velocity at 6.25 µM of TETA as the 

substrate.  
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Compared to the Sham-control C57 mice, the Sham-control ob/ob mice showed no significant 

difference in V6.25 and Km in MLS, MLM, MHS and MMH (Figure 5.26). However, the Sham-

control ob/ob mice did have a trend towards a higher TETA acetylation rate in liver than C57 

controls. This was indicated by the overall increased mean of V6.25 and Vmax, among which the 

difference was significant in MLM. 

DENS-treatment significantly increased the Vmax and Km in liver preparations in C57 mice, while 

the V6.25 remained unchanged (Figure 5.26). It had no effect in the ob/ob mice. Based on the 

single-point measurement, DENS appeared to increase the V6.25 in general, decrease the Vmax in 

ob/ob mice, and showed no effect in MMH.   

Aspirin-treatment only showed a trend towards decreased TETA acetylation activity in ob/ob 

mice but increased in C57 mice (Figure 5.26).  

TETA-treatment showed a similar but weaker effect compared to DENS, significantly increasing 

the Vmax and Km in MLM in C57 mice, whereas the V6.25 remained unchanged (Figure 5.26). TETA 

also appeared to have no effect on TETA acetylation in MHS and MMH. 

None of the three drugs showed any significant effect on TETA acetylation with MHS or MMH, 

based on single point measurements with pooled tissue preparations.    
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5.4. Discussion and Conclusions 

Section 1.2.5 has described a model of how elevated SSAT1 expression could ameliorate the 

physiological effects of obesity and type-2 diabetes. This model was based on two robust studies 

of SSAT1-tg mice [1, 2]. In short, elevated SSAT1 expression induced polyamine catabolism, 

which directly increased energy demand leading to the catabolism of fat reserves to meet this 

demand. The net effect was reduced fat mass and associated improvements in biomarkers of 

obesity and type-2 diabetes. In the current study, the hypothesis that obese mice would have 

elevated polyamine catabolism including SSAT1 induction as a compensatory response to 

increased energy expenditure has been tested in two systems, firstly using a mouse model of 

obesity and type-2 diabetes. Second, mice were treated with one of three SSAT1 inducers to 

determine whether they could induce SSAT1 in vivo and enable us to study the resulting effects. 

Of these, DENS and TETA are polyamine analogues that can induce polyamine catabolism [219]; 

and aspirin can promote the transcription of SAT1 and polyamine catabolism [110, 220], based 

on cell culture experiments. Before moving on to the discussion on the results of mouse 

experiments, we note the following regarding the quality of the results.  

5.4.1. Anti-β-Actin Immunoblotting 

An important standardisation step involved in immunoblotting-based densitometry analysis is to 

normalise the protein of interest (e.g. SSAT1 in this study) to another protein that is generally 

agreed to be expressed equally in all types of tissues and individuals. One of the widely-used 

standard proteins is β-actin, whose apparent molecular weight is ~45 kD in typical gel-based 

analyses. Although the mass of SSAT1 is somewhat lower than that of β-actin, being ~20 kD, the 

possibility of signal-overlapping between unknown bands was considered, at least in certain 

analyses. Therefore, in order to determine whether such an overlap might exist in the analytical 

methods to be employed here, anti-β-actin and anti-SSAT1 immunoblotting was performed in 
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parallel on a single gel using preparations derived from aforementioned methods, including MLS, 

MLM, MHS, MHM, and MMH (Section 5.3.7).  

In these analyses, apparent differences in signal intensity between liver, heart, and muscle 

preparations were almost certainly caused by the different amounts of protein that were loaded, 

due to differences in amounts of available tissue-extracts (Figure 5.15). For example, MLS and 

MLM had 41.7 µg of total protein in each lane. Immunoblotting of cardiac tissue was limited by 

the amount of available tissue, which was only 13.4 µg of total protein per lane. For the same 

reason, muscle immunoblotting only had 34.9 µg of total protein per lane. The results showed 

there were bands of 42.9 kD in MLS, MLM, MHS, and MHM, which could reflect β-actin (45 kD). 

In MMH, the 42.9 kD band was not detected, its position was flanked by one smaller band 

(39.8 kD) and two larger bands (51.8 and 57.0 kD). These bands could possibly reflect protein 

complexes containing β-actin, since it is a multipurpose-protein that is a major component of the 

cytoskeleton and is also involved in signal transduction. However, it was not possible to positively 

identify these bands. Compared to the anti-β-actin results, anti-SSAT1 immunoblotting also 

showed bands at 42.9 kD in MHS and MHM, and a further band at 39.8 kD in MMH (Figure 5.16). 

In conclusion, anti-β-actin could not be used as an internal standard to normalise signal intensity 

for immunoblotting of other proteins including SSAT1. 

5.4.2. Ubiquitination  

The results showed that both anti-SSAT1 and anti-ubiquitin immunoblots show multiple bands 

between 15 and 250 kD in different types of tissue preparations (Figure 5.17). For anti-SSAT1 

immunoblotting, the bands above 20 kD might indicate the presence of protein complexes of 

SSAT1, which could possibly include (n)-ubiquitin-SSAT1 complexes, SSAT1 dimers (for 

example, at 40 kD in skeletal muscle homogenates), SSAT1 polymeric complexes, and other 

SSAT1-protein complexes. Apart from this, the protein profiles between types of tissue were 
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different, which could be explained by the formation of different tissue-specific SSAT1-containing 

protein complexes. For the same reason, in the anti-ubiquitin immunoblotting studies, multiple 

bands were also detected. Ubiquitin is also capable of binding with many proteins. However, 

these dissimilar band-patterns made the equivalent band-patterns in MHS between anti-SSAT1 

and anti-ubiquitin immunoblotting unique among the tissues studied. Given that ubiquitin and 

SSAT1 have molecular weights of 8.5 and 20.1 kD respectively  [117, 231], tentative identities of 

bands identified in MHS could have been (n)-ubiquitin-SSAT1 complexes as follows: degraded 

ubiquitin-SSAT1 complex (~14.6 kD); di-ubiquitin-SSAT1 complex (37.1 kD); tri-ubiquitin-SSAT1 

complex (45.6 kD); tetra-ubiquitin-SSAT1 complex (54.1 kD); and hepta-ubiquitin-SSAT1 

complex (79.6 kD). Molecular weight differences between actual measurements of molecular 

mass and the values of putatively related complexes could reflect experimental error. Such errors 

could have multiple origins, for example distortion of gels during electrophoresis, and 

inaccuracies resulting from the protein-transfer step and in measurement of migration. Beside 

these, the 54.0 kD and 81.5 kD bands could also reflect complexes containing more than one 

SSAT1 moiety. The identical banding-pattern suggests that, in heart supernatant, most of the 

SSAT1 could have been bound to ubiquitin and that most of the ubiquitin was also bound to 

SSAT1; neither of these possibilities is consistent with the presence of unbound SSAT1 and/or 

ubiquitin in this supernatant. As well, since the band pattern of both anti-SSAT1 and anti-ubiquitin 

on the same types of tissue preparation was the same, it could be concluded that the banding-

patterns of SSAT1 (and ubiquitin) were specific to the source of tissue preparation but were not 

affected by genotype (C57 or ob/ob) or treatment (DENS, aspirin or TETA). 

5.4.3. Control Mouse Models without Treatment by SSAT1 Inducers 

In the current study, C57 mice were used as the mouse model corresponding to healthy 

individuals, whereas ob/ob mice were used as a model of obesity and type-2 diabetes. Here, 

SSAT1-related polyamine metabolism was studied, and results compared between the groups.  
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SSAT1 Expression and Polyamine Profile 

Regarding SSAT1-related polyamine metabolism, the Sham-control ob/ob mice did show a trend 

of increase in SSAT1 expression in MLS, though the difference was not statistically significant 

(Figure 5.24). Consistent with this trend, in MLS, mice showed decreases in the substrates of 

SSAT1 (SPD and SPM). These findings are consistent with elevated hepatic polyamine 

catabolism in the Sham-control ob/ob mice where such SSAT1 induction could compensate for 

obesity (Figure 5.25). Interestingly, consistent with a similar decrease of SSAT1 expression level 

in the heart, cardiac SPD and SPM levels were increased whereas the levels of N1-ASPM and 

N8-ASPD were both decreased (Figure 5.25). Since ob/ob mice had cardiac hypertrophy, the 

decrease in polyamine catabolism in the heart was thought to reflect a response to the elevated 

demand of myocardial proliferation. Overall, the Sham-control ob/ob showed a decreased 

polyamine catabolism as indicated by the polyamine profile in serum and urine, which suggests 

that the overall polyamine catabolism was reduced. The net effect was correlated to the 

decreased utilisation of fat as the primary energy source. 

