
 
 

 “The combined effects of plant polyphenols and fatty acids 
on protective cellular mechanisms associated with 

molecular perturbations of obesity and neurotoxicity” 
 

 

 

Ellen Cassidy Joyce 
(MSc, BSc Hons, PG cert) 

 

 A thesis submitted for the fulfilment of the degree of  
 

Doctor of Philosophy in Biochemistry 
 

2022 
 

University of Worcester 
 



1 
 

Contents 
Acknowledgements ................................................................................................................................. 5 

List of Figures .......................................................................................................................................... 6 

List of Tables ......................................................................................................................................... 10 

Abbreviations ........................................................................................................................................ 16 

Abstract ................................................................................................................................................. 24 

Chapter 1 - Introduction ....................................................................................................................... 25 

1.1 Major neurocognitive disorders (MND) ................................................................................ 25 

1.2 MND - prevalence, incidence, cost, and trends .................................................................... 25 

1.3 AD pathophysiology .............................................................................................................. 28 

1.4 Dementia and glucose transport .......................................................................................... 28 

1.5 Obesity .................................................................................................................................. 29 

1.6 Lipids ..................................................................................................................................... 30 

1.7 Fatty acids (FA) ...................................................................................................................... 31 

1.8 De novo fatty acid synthesis.................................................................................................. 34 

1.9 Dietary Lipids ......................................................................................................................... 38 

1.10 Triglycerides, diglycerides and monoglycerides ................................................................... 39 

1.11 Cholesterol, cholesteryl esters and bile acids ....................................................................... 41 

1.12 Glycerophospholipids ........................................................................................................... 44 

1.13 Microbiome and fatty acid synthesis .................................................................................... 47 

1.14 Obesity and adipocyte function ............................................................................................ 48 

1.15 Nuclear peroxisome proliferator-activated receptors (PPAR) .............................................. 54 

1.16 Inflammation and fatty acids ................................................................................................ 59 

1.17 Effect of western-style diet/high fat diet on intracellular signalling cascades ..................... 62 

1.18 Polyphenols, obesity and inflammation ............................................................................... 63 

1.19 Aims and Objectives .............................................................................................................. 74 

Chapter 2 - Methods ............................................................................................................................. 76 

2.1 Male Wistar rat animal study parameters ............................................................................ 76 

(a) Animal Care ....................................................................................................................... 76 

(b) Phytotherapy treatment ................................................................................................... 76 

2.2 Glassware .............................................................................................................................. 78 

2.3 Lipid extraction ..................................................................................................................... 78 

2.4 Solid phase extraction (SPE) for isolation of lipid classes by silica gel column 

chromatography ............................................................................................................................... 78 

2.5 Acid-catalysed esterification of lipids to methyl esters (Methylation) ................................. 79 

2.6 Gas Chromatography – Flame Ionisation Detection (GC-FID) .............................................. 81 



2 
 

2.6.1 Optimization of GC-FID ................................................................................................. 81 

2.6.2 Final GC-FID method ..................................................................................................... 85 

2.7 Unsaturation Index (UI)......................................................................................................... 89 

2.8 Phospholipid analysis by HPLC .............................................................................................. 89 

2.9 Cell culture ............................................................................................................................ 89 

2.10 PC12 complete growth media ............................................................................................... 90 

2.11 PC12 cell growth and subculturing ....................................................................................... 90 

2.11.1 PC12 cells in suspension ............................................................................................... 90 

2.11.2 Adherent PC12 cells ...................................................................................................... 91 

2.12 Cryopreservation of stocks ................................................................................................... 92 

2.13 Coating of cell culture vessels ............................................................................................... 92 

2.14 Preparation of collagen ......................................................................................................... 92 

2.15 Preparation of culture vessels .............................................................................................. 94 

2.16 Differentiation ....................................................................................................................... 94 

2.17 Differentiated PC12 experiments ......................................................................................... 94 

2.18 GbE stocks ............................................................................................................................. 95 

2.19 Fatty acid stocks .................................................................................................................... 95 

2.20 Cell imaging ........................................................................................................................... 95 

2.21 MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) cell viability assay ... 95 

2.22 Annexin V/7-AAD cell viability/apoptosis assay .................................................................... 96 

2.23 β-Tubulin III expression ......................................................................................................... 97 

2.24 Whole cell lysis ...................................................................................................................... 97 

2.25 BCA (Bicinchoninic acid) protein concentration determination assay ................................. 98 

2.26 Preparation of whole cell lysis for SDS-PAGE separation ..................................................... 98 

2.27 SDS PAGE ............................................................................................................................... 99 

2.28 Protein transfer to nitrocellulose .......................................................................................... 99 

2.29 Western immunoblotting ..................................................................................................... 99 

Chapter 3 - Male Wistar rat study - Macronutrients and body metrics ............................................. 101 

3.1 Rat study macronutrient, food intake, efficiency, body metrics ........................................ 101 

3.2 Lipid profiles of NFD chow or HFD chow ............................................................................ 103 

3.3 Obesity induction period .................................................................................................... 105 

3.4 GbE supplementation period .............................................................................................. 109 

Chapter 4 – Liver ................................................................................................................................. 115 

4.1 Introduction ........................................................................................................................ 115 

4.2 Liver total fatty acids ........................................................................................................... 118 

4.3 Liver TAG ............................................................................................................................. 125 



3 
 

4.4 Liver CE ................................................................................................................................ 131 

4.5 Liver MAG and DAG ............................................................................................................ 137 

4.6 Liver PPL .............................................................................................................................. 142 

4.7 Discussion ............................................................................................................................ 148 

4.8 Summary ............................................................................................................................. 152 

Chapter 5 – Retroperitoneal (RET) and Mesenteric (MES) Adipose Tissue ........................................ 153 

5.1 Introduction ........................................................................................................................ 153 

5.2 RET and MES total fatty acids ............................................................................................. 157 

5.2.1 RET Total Fatty Acids – NFD vs HFD ............................................................................ 157 

5.2.2 MES total fatty acids – NFD vs HFD ............................................................................. 158 

5.2.3 RET - HFD GbE treatment ............................................................................................ 163 

5.2.4 MES - HFD GbE treatment ........................................................................................... 163 

5.3 RET and MES TAG ................................................................................................................ 169 

5.3.1 RET-TAG – NFD vs HFD ................................................................................................ 169 

5.3.2 MES- TAG – NFD vs HFD .............................................................................................. 170 

5.3.3 RET- TAG HFD GbE treatment ..................................................................................... 171 

5.3.4 MES- TAG HFD GbE treatment .................................................................................... 171 

5.4 RET and MES CE .................................................................................................................. 181 

5.4.1 RET -CE– NFD vs HFD ................................................................................................... 181 

5.4.2 MES-CE – NFD vs HFD ................................................................................................. 182 

5.4.3 RET-CE HFD GbE treatment ......................................................................................... 185 

5.4.4 MES-CE HFD GbE treatment ....................................................................................... 185 

5.5 RET and MES MAG and DAG ............................................................................................... 195 

5.5.1 RET- MAG + DAG - NFD Vs HFD ................................................................................... 195 

5.5.2 MES- MAG + DAG - NFD Vs HFD .................................................................................. 196 

5.5.3 RET-MAG + DAG- HFD GbE treatment ........................................................................ 198 

5.5.4 MES-MAG + DAG- HFD GbE treatment ....................................................................... 199 

5.6 RET and MES PPL ................................................................................................................. 208 

5.6.1 RES-PPL - NFD vs HFD .................................................................................................. 208 

5.6.2 MES-PPL - NFD vs HFD................................................................................................. 209 

5.6.3 RET-PPL HFD GbE treatment ....................................................................................... 210 

5.6.4 MES-PPL HFD GbE treatment ...................................................................................... 211 

5.7 Discussion ............................................................................................................................ 221 

5.8 Summary ............................................................................................................................. 237 

Chapter 6 - Hippocampus and Hypothalamus .................................................................................... 240 

6.1 Introduction ........................................................................................................................ 240 



4 
 

6.2 Hypothalamus ..................................................................................................................... 245 

6.3 Hippocampus ...................................................................................................................... 250 

6.4 Discussion ............................................................................................................................ 255 

6.5 Summary ............................................................................................................................. 265 

Chapter 7 – PC12 rat pheochromocytoma cell neuronal model ........................................................ 266 

7.1 Introduction ........................................................................................................................ 266 

7.2 Growth curve ...................................................................................................................... 267 

7.3 NGF neuronal differentiation .............................................................................................. 273 

7.4 1% Horse Serum (HS) media differentiation ....................................................................... 275 

7.5 1% BSA media differentiation ............................................................................................. 279 

7.6 Differentiation – β-Tubulin III ............................................................................................. 285 

7.7 Neurofilament protein levels in NGF differentiation .......................................................... 287 

7.8 Cell apoptosis in PC12 differentiation ................................................................................. 289 

7.9 In vitro model of oxidative stress injury in PC12 cells ......................................................... 293 

7.10 GbE treatment in undifferentiated and differenced PC12 cells ......................................... 295 

7.11 Cell viability of GbE treatments in oxidative stress induced neuronal injury ..................... 297 

7.12 Cell viability of NFD, HFD and GbE treatments ................................................................... 299 

7.13 Cell viability of NFD, HFD and GbE treatments in H202 neuronal injury ............................. 303 

7.14 NFD, HFD and GbE treatments and Akt activation ............................................................. 306 

7.15 NFD, HFD and GbE treatments and Nrf2 protein expression ............................................. 312 

7.16 Effect of NFD, HFD and GbE treatment on neurofilament levels ....................................... 316 

7.17 The effect of PC12 differentiation on cellular total lipid profiles ....................................... 319 

7.18 The effect of NFD, HFD and GbE treatments on cellular total lipid profiles ....................... 323 

7.19 Summary ............................................................................................................................. 327 

Chapter 8 - Final conclusions .............................................................................................................. 328 

Publications and conferences ............................................................................................................. 335 

References .......................................................................................................................................... 337 

Appendix 1 .......................................................................................................................................... 436 

Appendix 2 .......................................................................................................................................... 444 

Appendix 3 .......................................................................................................................................... 454 

Appendix 4 .......................................................................................................................................... 465 

Appendix 5 .......................................................................................................................................... 477 

Appendix 6 .......................................................................................................................................... 478 

 

  



5 
 

Acknowledgements 
 
I would like to thank all the people who have helped and supported me along my PhD journey. 

Firstly, I want to sincerely thank my Director of Studies, Dr Allain Bueno for this fantastic 

opportunity and for all his help, guidance, and mentorship throughout the years. I have 

learned and gained so much from you. Thank you to the other members of my supervisory 

team Dr Steven Coles and Dr Amy Cherry for your additional pragmatic help and guidance in 

my research and for being an extra source of support along the way. 

Thank you to Dr Monica Marques Telles, Dr Bruna Sousa Hirata, and Dr Valter Tadeu Boldarine 

from Universidade Federal de São Paulo (UNIFESP), Brazil, for the opportunity to be a part of 

a collaborative study and the additional help and support throughout this project. 

Thank you to all the School of Science and the Environment staff and lab technicians that 

helped and supported me, particularly Dr Anne Sinnott, Noel Egginton, Mark Cook and Tracey 

Richards Pritchard. I would also like to thank the post-graduate students I have shared labs 

with, particularly Emma Wilde. Together, your day-to-day support and companionship really 

made a difference to me.  

I would also like to thank you to the University of Worcester research school staff, in particular 

the SSE postgraduate co-ordinator Dr David Storey for all their support, guidance and on 

occasion just listening. 

Last but by no means least, an immense thank you to my family (Andrée, Dermot, Eòin, Rory 

and Kristian) and my closest friends for their constant support and always championing my 

dreams. Without all of you, this would not have been possible. 

Thank you very much / Go raibh míle maith agat. 
  



6 
 

List of Figures 
 

Figure 1. Chemical structures of different lipid-based compounds 33 

Figure 2. Illustration of transcriptional activation of De novo lipogenesis in adipocytes in 
response to high-sugar or high-fat diets  

35 

Figure 3. De novo Fatty Acid Synthesis from Acetyl CoA to Palmitic acid 35 

Figure 4. De novo lipogenesis and fatty acid synthesis pathway for saturated (SFA) 
monounsaturated (MUFA) and n-6 and n-3 polyunsaturated (PUFA) fatty acids 

37 

Figure 5. The synthesis of diacylglycerols, triacylglycerols and the phospholipids 
phosphatidylcholine and phosphatidylethanolamine through common shared pathways 

41 

Figure 6. Lipid mediators enzymatically derived from n-6 and n-3 and polyunsaturated 
fatty acids (PUFAs) and their role in inflammation. 

58 

Figure 7. The chemical structures of polyphenols found in red wine (A-D) and Ginkgo 
biloba extract (GbE) (B-H) 

65 

Figure 8. Optimisation of FAME separation on gas chromatography flame ionisation 
detection 

83 

Figure 9. Food intake and energy intake in obesity induction 106 

Figure 10. Food efficiency and energy efficiency 107 

Figure 11. Body composition 108 

Figure 12. Body weight and body weight gain after 14-day supplementation 111 

Figure 13. Accumulated food intake, energy intake and food efficiency after 14-day 
supplementation 

112 

Figure 14. Mesenteric and retroperitoneal adipose tissue depot 155 

Figure 15. Microphotograph of PC12 cells grown in suspension in RPMI complete media 
(15% serum) at low and high density 

270 

Figure 16. Microphotograph of PC12 cells grown as adherent cells on Type I collagen 
(10µg/cm2) in RPMI complete media (15% serum) 

271 

Figure 17. Growth curve of PC12 cells grown in suspension and on type I collagen 
(10µg/cm2) (adherent) 

272 

Figure 18. Formazan accumulation (dark colouration) in undifferentiated (round cells) 
and differentiated (cells with neurite outgrowth) PC12 cells following incubation with 
MTT 

272 



7 
 

Figure 19. Viability (%) of PC12 cells after six days incubation with 1% horse serum (1% 
HS) media 

276 

Figure 20. Microphotographs of PC12 cell differentiation with RPMI media 
supplemented with 1% horse serum (1% HS) and nerve growth factor (NGF) for 144 hours 

277 

Figure 21. Microphotographs of PC12 cells treated with 50 and 100µg/ml GbE in 1% 
horse serum (HS) media for 144 hours 

278 

Figure 22. Viability (%) of PC12 cells after six days incubation with 1% bovine serum 
albumin (1% BSA) media 

281 

Figure 23. Microphotographs of PC12 cell differentiation with RPMI media 
supplemented with 1% bovine serum albumin (1% BSA) and nerve growth factor (NGF) 
for 7 days 

282 

Figure 24. Microphotographs of PC12 cells treated with 50 and 100µg/ml GbE in 1% BSA 
media for 144 hours 

283 

Figure 25. Microphotographs of replated differentiated PC12 cells 284 

Figure 26. Effect of NGF treatment on Tubulin- β3 levels in PC12 cells 286 

Figure 27. Detection of Neurofilament-L and Neurofilament-M by western blot analysis 
in undifferentiated (RPMI) PC12 cells and 7-Day NGF-differentiated (NGF) PC12 cells 

288 

Figure 28. Annexin-V/7-AAD FACS analysis of PC12 cell differentiation 292 

Figure 29. Cell viability of PC12 cells incubated with H2O2 (0-400 μM) 294 

Figure 30. Cell viability of PC12 cells incubated with Ginkgo biloba (GbE) (12.5-400 μg/ml) 296 

Figure 31. GbE attenuated the decrease in cell viability induced by H2O2 in PC12 cells 298 

Figure 32. Annexin-V/7-AAD FACS analysis of PC12 cells 302 

Figure 33. Annexin-V/7-AAD FACS analysis of PC12 cells treated with 400µM H202 for 24 
hours 

305 

Figure 34. Effect of NGF treatment on expression of phosphorylated-Akt (Ser473) and 
Akt-Total in PC12 cells 

309 

Figure 35. Effect of normal fat diet (NFD) fatty acid supplementation and standardised 
Ginkgo biloba (GbE) treatment on expression of phosphorylated-Akt (Ser473) and Akt-
Total 

310 

Figure 36. Effect of high fat diet (HFD) fatty acid supplementation and standardised 
Ginkgo biloba (GbE) treatment on expression of phosphorylated-Akt (Ser473) and Akt-
Total 

311 

Figure 37. Effect of normal fat diet (NFD) fatty acid supplementation and standardised 
Ginkgo biloba (GbE) treatment on expression of NF-E2-related factor 2 (Nrf2) 

314 



8 
 

Figure 38. Effect of high fat diet (HFD) fatty acid supplementation and standardised 
Ginkgo biloba (GbE) treatment on expression of NF-E2-related factor 2 (Nrf2) 

315 

Figure 39. Effect of normal fat diet (NFD) fatty acid supplementation and standardised 
Ginkgo biloba (GbE) treatment on expression of neurofilament-L (NF-L) and 
neurofilament-M (NF-M) 

317 

Figure 40. Effect of high fat diet (NFD) fatty acid supplementation and standardised 
Ginkgo biloba (GbE) treatment on expression of neurofilament-L (NF-L) and 
neurofilament-M (NF-M) 

318 

Figure 41. Summary of changes in liver, retroperitoneal and mesenteric tissue following 
8 weeks of a HFD compared to a NFD 

332 

Figure 42. Summary of changes in liver, retroperitoneal and mesenteric tissue in rats fed 
a HFD and treated with Saline (S), pair-feeding (PF) and Ginkgo biloba (GbE) for 14 days 

333 

Figure 43. Summary of changes in hippocampus, hypothalamus and PC12 cells. Changes 
following 8 weeks of a HFD were compared to NFD 

334 

Figure 44. Comparison of differences in area%, area and height from minor changes in 
peak Integration of the same sample 

443 

Figure 45. Silica-based solid phase extraction of triglycerides (5mg) using varying 
solutions, expressed in area (μV) 

446 

Figure 46. Silica-based solid phase extraction of Cholesteryl Stearate (5mg) using varying 
solutions, expressed in area (μV) 

447 

Figure 47. Silica-based solid phase extraction of monoglycerides (1mg) using varying 
solutions, expressed in area (μV) 

447 

Figure 48. Silica-based solid phase extraction of Heptadecanoic acid (5mg) using varying 
solutions, expressed in area (μV) 

449 

Figure 49. Silica-based solid phase extraction of Erucic acid (5mg) using varying solutions, 
expressed in area (μV) 