Body-Weight, Body-Composition, and Energy/Fat Metabolism  

The physiological aspects of C57 and ob/ob mice measured here were generally consistent with 

what was described in the literature [232, 233]. Compared to the Sham-control C57 mice, Sham-

control ob/ob mice displayed increased daily food and water consumption, and used 

carbohydrate as the preferred energy source for metabolic energy generation (Figure 5.9). They 

were also less physically active. By the end of the study, their accumulated fat mass was almost 

three times that of the Sham-control C57 mice, whereas the non-fat mass remained the same 

(Figure 5.6). These findings were consistent with the changes in biomarkers of obesity, in that 

ob/ob mice were insulin insensitive (high background insulin levels compared with Sham-control 

C57 mice) and less glucose tolerant. However, the Sham-control C57 mice also had insulin 



Chapter Five: Effect of SSAT1 Inducers in a Mouse Model of Obesity and Type-2 Diabetes   

 [227]  

resistance, which may be in part attributable to age-related factors. In terms of the lipoprotein 

profile, we found a definite increase in TG, and a trend of increases in HDL and triglyceride.  

Cardiac Function  

The cardiac function of C57 mice at different ages has been well documented. LVM and CO are 

known to increase with age, consistent with the fact that a larger body needs a proportionately 

bigger heart to maintain the same level of perfusion of lean tissue mass. However, the LVEF 

remains essentially the same throughout a mouse’s lifetime. One follow-up study reported these 

parameters on C57 mice from 3 days to 112 days post-birth (equivalent to 91 days post- weaning 

in the current study), and found that the LVM and CO had increased from 10.0 ± 0.4 mg to 

100.2 ± 5.9 mg, and 1.1 ± 0.1 mL/min to 14.3 ± 0.5 mL/min, respectively. However, the LVEF 

showed no significant change with time, remaining around 72% (mean of the means at different 

ages) [234]. In another study which compared C57 mice at 35 days and >259 days post-weaning, 

the aged mice had larger LVM than the young mice (143 ± 9 mg as compared with 106 ± 27 mg), 

while the LVEF was the same (89.0 ± 0.1 %) [235].  

Unlike C57 mice, ob/ob mice develop cardiac hypertrophy: in one report, ob/ob mice had greater 

LVM (91 ± 4 mg) than heterozygous controls (64 ± 3 mg) at 168 days post-weaning [236]. 

Another study reported that ob/ob mice and C57 mice had respective LVM values of 129 ± 4 mg 

and 100 ± 3 mg at 147 days post-weaning [237]. As found with C57 mice, the LVEF of ob/ob 

mice also did not change during the ageing process [238]. 

In this project, C57 mice have been used as a model for healthy individuals. Although cardiac 

function changes with ageing, ob/ob mice have a greater propensity to develop cardiac 

impairment, which may be related to dyslipidaemia and leptin deficiency. Another longitudinal 

study has reported on several cardiac parameters in both C57 and ob/ob mice at 63, 147, and 

231 days post-weaning [238]. For some parameters, both experimental groups showed the same 
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trends with ageing: increasing cardiac mass and CO, with reduced arterial elasticity and end-

systolic elasticity. Some other parameters were maintained throughout all three time points in 

C57 mice but changed in ob/ob mice, consistent with cardiac impairment. The parameters which 

changed in ob/ob mice, but not in C57 mice were as follows: preload-recruitable stroke-work 

(decreased); time-constant of relaxation during isovolumetric diastole (increased); and minimum 

rate of pressure development (increased) [238].In short, compared to the Sham-control C57 mice, 

the Sham-control ob/ob mice displayed an obese phenotype. It was likely that ob/ob mice had 

elevated hepatic polyamine catabolism and it is thought that SSAT1 induction could act as a 

compensatory measure to work against obesity.  

5.4.4. DENS-Evoked Effects  

SSAT1 Expression and Polyamine Profile 

DENS induced SSAT1 in MLM in both C57 and ob/ob mice (Figure 5.24), which corresponded 

with downstream increases in levels of N1-ASPM, SPD, and SPM (Figure 5.25). The increase in 

SPD and SPM rather than decrease, was believed to reflect an overall compensatory effect of 

induced polyamine catabolism. A similar increase was also found in the SSAT1-tg mice, and was 

explained by increases in activities of ODC and SAMDC [1] acting as a compensatory response 

to the induction of SSAT1. This was also compensated by depletion of SPD and SPM pools in 

serum (Figure 5.25). Furthermore, this also indicated that DENS is not a strong inhibitor of ODC 

in vivo. Similarly, DENS also induced SSAT1 expression in the muscle of ob/ob mice, which led 

to increases in SPD, SPM, and a consistent increase in N1-ASPM. DENS caused no obvious 

change in SSAT1 expression in muscle of C57 mice, or in its polyamine profile.  

DENS had complex effects on SSAT1 expression in heart. Firstly, it induced polyamine 

catabolism via the induction of protein expression of SSAT1 in MHS of both C57 mice and ob/ob 

mice (Figure 5.24). Secondly, it appeared to induce SSAT1 expression in MHM in ob/ob mice, 
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but decreased this in C57 mice (Figure 5.24). The result in cardiac polyamine pools was that 

DENS reduced SPD and SPM levels in MHM of C57 mice, and did not affect those in ob/ob mice. 

Apart from the substrate of SSAT1 (SPD and SPM), DENS also appeared to increase N1-ASPM 

in MHM of both C57 and ob/ob mice in general (Figure 5.25).  

When taken together, these data imply that two possible scenarios could explain the differences 

between the effects of DENS on liver and heart. One possibility is that MLM might have more 

inducible ODC as a compensatory response to SSAT1 induction than MHS, because in liver, the 

induced SSAT1 in MLM caused increases in SPD and SPM in both MLS and MLM (Figure 5.25). 

Conversely, the induced SSAT1 in MHS did not cause increases in SPD and SPM in MHS and 

MHM. The SPD level in the heart was even decreased in the DENS-treated C57 mice. In addition, 

activities of both SPD synthase and SPM synthase are substrate-concentration-dependent, so 

SPD and SPM would have been more dependent on the availability of putrescine. Indirect 

evidence supporting this hypothesis is that the induced form of SSAT1 could exist mainly as the 

membrane-bound form in the liver (MLM), whereas it might be in the free cytoplasmic form in the 

heart (MHS) (Figure 5.24). It is possible that the liver has a more effective network for regulating 

polyamine pools, which is partly composed of functional membrane-bound SSAT1 and ODC. 

Likewise, studies with cell cultures (fibroblasts) have also led to the suggestion that ODC is 

present on the plasma membrane and/or nuclear envelope [239-242]. Functional ODC has also 

been found to be associated with cellular activities that occur at the plasma membrane, as 

summarised in a recent review [242]. Another possibility is that cardiac polyamine levels are 

more tightly regulated by active polyamine transporters. 

DENS also increased the Vmax but not the V6.25 of TETA acetylation in both MLS and MLM (Figure 

5.26). This response was not correlated with MLM where we found a significant increase only in 

SSAT1 expression (Figure 5.24). This further supports the finding in Chapter Four, that SSAT1 

may not be the main protein catalysing TETA acetylation, which may possibly be SSAT2. 
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However, DENS did induce the expression of TETA-acetylating activity equally in both MLS and 

MLM.  

Of the three drugs, DENS provided the most solid proof of overall elevation in polyamine 

catabolism, through lowering of SPD and SPM, and increasing N1-ASPM in the serum of ob/ob 

mice. In C57 mice, the same trend was present, although it was not statistically significant. In 

urine, the polyamine pool in both C57 and ob/ob mice was unaffected, consistent with reported 

findings in SSAT1-tg mice [1]. 

Body-weight and Body-Composition   

As shown by studies in SSAT1-tg mice, elevated polyamine catabolism can directly elevate 

energy demand, in turn followed by elevated oxidation of fat reserves. The net effect in that case 

was reduced fat mass and associated improvements in indices of obesity and type-2 diabetes [1, 

2]. In the current study, of the three drugs tested, DENS was the most effective in reducing fat 

mass and body-weight gains. By the end of the experiment, it had reduced the gain of fat weight 

(22% in C57, and 23% in ob/ob), compared to their respective Sham controls (Figure 5.3). These 

findings are consistent with that reported in SSAT1-tg mice at 15 [2] and 27 weeks [1] post-

weaning.  