449 

Figure 50. Silica-based solid phase extraction of Phosphatidylethanolamine (100ug) using 
varying solutions, expressed in area (μV) 

450 

Figure 51. Silica-based solid phase extraction of Phosphatidylserine (100ug) using varying 
solutions, expressed in area (μV) 

450 

Figure 52. Silica-based solid phase extraction of Phosphatidylcholine (100ug) using 
varying solutions, expressed in area (μV) 

451 

Figure 53. Silica-based solid phase extraction of Phosphatidylinositol (100ug) using 
varying solutions, expressed in area (μV) 

451 

Figure 54. Silica-based solid phase extraction of Sphingomyelin (100ug) using varying 
solutions, expressed in area (μV) 

452 



9 
 

Figure 55. HILIC liquid chromatography separation of commercially available 
phospholipids and Folch-extracted egg yolk phospholipids using acetonitrile: ammonium 
format (90:10v/v) at a flow rate of 0.05ml/min  

471 

Figure 56. HILIC liquid chromatography separation of commercially available 
phospholipids and Folch-extracted egg yolk phospholipids using acetonitrile: ammonium 
format (90:10v/v) at a flow rate of 0.1ml/min 

472 

Figure 57. HILIC liquid chromatography separation of commercially available 
phospholipids and Folch-extracted egg yolk phospholipids using acetonitrile: ammonium 
format (90:10v/v) at a flow rate of 0.1ml/min 

473 

Figure 58. Sample percentage (%) of phospholipids classes separated in Folch-extracted 
egg yolk lipids by HILIC Liquid chromatography 

474 

Figure 59. Separation of phospholipid molecular species by C18 liquid chromatography 
using acetonitrile: ammonium format (90:10v/v) at a flow rate of 0.3ml/min 

475 

Figure 60. Separation of phospholipid molecular species by C18 liquid chromatography 
using acetonitrile: ammonium format (90:10v/v) under different flow rates of 0.2, 0.3 
and 0.4ml/min 

476 

Figure 61. Viability (%) of PC12 cells after six days incubation with 1% horse serum (1% 
HS) media 

480 

Figure 62. Microphotographs of PC12 cell differentiation with RPMI media 
supplemented with 0.5% horse serum (0.5% HS) and nerve growth factor (NGF) for 7 
days 

481 

Figure 63. Viability (%) of PC12 cells after six days incubation with 0.1% horse serum 
(0.1% HS) media 

483 

Figure 64. Microphotographs of PC12 cell differentiation with RPMI media 
supplemented with 0.1% horse serum (0.1% HS) and nerve growth factor (NGF) for 7 
days 

484 

  

 

  



10 
 

List of Tables 
 

Table 1. The melting points of fatty acids and their corresponding methyl esters 31 

Table 2. Preparation of solutions for the separation of solid phase separation of lipid 
classes 

80 

Table 3. Optimisation of Gas Chromatography – Flame Ionisation Detection (GC-FID) 82 

Table 4. Final optimized FAME method for the Shimadzu GC-2010 plus 84 

Table 5. No.1 Fatty acids standard mix (F.A.M.E. Mix, C4-C24) (Sigma-Aldrich (Merck 
KGaA, Darmstadt, Germany) used for the detection of fatty acid methyl esters by Gas 
Chromatography - Fame Ionisation Detection (GC-FID) 

86 

Table 6. Fatty acids standard mixes (PUFA No.3; Linolenic Acid Methyl Ester Isomer mix; 
Linoleic Acid Methyl Ester Isomer Mix; F.A.M.E. Mix, C20:1-C20:5 Unsaturates) used for 
the detection of fatty acid methyl esters by Gas Chromatography - Fame Ionisation 
Detection (GC-FID) 

87 

Table 7. Individual Fatty acids standard used for the detection of fatty acid methyl esters 
by Gas Chromatography - Fame Ionisation Detection (GC-FID) 

88 

Table 8. Summary of cell culture subculture guidelines for ATCC PC-12 cells (ATCC® CRL-
1721™) 

93 

Table 9. Fatty acid percentage profiles of normal fat diet (NFD) and HFD (HFD) rat chow 104 

Table 10. Liver total lipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and 
high fat diet (HFD-S) 

121 

Table 11. Liver total lipid fatty acid methyl esters (FAME) ratios between normal fat diet 
(NFD) and high fat diet (HFD-S)  

122 

Table 12. Total Liver extract fatty acid methyl esters (FAME) for high fat diet groups; High 
fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo 
biloba (HFD-GbE)  

123 

Table 13. Total liver fatty acid methyl esters (FAME) ratios for high fat diet groups; High 
fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo 
biloba (HFD-GbE) 

124 

Table 14. Liver triglyceride fatty acid methyl esters (FAME) for normal fat diet (NFD) and 
high fat diet (HFD-S)  

127 

Table 15 Liver triglyceride fatty acid methyl esters (FAME) ratios between normal fat diet 
(NFD) and high fat diet (HFD-S)  

128 

Table 16. Liver triglyceride (TAG) fatty acid methyl esters (FAME) for high fat diet groups; 
High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo 
biloba (HFD-GbE)  

129 

Table 17. Liver triglyceride (TAG) fatty acid methyl esters (FAME) ratios for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

130 



11 
 

Table 18. Liver cholesteryl ester fatty acid methyl esters (FAME) for normal fat diet (NFD) 
and high fat diet (HFD-S) 

133 

Table 19 Liver cholesteryl ester fatty acid methyl esters (FAME) ratios between normal 
fat diet (NFD) and high fat diet (HFD-S)  

134 

Table 20. Liver cholesteryl ester (CE) fatty acid methyl esters (FAME) for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

135 

Table 21. Liver cholesteryl esters (CE) fatty acid methyl esters (FAME) ratios for high fat 
diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE)  

136 

Table 22. Liver monoglyceride and diglyceride fatty acid methyl esters (FAME) for normal 
fat diet (NFD) and high fat diet (HFD-S) 

138 

Table 23 Liver monoglyceride and diglyceride fatty acid methyl esters (FAME) ratios 
between normal fat diet (NFD) and high fat diet (HFD-S)  

139 

Table 24. Liver monoglycerides and diglycerides (MAG+DAG) fatty acid methyl esters 
(FAME) for high fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed 
(HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) 

140 

Table 25. Liver monoglyceride and diglycerides (MAG+DAG) fatty acid methyl esters 
(FAME) ratios for high fat diet groups; High fat diet with-saline (HFD-S), High fat diet -
pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) 

141 

Table 26. Liver phospholipid fatty acid methyl esters (FAME) for normal fat diet (NFD) 
and high fat diet (HFD-S) 

144 

Table 27 Liver phospholipid fatty acid methyl esters (FAME) ratios between normal fat 
diet (NFD) and high fat diet (HFD-S)  

145 

Table 28. Liver phospholipid fatty acid methyl esters (FAME) for high fat diet groups; High 
fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo 
biloba (HFD-GbE)  

146 

Table 29. Liver phospholipid (PPL) fatty acid methyl esters (FAME) ratios for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

147 

Table 30. Retroperitoneal total lipid fatty acid methyl esters (FAME) for normal fat diet 
(NFD) and high fat diet (HFD-S) 

159 

Table 31 Retroperitoneal total lipid fatty acid methyl esters (FAME) ratios between 
normal fat diet (NFD) and high fat diet (HFD-S)  

160 

Table 32. Mesenteric total lipid fatty acid methyl esters (FAME) for normal fat diet (NFD) 
and high fat diet (HFD-S) 

161 

Table 33. Mesenteric total lipid fatty acid methyl esters (FAME) ratios between normal 
fat diet (NFD) and high fat diet (HFD-S)  

162 



12 
 

Table 34. Retroperitoneal total lipid fatty acid methyl esters (FAME) for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

165 

Table 35. Retroperitoneal total lipid fatty acid methyl esters (FAME) ratios between high 
fat diet groups; High fat diet with saline (HFD-S), High fat diet pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE) 

166 

Table 36. Mesenteric total lipid fatty acid methyl esters (FAME) for high fat diet groups; 
High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo 
biloba (HFD-GbE) 

167 

Table 37. Mesenteric total lipid fatty acid methyl esters (FAME) ratios between high fat 
diet groups; High fat diet with saline (HFD-S), High fat diet pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE)  

168 

Table 38. Retroperitoneal Triglyceride fatty acid methyl esters (FAME) for normal fat diet 
(NFD) and high fat diet (HFD-S) 

173 

Table 39. Retroperitoneal Triglyceride fatty acid methyl esters (FAME) ratios for normal 
fat diet (NFD) and high fat diet (HFD-S)  

174 

Table 40. Mesentery triglyceride fatty acid methyl esters (FAME) for normal fat diet 
(NFD) and high fat diet (HFD-S) 

175 

Table 41. Mesenteric triglyceride fatty acid methyl esters (FAME) ratios for normal fat 
diet (NFD) and high fat diet (HFD-S) 

176 

Table 42. Retroperitoneal Triglyceride fatty acid methyl esters (FAME) for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

177 

Table 43. Retroperitoneal Triglyceride fatty acid methyl esters (FAME) ratios for high fat 
diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE)  

178 

Table 44. Mesenteric triglyceride fatty acid methyl esters (FAME) for normal fat diet 
(NFD) and high fat diet (HFD-S) 

179 

Table 45. Mesenteric triglyceride fatty acid methyl esters (FAME) ratios for normal fat 
diet (NFD) and high fat diet (HFD-S)  

180 

Table 46. Retroperitoneal Cholesteryl ester total lipid fatty acid methyl esters (FAME) for 
normal fat diet (NFD) and high fat diet (HFD-S)  

187 

Table 47. Retroperitoneal Cholesteryl ester fatty acid methyl esters (FAME) ratios for 
normal fat diet (NFD) and high fat diet (HFD-S)  

188 

Table 48. Mesenteric cholesteryl ester total lipid fatty acid methyl esters (FAME) for 
normal fat diet (NFD) and high fat diet (HFD-S)  

189 

Table 49. Mesenteric Cholesteryl ester fatty acid methyl esters (FAME) ratios for normal 
fat diet (NFD) and high fat diet (HFD-S)  

190 



13 
 

Table 50. Retroperitoneal Cholesteryl ester fatty acid methyl esters (FAME) for high fat 
diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE) 

191 

Table 51. Retroperitoneal Cholesteryl ester fatty acid methyl esters (FAME) ratios for 
high fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and 
High fat diet- Ginkgo biloba (HFD-GbE)  

192 

Table 52. Mesenteric cholesteryl ester fatty acid methyl esters (FAME) for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

193 

Table 53. Mesenteric cholesteryl esters (CE) fatty acid methyl esters (FAME) ratios for 
high fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and 
High fat diet- Ginkgo biloba (HFD-GbE) 

194 

Table 54. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) 
for normal fat diet (NFD) and high fat diet (HFD-S) 

200 

Table 55. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) 
ratios for normal fat diet (NFD) and high fat diet (HFD-S)  

201 

Table 56. Mesenteric monoglycerides and diglycerides fatty acid methyl esters (FAME) 
for normal fat diet (NFD) and high fat diet (HFD-S) 

202 

Table 57. Mesenteric monoglyceride and diglycerides (MAG+DAG) fatty acid methyl 
esters (FAME) ratios for normal fat diet (NFD) and high fat diet (HFD-S) 

203 

Table 58. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) 
for high fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) 
and High fat diet- Ginkgo biloba (HFD-GbE)  

204 

Table 59. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) 
ratios for high fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed 
(HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) 

205 

Table 60. Mesenteric monoglycerides and diglycerides fatty acid methyl esters (FAME) 
for high fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) 
and High fat diet- Ginkgo biloba (HFD-GbE) 

206 

Table 61. Mesenteric monoglyceride and diglycerides (MAG+DAG) fatty acid methyl 
esters (FAME) ratios for high fat diet groups; High fat diet with-saline (HFD-S), High fat 
diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) 

207 

Table 62. Retroperitoneal phospholipid fatty acid methyl esters (FAME) for normal fat 
diet (NFD) and high fat diet (HFD-S) 

213 

Table 63. Retroperitoneal phospholipid fatty acid methyl esters (FAME) ratios for high 
fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE) 

214 

Table 64. Mesenteric phospholipid fatty acid methyl esters (FAME) for normal fat diet 
(NFD) and high fat diet (HFD-S)  

215 



14 
 

Table 65. Mesenteric Phospholipids (PPL) fatty acid methyl esters (FAME) ratios for high 
fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE) 

216 

Table 66. Retroperitoneal phospholipid fatty acid methyl esters (FAME) for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

217 

Table 67. Retroperitoneal phospholipid fatty acid methyl esters (FAME) ratios for high 
fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE) 

218 

Table 68. Mesenteric phospholipid fatty acid methyl esters (FAME) for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

219 

Table 69. Mesenteric phospholipids (PPL) fatty acid methyl esters (FAME) ratios for high 
fat diet groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High 
fat diet- Ginkgo biloba (HFD-GbE) 

220 

Table 70. Summary of retroperitoneal and mesenteric fatty acid profiles comparing the 
effects of a normal fat diet (NFD) and high fat diet (HFD) in total lipid sample, 
Triglycerides (TAG), Cholesteryl esters (CE), monoglycerides and diglycerides 
(MAG+DAG) and phospholipids (PPL) 

238 

Table 71. Summary of retroperitoneal and mesenteric fatty acid profiles comparing the 
effects of a high fat diet (HFD) and treatment with saline (HFD-S), pairfed (PF) and Ginkgo 
biloba (HFD-GbE) in total lipid sample, triglycerides (TAG), Cholesteryl esters (CE), 
monoglycerides and diglycerides (MAG+DAG) and phospholipids (PPL) 

239 

Table 72. Hypothalamus total fatty acid methyl esters (FAME) for normal fat diet (NFD) 
and high fat diet (HFD-S)  

246 

Table 73. Hypothalamus total fatty acid methyl esters (FAME) ratios for normal fat diet 
(NFD) and high fat diet (HFD-S) 

247 

Table 74. Hypothalamus total fatty acid methyl esters (FAME) for high fat diet groups; 
High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo 
biloba (HFD-GbE) 

248 

Table 75. Hypothalamus total fatty acid methyl esters (FAME) ratios for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE) 

249 

Table 76. Hippocampus total fatty acid methyl esters (FAME) for normal fat diet (NFD) 
and high fat diet (HFD-S)  

251 

Table 77. Hippocampus total fatty acid methyl esters (FAME) ratios for normal fat diet 
(NFD) and high fat diet (HFD-S) 

252 

Table 78. Hippocampus total fatty acid methyl esters (FAME) for high fat diet groups; 
High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo 
biloba (HFD-GbE)  

253 



15 
 

Table 79. Hippocampus total fatty acid methyl esters (FAME) ratios for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat 
diet- Ginkgo biloba (HFD-GbE)  

254 

Table 80. PC12 fatty acid methyl esters (FAME) for RPMI complete media, 1% BSA media 
and 1%BSA media supplemented with nerve growth factor (NGF) 

321 

Table 81. PC12 fatty acid methyl ester (FAME) ratios for RPMI complete media, 1% BSA 
media and 1%BSA media supplemented with nerve growth factor (NGF)  

322 

Table 82. Fatty acid methyl esters of PC12 cells treated with a either NFD or HFD fatty 
acids, GbE (50µg/ml or 100µg/ml) or a combination of NFD, HFD and GbE  

325 

Table 83. Fatty acid methyl ester ratios of PC12 cells treated with a either NFD or HFD 
fatty acids, GbE (50µg/ml or 100µg/ml) or a combination of NFD, HFD and GbE  

326 

Table 84. Comparison of total solution volumes for method 1 or method 2 used for fatty 
acid (FA) extraction optimization 

438 

Table 85. Fatty acid (FA) composition of animal-based products, tissues, and cells  439 

Table 86. Comparison Fatty acid (FA) composition of plant based culinary oils following 
two varying fatty acid extraction methods  

440 

Table 87. Comparison of fatty acid extraction methods on animal-based tissue fatty acid 
(FA) composition  

441 

Table 88. Lipid standards utilised for testing selective elution of lipid classes by solid 
phase  

445 

Table 89. Mobile phases and flow rates assessed for HILIC and C18 columns used for the 
separation of phospholipids by liquid chromatography 

466 

Table 90. Mass spectrometry acquisition conditions for the identification of phospholipid 
molecular species separated on a C18 column 

467 

Table 91. Flow rates and retention times of commercially available standards using HILIC 
liquid chromatography (Acetonitrile: ammonium formate (90:10v/v) separation of 
phospholipids 

470 

Table 92. Macronutrients, caloric value, and lipid profiles of normal fat diet (NFD) and 
high-fat diet (HFD) diet chow fed to male Wistar Rats 

477 

 

  



16 
 

Abbreviations 
 

11β-HSD1 11-Beta-Hydroxysteroid-Dehydrogenase Type 1 
24S-OH 24-Hydroxycholesterol  
27-OH 27-Hydroxycholesterol 
2-AG 2-Arachidonoylglycerol  
3-KT 3-ketoacyl-CoA Thiolase 
7-AAD 7-Amino-Actinomycin  
α-MSH Alpha-Melanocyte-Stimulating Hormone  
AA Arachidonic Acid 
Abcd Atp-Binding Cassette Sub-Family D Transporters 
ACC Acetyl CoA Carboxylase 
ACAD Acyl-CoA Dehydrogenase  
ACAT2 Acyl-Coenzyme A: Cholesterol Acyltransferase 2 
Acly ATP-Citrate Lyase  
ACN Acetonitrile 
ACOX1 Acyl-CoA Oxidase 1  
ACSVL Very Long-Chain Acyl-CoA Synthetases 
AD Alzheimer’s Disease 
AdA Adrenic Acid  
ADIPOR Adiponectin Receptor 
AEA Anandamide  
AGEs Advanced Glycation End Products 
AGPAT E Acylglycerol-3-Phosphate Acyltransferases (AGPAT) 
AgRP Agouti-Related Protein 
Akt Protein Kinase B (PKB) 
ALA Alpha-Linoleic Acid 
AmFm Ammonium Formate 
AMP Adenosine Monophosphate  
AMPK AMP-Activated Protein Kinase 
ADNIMERGE Alzheimer's Disease Neuroimaging Initiative S 
AP-1 Activator Protein 1 
AP-2 Activator Protein 2 
APA American Psychiatric Association 
apo B-100 Lipoprotein Apolipoprotein B-100 
APPL1 Adaptor Protein  
ARC Arcuate Nucleus  
ARE Antioxidant Response Element 
ASBP Apical Sodium-Dependent Bile transporter 
AST Aspartate Aminotransferase  
ATGL Adipose Triglyceride Lipase  
Aβ Amyloid Beta 
BA Bile Acids  
BBB Blood Brain Barrier 
Bcl-2 B-Cell Lymphoma 2 
BDNF Brain-Derived Neurotrophic Factor 