Among liver, heart, and skeletal muscle, SSAT1 induction and the resulting elevated polyamine 

catabolism in liver contributed more towards the overall fat-reducing phenotype. This could be 

explained by the larger local lipid storage in liver, which was absent in skeletal muscle and heart 

[243]. Presumably, WAT may have played an even bigger role than liver in energy depletion 

through β-oxidation in DENS-treated C57 mice and ob/ob mice, since SSAT1 is reportedly more 

active in WAT than in liver of the SSAT1-tg mice [1, 2]. However, one recent study contradicted 

this idea [185]. That study showed that activation of SSAT1 separately in WAT, and in liver and 
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muscle combined, could prevent weight gain by WAT. However, these authors reported 

activation of SSAT1 in liver and muscle resulted in better glucose and cholesterol homeostasis.  

Energy/Fat Metabolism  

DENS-treatment induced SSAT1 and elevated energy demand in both C57 and ob/ob mice; 

however it caused genotype-dependent effects in many of the biomarkers related to energy/fat 

metabolism. These differences are believed to arise from the fact that the C57 mice express 

leptin whereas the ob/ob mice do not. Leptin expression is thus the primary hormonal difference 

between these two contrasting genotypes (although there are many secondary differences, for 

example in insulin and amylin levels, and in insulin sensitivity). Leptin plays a central role in the 

regulation of food intake and energy expenditure [244]. 

SSAT1-tg mice have been reported to show decreased serum leptin levels [1, 2]. In the current 

study, DENS-treatment induced SSAT1 (with a resulting lowering of fat mass). In several 

systems, leptin levels are reportedly proportional to whole-body fat-mass [245], The findings in 

DENS-treated C57 mice are consistent with a possible decrease in serum leptin levels, but this 

would need to be confirmed by direct experiment, which was not performed here. This 

hypothetical perturbation would be consistent with the observations that the DENS-treated C57 

mice had trends of increased consumption of food and water, along with decreased activity and 

serum insulin levels (Figure 5.9). Similar changes have also been reported for SSAT1-tg mice [1, 

2]. Further evidence consistent with a putative decrease in serum leptin might be provided by the 

moderate decrease in EE (Figure 5.9).  

However, the measurements of RER indicated that proportionately more glucose than fat was 

being oxidised (Figure 5.8). Since the total EE was decreased, the reduction in fat mass was 

more likely due to the suppression of fat synthesis and/or accumulation, rather than to elevated 

oxidation of excess fat to generate heat. In support of this interpretation, serum triglyceride and 
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LDL/VLDL levels did not differ from control values. Only the serum HDL levels were elevated 

(Figure 5.14). The above observations were different from those reported from SSAT1-tg mice [1, 

2]. This difference may explain why lowered glucose tolerance was found in the current study 

(Figure 5.12). 

Since the DENS-treated ob/ob mice lack leptin, they cannot have displayed changes in leptin-

regulated physiological responses, as could by contrast, have occurred in the DENS-treated C57 

mice. Compared to the Sham-control ob/ob mice, they consumed the same amount of food and 

water, and their measured activity level was also unchanged. Unlike its effects in C57 mice 

however, DENS did elevate lipid oxidation in ob/ob mice, as reflected in their lowered RER levels 

(Figure 5.8), which were consistent with the observed decreases in serum cholesterol and 

triglyceride, and increase in HDL levels (Figure 5.14). The net effect was an increase in EE. The 

reduction in fat mass was probably responsible for the improvement in glucose tolerance (Figure 

5.12B) and the lowered (non-fasting) insulin level in serum (Figure 5.14E). However, in spite of 

these changes, the insulin sensitivity shown by ITT and IST was decreased (Figure 5.10B and 

5.11B). For an ITT, insulin alone was injected in vehicle. The test determines how sensitive the 

tested animal is to insulin in lowering its blood glucose, and how long it takes to recover to 

normal blood glucose levels following insulin injection. In an insulin sensitivity test, both insulin 

and a small amount of glucose are injected, which mimics the situation when food is consumed 

and insulin is produced in response, in order to maintain glucose levels which might otherwise 

become elevated. This test determines how effective the tested animal is at lowering its blood 

glucose in the presence of insulin. When compared with the glucose tolerance test, where only 

glucose is injected, the insulin sensitivity test does not test for the ability to produce insulin, but 

only how effective the insulin is at promoting glucose clearance into stores. It thus provides an 

improved measure for restricted insulin resistance. An acceptable explanation of the 

contradiction between improved glucose tolerance and reduced non-fasting serum insulin vs 
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reduced insulin sensitivity could not be provided at this point. This observation alone challenged 

the idea that DENS could be used as a target for future drug development.   

In summary, DENS-treatment induced polyamine catabolism through SSAT1 induction in both 

C57 and ob/ob mice, which further led to increased energy demand, and culminated in 

decreased fat mass (by 22 to 23%) at T4. To meet this increased energy demand, DENS-treated 

C57 mice consumed more food, had lowered activity levels, and suppressed fat storage; by 

contrast, DENS-treated ob/ob mice simply oxidised more of their fat mass. In addition, DENS-

treated ob/ob mice also had lower LVM/BNW while the LVV/BNW was not affected, compared to 

Sham-control ob/ob mice.   

5.4.5. TETA-Evoked Effects  

SSAT1 Expression and Polyamine Profile 

As opposed to the evident induction of SSAT1 and polyamine catabolism by DENS, the 

responses to TETA-treatment were more muted, consistent with the results reported in cell- 

culture experiments [219]. In liver, TETA-treatment induced SSAT1 expression only in MLM from 

C57 mice (Figure 5.24). However, both C57 and ob/ob mice showed increased SPD, SPM, and 

N1-ASPM in MLM (Figure 5.25). In muscle from TETA-treated mice, SSAT1 trended towards 

elevation in both C57 and ob/ob mice, in conjunction with elevation in the SPM pool and a 

lowering in the SPD pool. In heart, TETA had no measurable influence on SSAT1 expression, 

but caused a general reduction in SPD and SPM.  

The apparent inconsistency between the SSAT1 expression and the corresponding polyamine 

profile in these tissue preparations, which was also reported in a prior cell-culture study [219], is 

possibly consistent with effects of TETA on other regulatory proteins involved in polyamine 
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metabolism. For example, since TETA is a preferred substrate of SSAT2 rather than SSAT1 

[120], it could possibly induce SSAT2 expression via a positive-feedback mechanism.  

TETA also increased the Vmax but not the V6.25 for TETA acetylation in both MLS and MLM from 

C57 mice (Figure 5.26). This suggested that TETA can induce the expression of the proposed 

TETA acetylating enzyme(s) in C57 mice, as did DENS. Since TETA also induced SSAT1 

expression in MLM in C57 mice, the expression of the proposed TETA acetylating protein(s) 

could be strongly correlated to the expression of SSAT1. However, more work needs to be done 

before any solid conclusions can be made. 

TETA induced polyamine catabolism in liver and probably in muscle as well (as shown by 

increases in SPD and SPM pools) (Figure 5.25). However, this was not associated with an 

overall increase in the acetylation product (N1-ASPM), the levels of which were actually 

decreased in serum of C57 mice (Figure 5.25). Therefore, the overall effect of TETA was more 

likely to increase the utilisation (or alternatively to suppress the synthesis) of SPD and SPM (as 

indicated by the decreased SPD and SPM pools in serum) rather than to enhance their 

degradation (for example by acetylation). This utilisation was associated with increased lipid 

oxidation (as shown by the decrease in RER) in both C57 mice and ob/ob mice, which is 

consistent with increased energy demand (Figure 5.8).  

Body-Weight, Composition, and Fat/Energy Metabolism  

In response to this disturbance in polyamine metabolism and increased energy demand, TETA-

treated C57 mice showed a better adaptive response than the TETA-treated ob/ob mice. The 

former had decreased growth rates according to the body-weight–time profile, which was 

supported by the decreased SPD, SPM, and N1-ASPM in serum, because polyamines including 

SPD and SPM are important to cell growth and proliferation (Figure 5.1). However, this long term 

effect caused no significant changes in body-weight, non-fat body-weight, or fat-weight at any of 
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the time-windows studied (T1 to T4). It also showed no changes in consumption of food or water 

or in EE, but a trend towards decrease in activity (Figure 5.9). Apart from these, it also showed 

no changes in lipoprotein profile except a decrease in HDL. For the biomarkers of obesity and 

type-2 diabetes, the TETA-treated C57 mice were more insulin sensitive (Figure 5.11) but less 

tolerant to glucose (Figure 5.12). 