17 
 

BHT Butylated Hydroxytoluene 
BMI Body Mass Index 
BRP Brain Reserve Potential  
BSA Bovine Serum Albumin 
C/EBPα CCAAT-Enhancer-Binding Protein Alpha 
C:M Chloroform: Methanol 
C10:0 Capric acid / Hexanoic acid 
C11:0 Undecylic acid / Undecanoic acid 
C12:0 Lauric acid / Dodecanoic acid 
C13:0 Tridecylic acid / Tridecanoic acid 
C14:0 Myristic acid / Tetradecanoic acid 
C14:1n7 Myristoleic acid / (9Z)-tetradecenoic acid 
C15:0 Pentadecylic acid / Pentadecanoic acid 
C15:1 (10Z)-Pentadecenoic Acid 
C16:0 Palmitic acid / Hexadecanoic acid 
C16:1n7 Palmitoleic acid / (9Z)-hexadecenoic acid 
C17:0 Margaric acid / Heptadecanoic acid 
C18 C18 Reversed Phase HPLC Column 
C18:0 Stearic acid / Octadecanoic acid 
C18:1n9 Oleic acid / (9Z)-octadecenoic acid 
C18:1n9 trans trans Oleic acid  
C18:2n6 Linoleic acid / (9Z,12Z)-Octadecadienoic acid 
C18:2n6 trans trans Linoleic acid  
C18:3n3 α-Linolenic acid / (9Z,12Z,15Z)-Octadecatrienoic acid 
C18:3n6 γ-Linolenic acid / (6Z,9Z,12Z)-Octadecatrienoic acid 
C18:4n-3 Stearidonic Acid / (6Z,9Z,12Z,15Z)-Octadecatetraenoic 

acid 
C20:0 Arachidic acid / Eicosanoic acid 
C20:1n9 Cetoleic acid / (11Z)-Eicosenoic acid  
C20:2n6 (11Z,14Z)-Eicosadienoic Acid  
C20:3n3 (11Z,14Z,17Z)-Eicosatrienoic Acid  
C20:3n6 Dihomo-gamma-linolenic acid / (8Z,11Z,14Z)-

Eicosatrienoic Acid  
C20:4n6 Arachidonic acid / (5Z,8Z,11Z,14Z)-Eicosatetraenoic acid 
C20:5n3 (5Z,8Z,11Z,14Z,17Z)-Eicosapentaenoic Acid  
C21:0 Heneicosylic acid / Heneicosanoic acid 
C22:0 Behenic acid / Docosanoic acid 
C22:1n9 Erucic Acid / (13Z)-Docosenoic acid 
C22:2n6 (13Z,16Z)-Docosadienoic Acid 
C22:5n-3 (4Z,7Z,10Z,13Z,16Z)-Docosapentaenoic Acid 
C22:6n3 (4Z,7Z,10Z,13Z,16Z,19Z)-Docosahexaenoic Acid   
C23:0 Tricosylic acid / Tricosanoic acid 
C24:0 Lignoceric acid / Tetracosanoic acid 
C24:1n9 (15Z)-Tetracosenoic acid 
C4:0 Butyric acid / Butanoic acid 
C6:0 Caproic acid / Hexanoic acid 
C8:0 Caprylic acid / Octanoic acid 



18 
 

cAMP Cyclic AMP 
CAV Caveolin 
CB1 Cannabinoid Receptor 1  
CB2 Cannabinoid Receptor 2 
CCK Cholecystokinin 
CDR Clinical Dementia Rating 
CE Cholesteryl Ester 
CERP Cholesterol Efflux Regulatory Protein (ABCA1) 
CFS Cerebrospinal Fluid  
CGI-58 Comparative Gene Identification-58 
CHCl3  Chloroform 
CHO Chinese Hamster Ovary 
ChREBP Carbohydrate Response Element Binding Protein) 
CIC Mitochondrial Citrate-Carrier  
CNS Central Nervous System 
COX Cyclooxygenases   
cPLA2 Cytosolic Phospholipase A2 
CPS Cognitive Performance Scale  
CPT-1 Carnitine Palmitoyltransferase-1  
CR Cognitive Reserve 
CREB Camp Responsive Element Binding Protein 
CRP C-Reactive Protein 
CSF Cerebral Spinal Fluid 
CTRL Control 
CYP Cytochrome P450 Enzyme 
Cyt C Cytochrome C  
D9D Fatty Acyl-CoA Delta-9 Desaturase / Stearoyl-CoA 

Desaturase 1 (SCD1) 
DAG Diacylglycerol / Diglycerides 
DGAT Diglyceride Acyl transferase 
DGLA Dihomo-γ-Linolenic Acid 
DHA Docosahexaenoic Acid 
DHEA Docosahexanoyl Ethanolamide  
Diff Differentiated 
Dihomo-IsoPs Dihomoisoprostanes  
DiHOME dihydroxyoctadecenoic acid  
DMA 16:0  16:0 Dimethylacetal  
DMA 18:0  18:0 Dimethylacetal  
DMH Dorsomedial Hypothalamic Nucleus  
DMSO Dimethyl Sulfoxide 
DNA Deoxyribonucleic Acid 
DNL De novo Lipogenesis 
DSM-5 Statistical Manual of Mental Disorders   
ECACC European Collection of Authenticated Cell Cultures 
ECM Extracellular Matrix (ECM) 
ECM Extracellular Matrix 
EDTA Ethylenediamine Tetraacetic Acid 



19 
 

EET Epoxyeicosatrienoic Acids 
EFA Essential Fatty Acids 
E-FABP Epidermal Fatty Acid-Binding Protein 
EGb 761 Standardized Extract of Ginkgo biloba 
ELOVL5 Elongase of Very Long Fatty Acid 5 
ENIGMA Elderly Nutritional Indicators For Geriatric Malnutrition 

Assessment  
eNOS Endothelial Nitric Oxide Synthase 
EPA Eicosapentaenoic Acid  
EpDPAs Epoxydocosapentaenoic Acid 
EPEA Eicosapentaenoyl Ethanolamide  
EpETEs Epoxyeicosatetraenoic Acids  
EPI Epididymal 
EpOME Epoxyoctadecamonoenoic acid  
ER Endoplasmic Reticulum 
ERK Extracellular Signal-Regulated Kinase 
FA Fatty Acid 
FABP Fatty Acid-Binding Proteins  
FADS Fatty Acid Desaturases 
FAME Fatty Acid Methyl Esters 
FASN Fatty Acid Synthase 
FAT FA Translocase 
FATPs FA Transport Proteins 
FOXO1 Forkhead Box O1 
FXR Farnesoid X Receptor  
G3P Glycerophosphate  
GAP-43 Growth-Associated Protein 43 
GbE Standardized Extract of Ginkgo biloba 
GbE50 Ginkgo biloba extract 50µg 
GbE100 Ginkgo biloba extract 100µg 
GC-FID Gas Chromatography – Flame Ionisation Detection 
Gcg Glucagon 
GDP Gross Domestic Product 
GDS Global Deterioration Scale 
GI Gastrointestinal 
GLP-1 Glucagon-Like Peptide 1 
GLUT Sodium Independent Glucose transporter 
GPAT G3P acyltransferase 
GPBAR1 G Protein-Coupled Bile Acid Receptor 1 
GPCR G Protein-Coupled Receptors 
GSH Glutathione 
GSK3β Glycogen Synthase Kinase 3 Beta 
GU Glucose Uptake 
H2O Water 
H2O2 Hydrogen Peroxide 
HbA1c Glycated Haemoglobin 
HDL High Density Lipoprotein 



20 
 

HFCR High Fat Caloric Restriction  
HFD High-Fat Lard-Enriched Diet 
HFD100 High-Fat-Diet Fatty Acid Mix 100µM 
HILIC Hydrophilic Interaction Liquid Chromatography 
HMG-CoA 3-Hydroxy-3-Methylglutaryl-CoA  
HNF-4α Hepatocyte Nuclear Factor 4α 
HODE Hydroxyoctadecadienoic Acid  
HPLC-MS High Performance Liquid Chromatography Mass 

Spectrometry 
Hs-CRP High-sensitivity C-Reactive Protein 
HS Horse Serum 
HSL Hormone-Sensitive Lipase 
IBABP Ileal Bile Acid Binding Protein  
IDL Intermediate-Density Lipoproteins 
IGF-1 Insulin-Like Growth Factor 1 
IGF-1R Insulin-Like Growth Factor 1 Receptor 
IKKβ IjB kinase 
IL Interleukin 
IMM Inner Mitochondrial Membrane  
Insig-2 Insulin Induced Gene 2 
iNOS Inducible Nitric Oxide Synthase 
IPA Isopropanol 
IR Insulin Resistance 
IRS Insulin Receptor Substrate 
IsoPs Isoprostanes  
JAK Janus Kinase 
JNK C-Jun N-Terminal Kinase 
Keap1  Kelch-Like ECH-Associated Protein 1 
KODE Keto-Octadecadienoic Acid 
LCAT Lecithin-Cholesterol Acyltransferase 
LCFA Long Chain Fatty Acid 
LD Lipid Droplets 
LDL Low-Density Lipoproteins 
LDLR Low-Density Lipoprotein receptor 
LEP-R Leptin Receptor 
LEP-Rb Leptin Receptor Long Isoform  
LD Lipid droplet 
LOX Lipooxygenases  
LOX-1 Reduced Lectin-Like Oxidized-Low Density Lipoprotein 

Receptor 1  
LPA Lysophosphatidic Acid (LPA) 
LPC Lysophosphatidylcholine 
LPL Lipoprotein Lipase 
LPS Lipopolysaccharide  
LTS Leukotrienes  
LXR Liver X Receptor 
MAG Monoacylglycerol / Monoglycerides 



21 
 

MAPK Mitogen-Activated Protein Kinase 
MCI Mild Cognitive Impairment  
MCR Melanocortin Receptor 
MDH Malate Dehydrogenase 
MEK Mitogen-Activated Protein Kinase Kinase  
MeOH Methanol 
MES Mesenteric 
MFP-2 Multifunctional Protein  
MGAT Monoglyceride Acyl Transferases  
MGL/Mgll Monoglyceride Lipase 
MHO Metabolically Healthy Obesity 
MMP Matrix Metalloproteinase 
MMSE Mini Mental Status Examination  
MND Major Neurocognitive Disorders 
mRNA Messenger Ribonucleic Acid  
MSD-COGS Minimum Data Set Cognition Scale 
mTOR Mammalian Target Of Rapamycin 
mTORC2 Rapamycin Complex 2 
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide 
MUFA Monounsaturated Fatty Acids 
MUO Metabolically Unhealthy Obesity 
NaCl Sodium Chloride 
NADPH Nicotinamide Adenine Dinucleotide Phosphate 
NEFA Non-Esterified Fatty Acids 
NeuroPs Neuroprostanes  
NFD Normal-fat-diet 
NFD100 Normal-fat-diet fatty acid mix 100µM 
NF-H Neurofilament (Heavy) 
NF-kβ Nuclear Factor Kappa Beta 
NF-L Neurofilaments (Light) 
NF-M Neurofilaments (Medium)  
NFTs Neurofibrillary Tangles 
NGF Nerve Growth Factor 
NHS National Health Service 
NPC1L1 Niemann-Pick C1-Like 1  
NPY/AgRP Neuropeptide Y/ Agouti-Related Protein  
Nrf2 Nuclear Factor Erythroid-2 related factor 2 
NSAID Nonsteroidal Anti-Inflammatory Drug 
ob Obesity Gene 
OFN Oxygen Free Nitrogen 
O2

•- Superoxide Anion  
•OH Hydroxyl Radical 
OS Oxidative Stress 
OxLDL Oxidised Low-Density Lipoprotein 
OXPHOS Oxidative Phosphorylation 
p38  P38 Mitogen-Activated Protein Kinase 



22 
 

p-Akt(S473) Phosphorylated Akt (Serine 473) 
p-Akt(T308) Phosphorylated Akt (Threonine-308) 
PA 1,2-Diacylglycerol Phosphate / Phosphatidic Acid  
PAP1 Phosphatidate Phosphohydrolase (Pap1)) 
PC Phosphatidylcholine  
PC12 Rat Adrenal Phaeochromocytoma 
PD Parkinson’s Disease 
PDE c-AMP-Phosphodiesterase 
PDL Poly-D-Lysine 
PDK Phosphoinositide-Dependent Protein Kinase 
PE Phosphatidylethanolamine 
PexRAP Peroxisomal Reductase Activating PPARγ 
PG Prostaglandins  
PGC1α Peroxisome Proliferator-Activated Receptor Gamma 

Coactivator 1-Alpha     
PGE Prostaglandin E 
PGF Prostaglandin F 
PH Pleckstrin Homology 
PhytoPs Phytoprostanes 
PI Phosphatidylinositol  
PI3-K Phosphatidylinositol 3-Kinase 
PIP2 Phosphatidylinositol 4,5-Bisphosphate  
PIP3 Phosphatidylinositol 3,4,5-Trisphosphate 
PKA Protein Kinase A 
PKB Protein kinase B / Akt 
Plin 1 Perilipin 
PLL Poly-L-Lysine 
PNPLA2 Patatin Like Phospholipase Domain Containing 2 
POMC Neuropeptide Proopiomelanocortin 
PPARα/γ Proliferator-Activated Receptors Alpha And Gamma  
PPL Phospholipids 
PS Phosphatidylserine  
PTP-1B Protein Tyrosine Phosphatase 1B 
PTEN Phosphatase and Tensin Homolog 
PUFA Polyunsaturated Fatty Acids 
PYY Gut-Hormone Peptide  
RAGE Receptors For Ages 
RET Retroperitoneal 
ROS Reactive Oxygen Species 
RPMI Roswell Park Memorial Institute 
SAT Subcutaneous Adipose Tissue 
SCAP Cleavage-Activating Protein 
SCD1 Stearoyl-CoA Desaturase 1/ Fatty Acyl-CoA Delta-9 

Desaturase (D9D) 
SCFA Short-Chain Fatty Acids 
SCP-2 Sterol-Carrier Protein  
SD Standard Deviation 



23 
 

SEM Standard Error Of Mean 
SFA Saturated Fatty Acids 
SG Sphingomyelin  
SH-SY5Y   Sh-Sy5y Neuroblastoma Cells 
SIBO Small Intestinal Bacterial Overgrowth 
SIRT1 Sirtuin 1 
SM Sphingomyelin 
Soat2 Sterol O-Acyltransferase 
Socs3 Suppressor Of Cytokine Signalling 3 
SOD Superoxide Dismutase 
SPE Solid Phase Extraction 
SPM Specialized Pro-Resolving Mediators 
SREBP-1c Sterol Regulatory Element Binding Protein 1c  
SREBP-2 Sterol Regulatory Element-Binding Protein Isoform 2  
STAT Signal Transducer And Activator Of Transcription 
T2DM Type 2 Diabetes Mellitus 
TAG Triacylglycerol / Triglycerides 
TGR5 Cell Surface Transmembrane G Protein-Coupled Receptor  
TNF-α Tumour Necrosis Factor-Α 
TrkB  Tropomyosin-Related Kinase B  
TUBB3 PE Anti-Tubulin Β3  
TXs Thromboxanes  
UFA Unsaturated Fatty Acids 
UI Unsaturation Index 
UnDiff Undifferentiated 
UP2 Uncoupling protein 2 
VAT Visceral Adipose Tissue 
VLCFA Very Long Chain Fatty Acids  
VLDL Very Low-Density Lipoprotein 
VLDL-TAG Very Low-Density Lipoprotein - Triglyceride 
VTA Ventral Tegmental Area  
WAT White Adipose Tissue 
WHO World Health Organisation 
Wnt Wingless-Related Integration Site  
WSD “Western-Style” Diet  

 
  



24 
 

Abstract 
 
A high-fat diet (HFD), typical of a “western-style” diet (WSD), is rich in lipids such as saturated 

fatty acids (SFA) and cholesterol and is associated with an increased risk of developing 

metabolic disorders, obesity and diabetes, cognitive impairment, anxiety, stress, and 

depression. Ginkgo biloba (GbE) has been shown to possess antioxidant, anti-inflammatory, 

and anti-obesogenic properties as well as neurological protection. GbE has been shown to 

reduce visceral adiposity, weight gain and food intake. In this study, male Wistar rats were 

fed either a normal fat diet (NFD) or HFD for 2 months to induce obesity. HFD-induced obese 

rats were then treated for 14 days with either GbE, saline or were calorically restricted. 

Retroperitoneal and mesenteric adipose tissues, liver, hippocampus, and hypothalamus 

tissues were analysed for total fatty acids, triglycerides, cholesteryl esters, monoglycerides, 

diglycerides and phospholipids profiles analysed by gas chromatography flame ionisation 

detection. A PC12 neuronal cell model was also established for in-house in vitro studies 

undergoing GbE, NFD and/or HFD treatment.  

Key findings include that in all tissues except hippocampus and hypothalamus, a HFD 

increased SFA and decreased monounsaturated fatty acids (MUFA) and polyunsaturated fatty 

acids (PUFA) in total fatty acid profiles. More dynamic changes occurred across the cholesteryl 

esters, monoglycerides and diglycerides. Phospholipid profiles showed the most changes with 

GbE treatment. In PC12 neuronal cell treatment, HFD FA treatment increased Akt activation 

and neurofilament-L protein expression levels compared to NFD treatment. NFD treatment 

partially ameliorated decreased Nrf2 protein expression following hydrogen peroxide-

induced oxidative stress while HFD treatment did not. GbE treatment increased levels of oleic 

acid and mead acid in PC12 cells. Future work would include longer treatment times, 

investigating other tissues and proteome analysis of tissues. 
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Chapter 1 - Introduction    
 

1.1 Major neurocognitive disorders (MND) 

The term Major Neurocognitive Disorders (MND) is used to describe a range of disorders that 

leads to significant decline in cognitive functional from previous levels (Sherman and Schnyer, 

2016). The term was first used to replace the word Dementia in the fifth edition of Diagnostic 

and Statistical Manual of Mental Disorders (DSM-5) by the American Psychiatric Association 

(APA) (APA, 2013). Changes include memory decline and deterioration in emotional and 

intellectual abilities affecting reasoning and social skills (Sousa, Teixeira, et al., 2020). Changes 

include memory decline and deterioration in emotional and intellectual abilities affecting 

reasoning and social skills (Sousa, Teixeira, et al., 2020). MND can be categorised as either 

primary or secondary. Primary MND is associated with degenerative conditions such as 

Alzheimer’s disease, vascular dementia, Lewy body dementia, frontotemporal dementia, and 

mild cognitive impairment (MCI). Secondary MND results from deterioration associated with 

other conditions such as infectious disease, stroke, and alcoholism (Emre, 2009).  