Conversely, TETA-treated ob/ob mice demonstrated a slight increase in body-weight over time. 

The increase in body-weight was a net effect of an increased non-fat mass (which was supported 

by the elevated polyamine utilisation and water consumption), and a reduction in fat-mass, which 

was supported by the elevated lipid oxidation (Figure 5.1). Unlike the TETA-treated C57 mice, 

the TETA-treated ob/ob mice did not lower their levels of activity, so the elevated lipid oxidation 

would oxidise additional fat mass. Apart from these findings, the TETA-treated ob/ob mice 

maintained their rates of food consumption, serum insulin levels, and serum lipoprotein profile. In 

terms of indices of obesity and type-2 diabetes, they were less sensitive to insulin (Figure 5.11) 

but more tolerant of glucose (Figure 5.12). 

Compared to DENS, which generally elevated polyamine catabolism (decreased SPD and SPM; 

increased N1-ASPM in serum), TETA elevated only the utilisation of polyamines (decreases in 

SPD and SPM in serum) (Figure 5.25). Based on this polyamine profile, TETA-treatment did not 

cause a significant induction of SSAT1 with elevated N1-ASPM in serum. This further suggested 

that the SSAT1-mediated acetylation step was more important in polyamine catabolism, the 

induction of which could further increase energy expenditure and subsequent reduction in fat 

mass. 

Cardiac Function 

The results show that TETA had no beneficial effect on cardiac hypertrophy in C57 and ob/ob 

mice, which was inconsistent with the beneficial effects of TETA previously reported in the hearts 
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of patients with type-2 diabetes and in a rat model of type-2 diabetes, where it lowered the LVM 

of hypertrophied hearts [168].  

It is perhaps relevant to note that here, TETA has been administered by the intraperitoneal route 

at 60 mg/kg (Table 2.1), a dosage that is some 4-fold higher than those of about 17 mg/kg 

employed in previous studies, where beneficial effects of TETA-treatment on left-ventricular 

mass and cardiac function have been recorded in diabetic rats and humans. Moreover, the 

average bioavailability of TETA when administered orally through preparations such as TETA 

dihydrochloride or TETA disuccinate is about 10%, whereas the bioavailability from i.p. injection 

should be close to 100%. Therefore, the functional dosage administered in this project was ~4 x 

(100/10) = 40-fold greater than that used in the nonclinical and clinical studies referred to 

previously [170, 171, 246], because we wanted to show which of the three drugs was most 

effective, at the highest concentration, and ideally without side effects.  

During our preliminary studies, DENS and aspirin treatments were performed at higher dosages 

(both ≥ 60 mg/kg). At these higher doses, DENS treatment resulted in a high death rate. Aspirin 

treatment resulted slower recovery from injection-site related haematomas. In response to these 

initial findings, injection dosages were reduced, and these effects did not recur. 

In summary, TETA-treatment caused a moderate elevation in polyamine utilisation in general 

(rather than through catabolism), with concomitant elevation in the fat-oxidation percentage. To 

meet this moderate increase in energy demand, TETA-treated C57 mice displayed lower growth 

rates and a trend towards decreased activity; TETA-treated ob/ob mice metabolised more fat 

mass. 



Chapter Five: Effect of SSAT1 Inducers in a Mouse Model of Obesity and Type-2 Diabetes   

 [237]  

5.4.6. Aspirin-Evoked Effects  

SSAT1 Expression and Polyamine Profile 

In liver, aspirin-treatment elicited a trend towards decreased SSAT1 expression in ob/ob mice, 

but not in MLM (Figure 5.24). Aspirin caused no change in SSAT1 expression in C57 mice. 

These observations were supported by observation that the polyamine profile was not generally 

affected by aspirin (Figure 5.25). In heart preparations, SSAT1 expression was also unaffected 

by aspirin. However, the aspirin-treated C57 mice showed a trend towards decreased polyamine 

catabolism. Evidence included decreases in SPD, N8-ASPD, and N1-ASPM in MHM of C57 mice. 

Conversely, aspirin did not have the same effect in hearts of ob/ob mice. In muscle, aspirin 

significantly induced SSAT1 expression in both C57 and ob/ob mice, which was associated with 

increases in SPD and SPM in C57 mice, and an increase in SPM in ob/ob mice. 

Overall, aspirin-treated ob/ob mice showed indications of moderately elevated polyamine 

catabolism, as supported by lowered levels of SPD, SPM, and increased N1-ASPM in serum, 

plus increases in urinary excretion of SPM and N1-ASPM (Figure 5.25). Conversely, aspirin did 

not cause similar indications of polyamine catabolism in C57 mice, an observation which was 

supported by the fact that serum SPD and SPM levels were not affected by aspirin, and 

associated with a moderate decrease in the serum N1-ASPM level.  

In short, of the three drugs, aspirin showed the least apparent effect on polyamine catabolism. 

SSAT1 is regulated at multiple levels including transcription, alternative splicing of mRNA, 

translation, and post-translational modification (for example, by ubiquitin-mediated degradation) 

[79]. Aspirin is thought to exert its effects more at the level of induction of SSAT1 transcription 

rather than at the level of translation [110]. This could have enabled the treated mice to re-adjust 

by trending towards producing more functional SSAT1 protein. The ob/ob mice appeared to have 

a lowered ability to re-adjust at the level of regulating overall polyamine concentrations.  
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Body-Weight, Composition, Energy/Fat Metabolism, and Cardiac Function  

Although aspirin caused the induction of SSAT1 expression in tissues such as muscle and an 

overall increased polyamine catabolism (showed by serum polyamine profiles) in ob//ob mice, it 

had no overall effect on either body-weight or body composition (Figure 5.1 to 5.4). This 

suggests that polyamine catabolism by SSAT1 in the liver (possibly in WAT as well), rather than 

in muscle and heart, is more important in the regulation of whole-body energy/fat metabolism. 

Neither the aspirin-treated C57 nor ob/ob mice displayed increases in energy expenditure. This 

was mirrored by the fact that there were no obvious changes in food consumption, water 

consumption, body-weight, body composition, EE, or activity levels in either aspirin-treated C57 

or ob/ob mice (Figure 5.9). In addition, aspirin increased insulin sensitivity (Figure 5.11) and 

glucose tolerance in ob/ob mice, but decreased glucose tolerance in C57 mice (Figure 5.12). 

Similar observations have been reported in another aspirin-treated mouse model of obesity, 

which had impaired hypothalamic function through injections of monosodium glutamate [221]. 

Overall effects on metabolism reported in aspirin-treated mice could occur as a consequence of 

its anti-inflammatory actions, which include inhibition of the enzyme-mediated oxygenation of 

polyunsaturated fatty acids by lipoxygenases and cyclo-oxygenases [239, 240, 247]. Such 

effects may further reduce the availability of lipid for energy production (more so in ob/ob mice 

than in C57 mice), which requires compensation by elevated carbohydrate oxidation. The trend 

towards decreased serum triglyceride levels has also been reported in a rat model of type-2 

diabetes developed by feeding a CCT diet (4% cholesterol, 1% cholic acid, and 0.5% 2-

thiouracil-supplemented rat chow) [248]. However, in the current study, the increased serum 

triglyceride and decreased serum HDL in C57 mice were inconsistent with the above study [248].  

Aspirin appeared to reduce cardiac hypertrophy (LVM/BNW) in ob/ob mice by 27%. The 

underlying molecular mechanism of this observation remains unclear. This result was also 
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inconsistent with another finding, that aspirin had no effect on inflammatory cytokines implicated 

in left-ventricular remodelling [249], which suggested that the cause of cardiac hypertrophy in 

ob/ob mice is likely related to the inflammatory response associated with dyslipidaemia. This 

mechanism has been supported by experimental evidence that leptin is more important in 

cardiac-mass regulation [250].  

In summary, aspirin showed the least apparent effect on polyamine catabolism induction in the 

liver. Aspirin also had the least effect on body-weight and body composition in both C57 and 

ob/ob mice.  

5.4.7. Conclusions 

The current study has tested the effects of three SSAT1 inducers (as defined in the literature) on 

polyamine catabolism and energy/fat metabolism in two groups of mice. Of the three, DENS has 

been shown to be a potent SSAT1 inducer in vivo. Treatment with 40 mg/kg DENS induced 

significant polyamine catabolism in both C57 and ob/ob mice; the latter is a model of obesity and 

type-2 diabetes. The net effect was an overall increase in energy demand associated with 

reduced gain in fat-mass over time, compared with Sham-control ob/ob mice. More specifically, 

the elevated energy demand in C57 mice was concomitant with increased food consumption, 

reduced activity level, increased carbohydrate oxidation ratio, and reduced fat accumulation rate. 

In ob/ob mice by contrast, it was accompanied by increases in EE and lipid oxidation. As a result 

of reversal of the obese phenotype, DENS-treated ob/ob mice also showed recovery from 

cardiac hypertrophy and increased glucose tolerance. However, DENS-treated ob/ob mice also 

showed decreased insulin sensitivity. 

Treatment with TETA (60 mg/kg) had lesser effects than DENS. It caused a moderate increase in 

polyamine utilisation. It decreased fat-mass and concomitantly increased non-fat mass in ob/ob 

mice. By contrast, it did not change either body-weight or fat composition in C57 mice.  
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Aspirin-treatment (30 mg/kg) had the least effect on SSAT1 expression and polyamine profiles in 

liver, and did not modify either body-weight or composition in either genotype.  

In summary, DENS was the most effective of the three drugs studied in terms of induction of 

SSAT1 and polyamine catabolism, and preventing fat-weight gain over time.  
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Chapter 6.  General Discussion 

6.1. Discussion of Thesis Hypotheses 

On completion of this PhD study, the three hypotheses described in the Introduction (Section 1.5) 

have been tested. Chapters Three, Four, and Five document the results and discussions on each 

of the hypotheses, and these have been summarised here as follows. 

The first hypothesis was that TETA (and ATETA) could be acetylated by tissue preparations, and 

that the results would mainly depend on intrinsic differences in acetylating activity amongst the 

different tissue preparations. In Chapter Three, an in vitro enzymatic kinetic assay was 

developed using TETA (and ATETA) as substrate and human liver preparations as the sources 

of acetylating activity. To mimic the physiological conditions in human liver, the assay was 

performed with fixed parameters of pH, temperature, and agitation speed. To generate a good 

Michaelis-Menten curve for subsequent kinetic analysis, the protein concentration, reaction time, 

and substrate concentration range were optimised and fixed by experiments. Therefore, when 

using this assay to compare the acetylation activity between different tissue preparations, none 

of the above mentioned parameters would contribute to differences in enzyme kinetic results 

obtained. TETA (and ATETA) acetylation was measurable by the tissue preparations using the 

assay developed, and the results were mainly dependent on the intrinsic nature of the tissue 

preparation itself. 

The second hypothesis was that liver preparations from human, rats, and mice could acetylate 

both TETA and ATETA, and that these acetylation reactions could be used as an indicator of the 

overall SSAT1 activity in the tissue preparations. In Chapter Four, in vitro acetylation reactions 

using TETA (and ATETA) as the substrate with different liver preparations were carried out. 

Together with the result that the SSAT1-specific inhibitor had a significant effect on this 
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acetylation, it was concluded that liver preparations from human, rats, and mice do acetylate 

TETA (and ATETA), and that SSAT1 does contribute to this acetylation. However, SSAT1 may 

not be the main enzyme controlling TETA acetylation. SSAT2 has a lower Km value and there 

could also be further, as yet unidentified enzymes that contribute to TETA acetylation in these 

liver preparations. Therefore, the acetylation activity measured using TETA as the substrate may 

only partly be contributed by SSAT1.  

The third hypothesis was that the three drugs tested: DENS, TETA, and aspirin could ameliorate 

the syndromes associated with obesity and type-2 diabetes, perhaps through polyamine-related 

mechanisms. In Chapter Five, animal experiments were completed to test this hypothesis. Of the 

three tested drugs, DENS showed the most apparent effects. Treatment by DENS significantly 

induced SSAT1 expression in MLM and MHS. The polyamine profile of liver preparations also 

provided evidence of induced polyamine catabolism. Consistent with SSAT1 not being the main 

TETA-acetylating enzyme, DENS also increased the Vmax but not the V6.25 of TETA acetylation in 

both MLS and MLM. The net effect on DENS-treated ob/ob mice was an overall increase in 

energy expenditure and lipid oxidation with reduced gain of fat-mass over time, amelioration of 

cardiac hypertrophy，decreased total serum cholesterol and triglyceride, and increased glucose 

tolerance. Treatment with TETA induced SSAT1 expression only in MLM from C57 mice. 

However, TETA did induce lower polyamine levels in the liver of both C57 and ob/ob mice. TETA 

also increased the Vmax but not the V6.25 for TETA acetylation in both MLS and MLM from C57 

mice. Overall, it decreased fat-mass and concomitantly increased non-fat mass in ob/ob mice. By 

contrast, it did not change either body-weight or fat composition in C57 mice. Aspirin-treatment 

(30 mg/kg) had the least effect on SSAT1 expression and polyamine profiles in liver, and did not 

modify either body-weight or composition in either genotype.  

The main hypothesis underlying this thesis is based on the discovery that the genetically-

modified mice overexpressing SSAT1 showed a distinguishable anti-obese phenotype. Together 
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with the well-documented SSAT1 induction effect of DENS, it was of interest to know whether 

DENS could cause the same effect in vivo as shown in the SSAT1-tg mice. Since TETA is a 

polyamine analogue like DENS, which showed promising effects to reverse pathological 

conditions associated with type-2 diabetes, it was also included in this study. Furthermore, as 

aspirin was reported to activate the promoter region and elevate SSAT1 transcription, it too was 

included in this study. Here, the effects of the three drugs have been tested in the ob/ob mice 

and their corresponding genetic background-controls (C57 mice).  

The principal enzyme of interest here is SSAT1. The original design was to use one in vitro 

LCMS-based method to measure its acetylation activity using TETA as the substrate. As the 

research progressed, it was found that SSAT1 did not really correlate to TETA acetylation. In 

addition, SSAT1 was identified to be one of two structural homologues of “SSAT” about two 

years ago, part-way through these studies, whereas when this project was designed, only one 

SSAT protein was at that time known (SSAT1). The other analogue, named SSAT2, acetylates 

SPD and SPM at a very low rate, but acetylates TETA at a higher rate compared to SSAT1. As a 

result, SSAT1 acetylation activity was not detectable. However, the measured TETA acetylation 

activities with liver preparations from human, rat and mouse are still meaningful for determining 

how TETA is metabolised in vivo. 

6.2. Limitations of Experimental Methods 

The experimental work for this thesis was completed using a number of standard procedures, 

which have been detailed in Chapter Two. Of those methods, LCMS and MRI were the two most 

important that contributed a significant part of this research work. Their use and their limitations 

are discussed here. 

LCMS provided a powerful tool to detect trace amount of metabolites in samples. However it had 

a number of limitations. Firstly, there was a large difference in the results produced by two 
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different LCMS systems, which we found could only be minimised by using an internal standard. 

It is obviously much better to use one machine for the entire study, in order to avoid systematic 

errors. However, equipment failure necessitated the need to change systems. Secondly, it took a 

significant amount of time to scan a large number of samples, which was not ideal for 

biologically-active substances such as polyamines. These samples tend to degrade over time. 

Therefore, LCMS scans were done on freshly prepared samples (within 24 hours). In future, it 

will be necessary to adjust the organic/inorganic ratio of an eluent to minimise the elution time 

before carrying out the actual analyses on samples. 

Another substantive part of the work was done using High-Field MRI, which not only monitored 

animal organ function in vivo (e.g. as used here for measuring cardiac function), but also 

produced images of animals in cross-section, which enabled separation of fat mass and non-fat 

mass at high resolution. To further reduce the time needed for each scan and improve its 

resolution, a feasible and more affordable way is to improve the coil used. The switch to a better 

coil at the beginning of the current study did make a significant improvement in both aspects. 

Finally, due to an oversight during the sample preparation stage, no protease inhibitors were 

added, which may have contributed to the SSAT1 degradation observed in immunoblotting; this 

also could have contributed to the variation in activity. In future experiments, this should be 

corrected and the amount of loading also could be increased accordingly. 

6.3. Future Research Directions 

Apart from the main findings, my research also provided three interesting directions for future 

studies. Firstly, since it has been clearly shown that DENS has significant beneficial effects on 

obesity and type-2 diabetes but with defects in reducing insulin resistance, the possibility of using 

DENS as a target for drug development should be futher tested. Because this defect of DENS 
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was only observed in this study, it should be validated by other assay systems. For example, the 

most accurate results will be generated by using the hyperinsulinaemic euglycaemic clamp.  