 

1.2 MND - prevalence, incidence, cost, and trends 

As of 2015, more that 900 million people worldwide are aged 60 years or more which is 

forecast to increase by a further by 56% for high income countries and as much as 239% to 

lower income countries, respectively by 2050 (Prince, Ali, et al., 2016; Prince, Comas-Herrera, 

et al., 2016; Prince, Wimo, et al., 2015). With an ever-increasing aging population comes an 

associated rise in chronic disease such as MND with the risk doubling for every 6.3 years 

increased age. The risk of MND starts at 3.9/1000 persons aged 60-64 and increases to 

105/1000 persons aged 90+. As reported by Prince et al., (2015), nearly 47 million people 

worldwide were estimated to be living with MND, with this number projected to reach 75 

million by 2030, doubling nearly every 20 years. Higher incidents (58%) of MND are reported 

in low- or middle-income countries and is estimated to rise to 68% by 2050 driven by nearly 

10 million new cases reported worldwide each year. When grouped by region, 49% of these 

10 million cases are reported in Asia, 25% in Europe, 18% in the Americas and 8% in Africa. 

The global costs of dementia, which include direct medical costs, direct social care costs (paid 

professional care) and informal care (unpaid), have increased between 2010 and 2015 alone 
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by 35.4% rising from US$ 604 billion to US$ 818 respectively, the equivalent to 1.09% of the 

U.S.A global gross domestic product (GDP) (Prince, Wimo, et al., 2015). MND symptoms are 

easily confused with common changes seen in ageing that may make identification of disease 

difficult to detect. Several assessment tools are used in a clinical setting for the identification 

of mild to severe cognitive decline assessing daily living and cognitive functioning. The most 

well-known scales are the global deterioration scale (GDS), the clinical dementia rating (CDR), 

the Mini Mental Status Examination (MMSE) the Cognitive Performance Scale (CPS) and the 

Minimum Data Set Cognition Scale (MSD-COGS) (Budson and Solomon, 2021; Plácido, 

Ferreira, et al., 2021; Chen, Liu, et al., 2014; Cohen-Mansfield, Taylor, et al., 1999; Reisberg, 

Ferris, et al., 1982).  As reviewed by Sousa, Teixeira and Paúl (2020), predictive factors for 

MND can be categorised by sociodemographic factors, behavioural factors, and health 

factors. Sociodemographic factors include age, sex, education, and social isolation. 

Behavioural factors include physical activity, alcohol consumption and smoking. Health 

factors include some modifiable factors such as nutritional status, cholesterol levels, 

cardiovascular health, diabetes, obesity, and dyslipidaemia as well as hand-grip strength and 

cerebrovascular diseases (Prakash, Wang, et al., 2021; Sousa, Teixeira, et al., 2020; Tini, 

Scagliola, et al., 2020; Mayeux and Stern, 2012; Skoog, Lernfelt, et al., 1996). In addition to 

these factors both the cognitive reserve (CR) hypothesis and the brain reserve potential (BRP) 

also bridge both health and sociodemographic factors (Bartrés-Faz and Arenaza-Urquijo, 

2011). The BRP hypotheses suggests that a larger brain volume or number of synapses helps 

with the tolerance of physiological insults on the brain and can extend the preclinical 

neuropathological stage before clinical deficits become evident (Bartrés-Faz and Arenaza-

Urquijo, 2011). The CR hypothesis focuses on an individual’s ability to effectively use cognitive 

processes and brain networks which may provide an increased ability to compensate for 

neuro-pathological damage and allowing maintenance of the patients’ cognitive ability 

(Bartrés-Faz and Arenaza-Urquijo, 2011). Cognitive reserve is also positively correlated to 

education status with greater decline seen in people with low levels of education (Neth, Graff-

Radford, et al., 2020; van Loenhoud, Groot, et al., 2018; Arenaza-Urquijo, Wirth, et al., 2015; 

Stern, 2012; Whitwell, 2010). CR potential may also be used in conjunction with biomarkers 

for AD such as levels of cerebral glucose uptake (GU) and cerebrospinal fluid (CSF) β-amyloid 

(Aβ42) and phosphorylated tau levels (Carapelle, Mundi, et al., 2020). Combining the BRP and 

cognitive hypotheses, Prakash, and colleagues’ (2021) analysis of the Alzheimer's Disease 
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Neuroimaging Initiative (ADNIMERGE) dataset identified 4 separable clinical AD sub-

populations ranging from least severe disease, mid-severity to most severe disease, using 

“cognitive performance, brain volume” clustering. They identified that anti-hyperlipidaemia 

drugs were associated with the group known as cluster-0 that showed mid-severity of disease 

but with higher brain volume, while the higher antioxidant status of vitamins C and E were 

associated with the cluster-3 group of mid-severity disease that experienced higher cognition. 

Higher Vitamin D status was identified as protective in AD while anti-depressants were 

associated with most severe disease (cluster-2 group) (Prakash, Wang, et al., 2021).  Lu et al., 

(2021), also found using the elderly nutritional indicators for geriatric malnutrition 

assessment (ENIGMA), may be used to identify populations at increased risk of 

neurocognitive disorders (NCD) and cognitive decline (Lu, Gwee, et al., 2021). Of all the 

disorders categorised under MND, up to 70 per cent of these cases attributed to Alzheimer’s 

disease (AD), making AD a major public health concern with few treatment options or 

preventative interventions available (Prince, Wimo, et al., 2015). Late-onset AD is categorized 

as symptoms occurring over the age of 65, while early-onset AD symptoms first appear 

between 30 and 65 years of age (Mendez, 2017). Genetics plays a large role in both late-onset 

and early-onset AD (Gatz, Reynolds, et al., 2006). Analysis of collective data from 32 USA 

Alzheimer's Disease Centres maintained by the National Alzheimer's Coordinating Centre 

found a heritability of 69.8% (n=4302 participants) for late-onset AD and 92-100% heritability 

(n=702 participants) in early-onset AD, likely due to due to autosomal recessive causes 

(Wingo, Lah, et al., 2012). More than 40 loci involved in immunity, endocytosis, cholesterol 

transport, ubiquitination, amyloid-β and tau processing are now associated for AD (Sims, Hill, 

et al., 2020; Karch and Goate, 2015). As reviewed by Sims et al., (2020) the earliest and most 

associated genes include mutations in the amyloid precursor protein (APP) and presenilin (PS) 

genes for early-onset AD and Apolipoprotein E (APOE) genes in late-onset AD associated with 

the amyloid cascade hypothesis of amyloid-beta (A) misprocessing and deposition (McGirr, 

Venegas, et al., 2020; Sims, Hill, et al., 2020; Hardy and Selkoe, 2002; Rogaev, Sherrington, et 

al., 1995; Sherrington, Rogaev, et al., 1995; Corder, Saunders, et al., 1994; Strittmatter, 

Saunders, et al., 1993; Goate, Chartier-Harlin, et al., 1991). 
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1.3 AD pathophysiology 

AD is characterised by neurodegeneration influenced by a range of neuropathological 

abnormalities including Tau protein hyperphosphorylation, neurofibrillary tangles (NFTs), 

amyloid beta (Aβ) deposition and senile plaques (Singh, Kukreti, et al., 2019; Singh, Srivastav, 

et al., 2019; Kumar and Singh, 2015). More recently, neuro-inflammation, exacerbated 

oxidative stress (OS), activation of pro-apoptotic genes and abnormal glucose metabolism 

have also been associated with AD pathogenesis. Of these, neuro-inflammation and OS are 

two central issues that contribute to AD with each shown to contribute to Aβ deposition and 

NFTs (Massaad, 2011; Serrano-Pozo, Frosch, et al., 2011; Gella and Durany, 2009). Preceding 

these issues however is abnormal glucose metabolism. 