Secondly, since the effectiveness of TETA in treating conditions that related to obesity and type-

2 diabetes has already been proven, and it also showed fat-reducing effect to some extent in this 

study, it would be interesting to further investigate the responsible molecular pathways in vivo. 

TETA could be acetylated by both SSAT1 and SSAT2. Now, we know that SSAT1 exists as both 

soluble and insoluble forms in liver. Does SSAT2 present at the same location? What is the 

abundance of SSAT2 compared to SSAT1 locally? What percentage does each of these 

enzymes contribute to overall TETA acetylation? To answer these questions, traditional 

immunoblotting could be used to determine SSAT2’s tissue location. It is not possible to 

distinguish one TETA molecule acetylated by one of the two enzymes (either SSAT1 or SSAT2), 

but we can use their specific substrates (SPD for SSAT1, and thialysine for SSAT2) to determine 

the abundance of the active form of each protein. In addition, the siRNA silencing technique in 

animals could be used to determine if one enzyme is suppressed, whether the activity of the 

other enzymes are affected, and whether there are any other TETA acetylating enzyme(s) other 

than SSAT1 and SSAT2.  

Finally, since combined anti-ubiquitin and anti-SSAT1 immunoblotting showed exactly the same 

banding pattern with MHS, which was not found in MLS, MLM, MHM, and MMH, it would be 

interesting to determine more about the relationship between ubiquitin and SSAT1 in the heart. It 

is possible that the heart has a unique mechanism (or a more tightly-regulated mechanism) to 

control the expression of SSAT1, where ubiquitin (possibly ubiquitin-mediated degradation) plays 

an important role. However, since the sample preparation was not ideal (protease inhibitor was 

not added), the SSAT1 in these tissue preparations could well have been subject to degradation 

thereby producing the multiple bands seen in the anti-SSAT1 immunoblotting. Therefore, these 
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studies would need to be repeated using better prepared samples before these matters can be 

clarified. 
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Appendix 

A.1 Individual Assay Time Points Using Live Animals 

For logistics reasons, some experiments were not performed at the exact time point as planned. 

This section shows the time points at which each experiment on one mouse or tissue from one 

mouse was carried out. The following figures showed that the time differences within one type of 

experiment were within a reasonable range, which could be tolerated for analyses. The results of 

individual experiments have been included in this Appendix, consistent with best practice - as 

verified by the primary supervisor of this research programme.  
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Figure A.1 Experimental Time Points of Mouse Experiments. (A), the time points (days after weaning) of 

all in vivo experiments that were performed on each Sham-control mouse. Abbreviations and illustrations: 

ob, ob/ob genotype; C, C57 genotype; ●, body fat percentage scan; ○, cardiac function scan; ■, 

calorimetric analysis; □, 24-hour urine collection; ▲, insulin tolerance test; △, insulin sensitivity test; ▼, 

glucose tolerance test; ╳, culling.  
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Figure A.1 Experimental Time Points of Mouse Experiments (Continued). (B), the time points (days after 

weaning) of all in vivo experiments that were performed on each DENS-treated mouse. Abbreviations and 

illustrations: ob, ob/ob genotype; C, C57 genotype; ●, body fat percentage scan; ○, cardiac function 

scan; ■, calorimetric analysis; □, 24-hour urine collection; ▲, insulin tolerance test; △, insulin 

sensitivity test; ▼, glucose tolerance test; ╳, culling.   
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Figure A.1 Experimental Time Points of Mouse Experiments (Continued). (C), the time points (days after 

weaning) of all in vivo experiments that were performed on each aspirin-treated mouse. Abbreviations 

and illustrations: ob, ob/ob genotype; C, C57 genotype; ●, body fat percentage scan; ○, cardiac function 

scan; ■, calorimetric analysis; □, 24-hour urine collection; ▲, insulin tolerance test; △, insulin 

sensitivity test; ▼, glucose tolerance test; ╳, culling. 

  



Appendix 

 [251]  

 

Figure A.1 Experimental Time Points of Mouse Experiments (Continued). (D), the time points (days after 

weaning) of all in vivo experiments that were performed on each TETA-treated mouse. Abbreviations and 

illustrations: ob, ob/ob genotype; C, C57 genotype; ●, body fat percentage scan; ○, cardiac function 

scan; ■, calorimetric analysis; □, 24-hour urine collection; ▲, insulin tolerance test; △, insulin 

sensitivity test; ▼, glucose tolerance test; ╳, culling.   
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A.2 In Vitro Acetylations 

The Michaelis-Menten plot and Dixon plot of each in vitro acetylation assay is shown in this 

section. These figures provide further evidence for the reliability of the related data presented in 

previous chapters. For Michaelis-Menten plots, the Vmax and Km were actually calculated by 

model-fitting. Therefore, the Vmax and Km could be greater than they appear in these figures, 

since to reach complete saturation phases for an enzymatic kinetic assay is not necessary, and 

to do this for every assay simultaneously is not practical. For Dixon plots, each line was 

produced by plotting the reciprocal of the initial velocity (1/V) against a series of increasing 

inhibitor concentrations [I] at a constant substrate concentration. This procedure was repeated 

with different substrate concentrations, thus generating multiple lines. The negative X-value of 

the intercept is the Ki. In the current study, both inhibitors used are competitive inhibitors. The 

interactions will be on the left of the ordinate and above the abscissa by definition. Since the X 

and Y axes were not plotted at the zero point for simplicity, this may cause the intersection to 

appear to occur at the abscissa. 
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A.2.1 TETA Acetylation with Human Tissue Preparations  

 

Figure A.2 In Vitro TETA Acetylation Assays with Human Liver Supernatants (HLS). (A), HLS1; (B), HLS2; 

(C), HLS3; and (D), HLS6. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out 

with increasing [TETA] as substrate and 2.68 mg/mL of HLS for 30 minutes. The reaction velocity was 

plotted against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: HLS, 

human liver supernatant; and TETA, triethylenetetramine. 
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Figure A.2. In Vitro TETA Acetylation Assays with Human Liver Supernatants (HLS) (Continued). (E), 

HLS10; (F), HLS17; (G), HLS18. For each assay, in vitro acetylation (as described in Section 2.3.1) was 

carried out with increasing [TETA] as substrate and 2.68 mg/mL of HLS for 30 minutes. The reaction 

velocity was plotted against substrate concentration and fitted to the Michaelis-Menten model. 

Abbreviations: HLS, human liver supernatant; and TETA, triethylenetetramine.   
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Figure A.3 In Vitro ATETA Acetylation Assays with Human Liver Supernatants (HLS). (A), HLS1; (B), HLS2; 

and (C), HLS6. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with 

increasing [ATETA] as substrate and 4.45 mg/mL of HLS for 30 minutes. The reaction velocity was plotted 

against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: HLS, human 

liver supernatant; and ATETA, N1-acetyltriethylenetetramine.  
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Figure A.3 In Vitro ATETA Acetylation Assays with Human Liver Supernatants (HLS) (Continued). (D), 

HLS10; and (E), HLS18. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out 

with increasing [ATETA] as substrate and 4.45 mg/mL of HLS for 30 minutes. The reaction velocity was 

plotted against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: HLS, 

human liver supernatant; and ATETA, N1-acetyltriethylenetetramine. 
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Figure A.4 In Vitro TETA Acetylation Assays with Human Liver Microsomes (HLM). (A), HLM1; (B), HLM2; 

(C), HLM3; and (D), HLM5. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried 

out with increasing [TETA] as substrate and 2.68 mg/mL of HLM for 30 minutes. The reaction velocity was 

plotted against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: HLM, 

human liver microsomes; and TETA, triethylenetetramine.   
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Figure A.4 In Vitro TETA Acetylation Assays with Human Liver Microsomes (HLM) (Continued). (E), 

HLM7; (F), HLM10; and (G), HLM17. For each assay, in vitro acetylation (as described in Section 2.3.1) was 

carried out with increasing [TETA] as substrate and 2.68 mg/mL of HLM for 30 minutes. The reaction 

velocity was plotted against substrate concentration and fitted to the Michaelis-Menten model. 

Abbreviations: HLM, human liver microsomes; and TETA, triethylenetetramine.   
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Figure A.5 In Vitro ATETA Acetylation Assay with Human Liver Microsome 2. In vitro acetylation (as 

described in Section 2.3.1) was carried out with increasing [ATETA] as substrate and 4.45 mg/mL of HLM2 

for 30 minutes. The reaction velocity was plotted against substrate concentration and fitted to the 

Michaelis-Menten model. Abbreviations: HLM, human liver microsomes; and ATETA, N1-

acetyltriethylenetetramine. 
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Figure A.6 Dixon Plot of In Vitro TETA Acetylation Assays with Human Liver Supernatants  

(HLS) and Pentamidine. (A), HLS1; (B), HLS2; (C), HLS3; and (D), HLS10. For each assay, in vitro acetylation 

(as described in Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; 

and △, 200 µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 

2.68 mg/mL of HLS for 30 minutes. Abbreviations: HLS, human liver supernatant; and TETA, 

triethylenetetramine.   
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Figure A.6 Dixon Plot of In Vitro TETA Acetylation Assays with Human Liver Supernatants (HLS) and 

Pentamidine (Continued). (E), HLS17; and (F), HLS18. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 200 

µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 2.68 mg/mL of 

HLS for 30 minutes. Abbreviations: HLS, human liver supernatant; and TETA, triethylenetetramine.   
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Figure A.7 Dixon Plot of In Vitro ATETA Acetylation Assays with Human Liver Supernatants (HLS) and 

Pentamidine. (A), HLS1; (B), HLS10; and (C), HLS18. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [ATETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 

200 µM), increasing SSAT1-specific inhibitor [pentamidine] at each ATETA concentration, and 4.45 mg/mL 

of HLS for 30 minutes. Abbreviations: HLS, human liver supernatant; and ATETA, N1-acetyl-

triethylenetetramine.  

A.

Inhibitor Concentration (µM)

-40 -20 0 20 40 60 80 100

1
/V

 (
m

in
*m

g
/p

m
o

l)

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

B.

Inhibitor Concentration (µM)

-250 -200 -150 -100 -50 0 50 100 150

1
/V

 (
m

in
*m

g
/p

m
o

l)

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

C.

Inhibitor Concentration (µM)

-600 -400 -200 0 200 400 600

1
/V

 (
m

in
*m

g
/p

m
o

l)

-0.5

0.0

0.5

1.0

1.5

2.0

2.5



Appendix 

 [263]  

 

Figure A.8 Dixon Plot of In Vitro TETA Acetylation Assays with Human Liver Microsomes (HLM) and 

Pentamidine. (A), HLS2; (B), HLS3; and (C), HLS5. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 200 

µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 2.68 mg/mL of 

HLM for 30 minutes. Abbreviations: HLM, human liver microsomes; and TETA, triethylenetetramine.   
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Figure A.8 Dixon Plot of In Vitro TETA Acetylation Assays with Human Liver Microsmes (HLM) and 

Pentamidine (contimued). (A), HLM7; and (B), HLS17. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 200 

µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 2.68 mg/mL of 

HLM for 30 minutes. Abbreviations: HLM, human liver microsomes; and TETA, triethylenetetramine. 
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A.2.2 TETA Acetylation with Rat Tissue Preparations  

 

Figure A.10 In Vitro TETA Acetylation Assays with Rat Liver Supernatants (RLS). (A), RLS1; (B), RLS2; (C), 

RLS3; and (D), RLS4. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out 

with increasing [TETA] as substrate and 2.68 mg/mL of RLS for 30 minutes. The reaction velocity was 

plotted against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: RLS, 

rat liver supernatant; and TETA, triethylenetetramine.  
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Figure A.10 In Vitro TETA Acetylation Assays with Rat Liver Supernatants (RLS) (Continued). (E), RLS5; 

(F), RLS6; (G), RLS7; and (H), RLS8. For each assay, in vitro acetylation (as described in Section 2.3.1) was 

carried out with increasing [TETA] as substrate and 2.68 mg/mL of RLS for 30 minutes. The reaction 

velocity was plotted against substrate concentration and fitted to the Michaelis-Menten model. 

Abbreviations: RLS, rat liver supernatant; and TETA, triethylenetetramine.  
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Figure A.11 In Vitro ATETA Acetylation Assays with Rat Liver Supernatants (RLS). (A), RLS1; (B), RLS2; 

and (C), RLS3. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with 

increasing [ATETA] as substrate and 4.45 mg/mL of RLS for 30 minutes. The reaction velocity was plotted 

against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: RLS, rat liver 

supernatant; and ATETA, N1-acetyltriethylenetetramine.   
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Figure A.11 In Vitro ATETA Acetylation Assays with Rat Liver Supernatants (RLS) (Continued). (D), RLS7; 

and (E), RLS8. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with 

increasing [ATETA] as substrate and 4.45 mg/mL of RLS for 30 minutes. The reaction velocity was plotted 

against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: RLS, rat liver 

supernatant; and ATETA, N1-acetyltriethylenetetramine.  
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Figure A.12 In Vitro TETA Acetylation Assays with Rat Liver Microsomes (RLM). (A), RLM4; (B), RLM5; 

and (C), RLM6. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with 

increasing [TETA] as substrate and 2.68 mg/mL of RLM for 30 minutes. The reaction velocity was plotted 

against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: RLM, rat liver 

microsomes; and TETA, triethylenetetramine.   
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Figure A.12 In Vitro TETA Acetylation Assays with Rat Liver Microsoems (RLM) (Continued). (D), RLM7; 

and (E), RLM8. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with 

increasing [TETA] as substrate and 2.68 mg/mL of RLM for 30 minutes. The reaction velocity was plotted 

against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: RLM, rat liver 

microsomes; and TETA, triethylenetetramine.  

E

Substrate Concentration (µM)

0 500 1000 1500

V
 (

p
m

o
l/m

in
/m

g
)

0

50

100

150

200

250

D.

Substrate Concentration (µM)

0 1000 2000 3000

V
 (

p
m

o
l/m

in
/m

g
)

0

50

100

150

200

250

300



Appendix 

 [271]  

 

Figure A.13 Dixon Plots of In Vitro TETA Acetylation Assays with Rat Liver Supernatants (RLS) and 

Pentamidine. (A), RLS4; (B), RLS5; and (C), RLS6. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 200 

µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 2.68 mg/mL of 

RLS for 30 minutes. Abbreviations: RLS, rat liver supernatant; and  TETA, triethylenetetramine.   
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Figure A.13 Dixon Plot of In Vitro TETA Acetylation Assays with Rat Liver Supernatants (RLS) and 

Pentamidine (Continued). (D), RLS7; and (E), RLS8. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 200 

µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 2.68 mg/mL of 

RLS for 30 minutes. Abbreviations: RLS, rat liver supernatant; and TETA, triethylenetetramine.  
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Figure A.14 Dixon Plot of In Vitro TETA Acetylation Assays with Rat Liver Microsmes (RLM) and 

Pentamidine. (A), RLM4; (B), RLM5; and (C), RLM6. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 200 

µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 2.68 mg/mL of 

RLM for 30 minutes. Abbreviations: RLM, rat liver microsomes; and TETA, triethylenetetramine.   
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Figure A.14 Dixon Plot of In Vitro TETA Acetylation Assays with Rat Liver Microsomes (RLM) and 

Pentamidine (Continued). (A), RLM7; and (B), RLM8. For each assay, in vitro acetylation (as described in 

Section 2.3.1) was carried out with increasing [TETA] (●, 25 µM; ○s, 50 µM; ▲, 100 µM; and △, 200 

µM), increasing SSAT1-specific inhibitor [pentamidine] at each TETA concentration, and 2.68 mg/mL of 

RLM for 30 minutes. Abbreviations: RLM, rat liver microsomes; and TETA, triethylenetetramine.   
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A.2.3 TETA Acetylation with Mouse Tissue Preparations 

 

Figure A.15 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Sham-Control C57 

Mice. MLS were from four mice: (A), C15S; (B), C16S; (C), C17S; and (D), C18S. For each assay, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.   
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Figure A.16 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of Sham-Control C57 

Mice. MLM were from four mice: (A), C15M; (B), C16M; (C), C17M; and (D), C18M. For each assay, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate concentration 

and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsomes; and TETA, 

triethylenetetramine.   
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Figure A.17 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Sham-Control 

ob/ob Mice. MLS were from four mice: (A), ob14S; (B), ob46S; (C), ob47S; and (D), ob48S. For each assay, 

in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.  

A.

Substrate Concentration (µM)

0 2000 4000 6000

V
 (

p
m

o
l/m

in
/m

g
)

0

20

40

60

80

100

120

140

160

B.

Substrate Concentration (µM)

0 2000 4000 6000

V
 (

p
m

o
l/m

in
/m

g
)

0

50

100

150

200

250

300

C.

Substrate Concentration (µM)

0 2000 4000 6000

V
 (

p
m

o
l/m

in
/m

g
)

0

20

40

60

80

100

120

D.

Substrate Concentration (µM)

0 2000 4000 6000

V
 (

p
m

o
l/m

in
/m

g
)

0

20

40

60

80

100

120

140



Appendix 

 [278]  

 

Figure A.18 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of Sham-Control 

ob/ob Mice. MLM were from four mice: (A), ob14M; (B), ob46M; (C), ob47M; and (D), ob48M. For each 

assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as 

substrate and 2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsome; 

and TETA, triethylenetetramine.   
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Figure A.19 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of DENS-Treated C57 

Mice. MLS were from four mice: (A), C39S; (B), C40S; (C), C41S; and (D), C42S. For each assay, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.  
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Figure A.20 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of DENS-Treated C57 

Mice. MLM were from four mice: (A), C39M; (B), C40M; (C), C41M; and (D), C42M. For each assay, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate concentration 

and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsomes; and TETA, 

triethylenetetramine.   
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Figure A.21 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of DENS-Treated 

ob/ob Mice. MLS were from four mice: (A), ob29S; (B), ob30S; (C), ob31S; and (D), ob32S. For each assay, 

in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.  
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Figure A.21 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of DENS-Treated 

ob/ob Mice (Continued). MLS were from three mice: (D), ob40S; (E), ob41S; and (F), ob64S. For each 

assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as 

substrate and 2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; 

and TETA, triethylenetetramine.  
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Figure A.22 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of DENS-Treated 

ob/ob Mice. MLM were from four mice: (A), ob29M; (B), ob30M; (C), ob31M; and (D), ob32M. For each 

assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as 

substrate and 2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsome; 

and TETA, triethylenetetramine.   
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Figure A.23 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of DENS-Treated 

ob/ob Mice (Continued). MLM were from three mice: (D), ob40M; (E), ob41M; and (F), ob64M. For each 

assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as 

substrate and 2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsome; 

and TETA, triethylenetetramine.   
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Figure A.23 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Aspirin-Treated 

C57 Mice. MLS were from four mice: (A), C20S; (B), C21S; (C), C22S; and (D), C23S. For each assay, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.  
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TETA Acetylation with Aspirin-Treated C57 Mouse Liver Microsomes 

 

Figure A.24 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of Aspirin-Treated 

C57 Mice. MLM were from four mice: (A), C20M; (B), C21M; (C), C22M; and (D), C23M. For each assay, in 

vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate concentration 

and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsomes; and TETA, 

triethylenetetramine.   
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Figure A.25 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of Aspirin-Treated 

ob/ob Mice. MLS were from four mice: (A), ob52S; (B), ob53S; (C), ob54S; and (D), ob55S. For each assay, 

in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.  
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Figure A.26 In Vitro TETA Acetylation Assays with Moues Liver Microsomes (MLM) of Aspirin-Treated 

ob/ob Mice. MLM were from four mice: (A), ob52M; (B), ob53M; (C), ob54M; and (D), ob55M. For each 

assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as 

substrate and 2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsomes; 

and TETA, triethylenetetramine.   
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Figure A.27 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of TETA-Treated C57 

Mice. MLS were from four mice: (A), C33S; (B), C34S; (C), C37S; and (D), C38S. For each assay, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.  
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Figure A.28 In Vitro TETA Acetylation Assays with Moue Liver Microsomes (MLM) of TETA-Treated C57 

Mice. MLM were from four mice: (A), C33M; (B), C34M; (C), C37M; and (D), C38M. For each assay, in vitro 

acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate concentration 

and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsomes; and TETA, 

triethylenetetramine.   
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Figure A.29 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of TETA-Treated 

ob/ob Mice. MLS were from four mice: (A), ob65S; (B), ob66S; (C), ob67S; and (D), ob68S. For each assay, 

in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as substrate and 

2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate concentration and 

fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; and TETA, 

triethylenetetramine.  
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Figure A.29 In Vitro TETA Acetylation Assays with Mouse Liver Supernatants (MLS) of TETA-Treated 

ob/ob Mice (Continued). MLS were from three mice: (E), ob69S; (F), ob70S; (G), ob71S; and (H), ob72S. 

For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] 

as substrate and 2.68 mg/mL of MLS for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: MLS, mouse liver supernatant; 

and TETA, triethylenetetramine.  
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Figure A.30 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of TETA-Treated 

ob/ob Mice. MLM were from four mice: (A), ob65M; (B), ob66M; (C), ob67M; and (D), ob68M. For each 

assay, in vitro acetylation (as described in Section 2.3.1) was carried out with increasing [TETA] as 

substrate and 2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted against substrate 

concentration and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse liver microsomes; 

and TETA, triethylenetetramine.   
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Figure A.30 In Vitro TETA Acetylation Assays with Mouse Liver Microsomes (MLM) of TETA-Treated 

ob/ob Mice (Continued). MLM samples were from four mice: (E), ob69M; (F), ob70M; (G), ob71M; and 

(H), ob72M. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried out with 

increasing [TETA] as substrate and 2.68 mg/mL of MLM for 30 minutes. The reaction velocity was plotted 

against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: MLM, mouse 

liver microsomes; and TETA, triethylenetetramine.   
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Figure A.31 In Vitro TETA Acetylation Assays with Mouse Heart Supernatants (MHS) of Sham-Control 

and DENS-Treated Mice. MHS samples were from: (A), pooled MHS of Sham-control C57 mice; (B), 

pooled MHS of Sham-control ob/ob mice; (C), pooled MHS of DENS-treated C57 mice; and (D), pooled 

MHS of DENS-treated ob/ob mice. For each assay, in vitro acetylation (as described in Section 2.3.1) was 

carried out with increasing [TETA] as substrate and 2.68 mg/mL of MHS for 30 minutes. The reaction 

velocity was plotted against substrate concentration and fitted to the Michaelis-Menten model. 

Abbreviations: MHS, mouse heart supernatant; and TETA, triethylenetetramine.  
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Figure A.32 In Vitro TETA Acetylation Assays with Mouse Heart Supernatants (MHS) of Aspirin and 

TETA-Treated Mice. MHS samples were from mice: (A), pooled MHS of aspirin-treated C57 mice; (B), 

pooled MHS of aspirin-treated ob/ob mice; (C), pooled MHS of TETA-treated C57 mice; and (D), pooled 

MHS of TETA-treated ob/ob mice. For each assay, in vitro acetylation (as described in Section 2.3.1) was 

carried out with increasing [TETA] as substrate and 2.68 mg/mL of MHS for 30 minutes. The reaction 

velocity was plotted against substrate concentration and fitted to the Michaelis-Menten model. 

Abbreviations: MHS, mouse heart supernatant; and TETA, triethylenetetramine.  
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Figure A.33 In Vitro TETA Acetylation Assays with Moues Muscle Homogenates (MMH) of Sham-Control 

and DENS-Treated Mice. MMH samples were from: (A), pooled MMH of Sham-control C57 mice; (B), 

pooled MMH of Sham-control ob/ob mice; (C), pooled MMH of DENS-treated C57 mice; and (D), pooled 

MMH of DENS-treated ob/ob mice. For each assay, in vitro acetylation (as described in Section 2.3.1) was 

carried out with increasing [TETA] as substrate and 2.68 mg/mL of MMH for 30 minutes. The reaction 

velocity was plotted against substrate concentration and fitted to the Michaelis-Menten model. 

Abbreviations: MMH, mouse muscle homogenate; and TETA, triethylenetetramine.  
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Figure A.34 In Vitro TETA Acetylation Assays with Mouse Muscle Homogenates (MMH) of Aspirin and 

TETA-Treated Mice. MMH samples were from: (A), pooled MMH of aspirin-treated C57 mice; (B), pooled 

MMH of aspirin-treated ob/ob mice; (C), pooled MMH of TETA-treated C57 mice; and (D), pooled MMH 

of TETA-treated ob/ob mice. For each assay, in vitro acetylation (as described in Section 2.3.1) was carried 

out with increasing [TETA] as substrate and 2.68 mg/mL of MMH for 30 minutes. The reaction velocity 

was plotted against substrate concentration and fitted to the Michaelis-Menten model. Abbreviations: 

MMH, mouse muscle homogenate; and TETA, triethylenetetramine. 
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