1.4 Dementia and glucose transport 

A typical human brain consumes approximately 120 g of glucose daily, which is transported 

across the permeably restrictive blood brain barrier (BBB) mediated by astrocytes and a large 

family of sodium independent glucose transporters (GLUTs) and sodium-dependent glucose 

co-transporters (SGLT) (Shah, DeSilva, et al., 2012). Most glucose in the brain is consumed via 

mitochondrial oxidative phosphorylation, converted to ATP and used to maintain normal 

neural function (Hall, Klein-Flügge, et al., 2012). Normal glucose metabolism is rate limited by 

the enzyme cytochrome C oxidase and results in naturally occurring Reactive Oxygen Species 

(ROS) such as superoxide anion (O2
•-) hydrogen peroxide (H2O2), and hydroxyl radical (•OH) 

(Alzahrani, Alshammari, et al., 2022) which when in excess leads to exacerbated OS (Perez-

Pardo, Kliest, et al., 2017; Nilsson and Busto, 1976). With age comes the decline in the 

efficiency of the highly regulated mitochondrial enzymatic process leading to increasing levels 

of ROS and OS (Ahmad, Ijaz, et al., 2017; Pérez-Gracia, Torrejón-Escribano, et al., 2008) 

supported by the finding of increased OS biomarkers in brain and peripheral blood tissues of 

AD suffers (Sultana and Butterfield, 2010). A metabolic feature regularly seen in AD is a 

decline of approximately 50% in glucose based-ATP production, which tends to deteriorate as 

the disease progresses (Hoyer, 1992) with impaired glucose transport and ATP production 

correlated with increased levels of Aβ protein (Gella and Durany, 2009). Decreased levels of 

both GLUT-1 and GLUT-3 transporters have been reported in AD (Liu, Liu, et al., 2008; 

Mooradian, Chung, et al., 1997; Harr, Simonian, et al., 1995; Simpson, Chundu, et al., 1994) 

with each transporter respectively responsible for glucose transport across the BBB 
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(Brockmann, 2009) and into neurons (Augustin 2010; Shepherd et al. 1992). With decreased 

levels of these transporters correlating to abnormal hyperphosphorylation of tau (Liu, Liu, et 

al., 2008), it is believed that such perturbations in GLUT transporter proteins levels, disrupts 

brain glucose homeostasis and mitochondrial function, which increases OS, neuro-

inflammation and eventually neurodegeneration (Cong, Tao, et al., 2011; Cunnane, Nugent, 

et al., 2011; Hoyer, 2004). In contrast, increased levels of GLUT-2 (Liu et al., 2008) and GLUT-

12 (Pujol-Gimenez, Martisova, et al., 2014) have been recently found in AD, and is thought to 

be a compensation mechanism, occurring as a result from the lack of glucose in neural tissue, 

and helps to continue a glucose supply. Glucose transported via GLUT-12 however enters 

anaerobic glycolytic metabolism, which further augments OS (Zawacka-Pankau, Grinkevich, 

et al., 2011). Recent, compelling evidence has associated AD with Type 2 Diabetes Mellitus 

(T2DM) due to similar shared clinical, biochemical, and pathophysiological manifestations 

(Chen and Zhong, 2013) particularly OS (Rosales-Corral, Tan, et al., 2015). Some researchers 

even suggest AD could be called Type 3 Diabetes (Kandimalla, Thirumala, et al., 2017; 

Szablewski, 2017; Suzanne, 2014; Akter, Lanza, et al., 2011).  

1.5 Obesity 

Obesity is a multifactorial chronic disease and a critical global issue. Spiralling increases in 

body mass index (BMI) has seen nearly 39 per cent of the global population classified as 

overweight (BMI ≥ 25) with 13 per cent categorised as obese (BMI ≥ 30) (World Health 

Organisation 2021). In the UK alone, the NHS costs attributed to elevated BMI is estimated to 

reach £8.3 billion in 2025 (Baker, 2019). Complications of obesity include a variety of non-

communicable diseases such as coronary heart disease, hypertension, hypercholesterolemia, 

steatosis, cirrhosis, severe pancreatitis, and cancer. High incidences of metabolic disorders 

associated with obesity include insulin resistance (IR), metabolic syndrome, type II diabetes 

and atherogenic dyslipidaemia (Salamone and Bugianesi, 2010). The role of obesity in these 

metabolic disorders is discussed in detail in further sections. With regards to AD, one study 

reported a three-fold increased risk in people with high waist circumferences, and that the 

risk ratio of developing dementia increased for people suffering from obesity in the 30-40 

years of age category compared to those that developed obesity in later years (Pugazhenthi, 

Qin, et al., 2017).  A high-fat diet, typical of a “western-style” diet (WSD), is high in lipids such 

as saturated fatty acids (SFA) and cholesterol and is associated with an increased risk of 
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developing metabolic disorders including obesity, diabetes, cardiovascular disease as well as 

brain-related disorders related to hypothalamus-pituitary-adrenocortical axis dysregulation 

including cognitive impairment, anxiety, stress, and depression (López-Taboada, González-

Pardo, et al., 2020). 

1.6 Lipids 

Lipids are defined as a group of hydrophobic or amphipathic small molecules. Lipids are a 

diverse and ubiquitous group throughout the body and are utilized for many key biological 

functions (Fahy, Cotter, et al., 2011). They act as a main structural component of cell 

membranes, are a major energy source for the body, provide insulation and protection when 

stored in adipocytes, as well as being involved in cell signalling, homeostasis, and cell 

membrane composition (Watson, 2015; Van Meer and de Kroon, 2011). The study of lipids is 

referred to as Lipidomics and is a subcategory of metabolomics alongside sugars, nucleic 

acids, and amino acids (Fahy, Cotter, et al., 2011). Lipid molecules are diverse compounds, 

and they vary greatly by structure and complexity with their structure. Throughout the lipid 

biosynthesis pathway many different biochemical transformations occur that create unique 

structures that aid and facilitate their designated function. Due to the more complex nature 

of lipid structures as compared to nucleic acids, organisations such as LIPID MAPS, a global 

open access community-driven resource, has developed a comprehensive classification, 

nomenclature, and chemical representation system to accommodate the spectrum of lipids 

that exist (Lipid-Maps, 2022; Alves, Lamichhane, et al., 2021; Fahy, Cotter, et al., 2011; Fahy, 

Sud, et al., 2007). Under this comprehensive classification, lipids are defined as being either 

hydrophobic or amphipathic small molecules originating from carbanion-based 

condensations of ketoacyl thioesters and/or by carbocation-based condensations of isoprene 

units (Fahy, Cotter, et al., 2011). They are divided into eight categories: fatty acyls, 

glycerolipids, glycerophospholipids, sphingolipids, saccharolipids and polyketides, sterol lipids 

and prenol lipids (Fahy, Cotter, et al., 2011). For this project, the main lipid categories focused 

on will be glycerolipids in the form of triglycerides, diglycerides, monoglycerides, sterol lipids 

in the form of cholesteryl esters and glycerophospholipids and sphingolipids in the form of 

phospholipids.   
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1.7 Fatty acids (FA) 

Fatty acids belong to a group of compounds known as fatty acyls which also include alcohols, 

aldehydes, amines, and esters. Free fatty acids are carboxylic acids comprised of branched or 

unbranched aliphatic chain of hydrocarbon atoms, along with an acid group (COOH) at one 

end of the carbon chain and a Methyl Group (CH3) at the other (See Figure 1 for structure). 

FA can be either saturated or unsaturated depending on the presence of double bonds. 

Saturated fatty acids (SFA) contain no carbon double bonds (C=C double bond) or other 

functional groups along the chain, but rather have one hydrogen attached to each carbon, 

producing a rigid structure that is usually solid at room temperature. A list of common fatty 

acids and their melting point can be seen in Table 1.  

 

Table 1. The melting points of fatty acids and their corresponding methyl esters 

Fatty Acid Melting 
Point (⁰C) 

Methyl ester Melting 
point (⁰C) 

C12:0 Lauric acid 44 Methyl laurate 5 
C14:0 Myristic acid 54 Methyl myristate 18.5 
C16:0 Palmitic acid 63 Methyl palmitate 30.5 
C18:0 Stearic acid 70 Methyl stearate 39.1 
C16:1 Palmitoleic acid 0.5 Methyl palmitoleate -0.5 
C18:1 Oleic acid 16 Methyl oleate -20 
C18:2 Linoleic acid -5 Methyl linoleate -35 
C18:3 Linolenic acid -11 Methyl linolenate  -52 
C20:1 Eicosenoic acid 24 Methyl cis-11-eicosenoate -34 
C22:1 Erucic acid 32 Methyl cis-13-docosenoate -1 
C24:1 Nervonic Acid 43 Methyl cis-15-tetracosenoate 14 

Adapted from Royal Society of Chemistry, 2022a, 2022b, 2022c, 2022d, 2022e; Chemical Book, 2017; Edith, 
Janius and Yunus, 2012; Knothe and Dunn, 2009; Gunstone, 1996). 

 

Unsaturated FA contain at least one double bond along the carbon chain and are further 

divided into monounsaturated FA (MUFA) or polyunsaturated fatty acids (PUFA) with MUFA 

containing 1 double bond, and PUFA containing 2 or more double bonds. A cis double bond 

(as illustrated in Figure 1) describes when two hydrogen atoms are adjacent to the double 

bond and stick out on the same side of the chain creating a bend or a “kink” in the carbon 

chain influencing the structure and physical properties of the fatty acid molecule. Most often 

the kink caused by a FA double bond allows the FA to remain liquid at room temperature and 

prevents the FA packing tightly within biological structures (e.g., membranes), aiding 

flexibility and fluidity. A trans configuration at the double bond, where the adjacent two 
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hydrogen atoms lie on opposite sides of the chain, does not result in a kink, and the fatty acid 

functions like that of a saturated fatty acid. As a result, they do not cause the chain to bend 

much, and their shape is like rigid saturated fatty acids (Ridgway and McLeod, 2021; Panickar 

and Bhathena, 2010). 

The nomenclature of fatty acid is derived from the number of carbons in the chain (e.g., C18), 

followed by the number of double bonds within the chain (e.g., C18:1), followed by an omega 

notation (ω- or n-) indicating the carbon number of the first double bond occurring from the 

methyl end of the chain (e.g., C18:1n-9, illustrated in Figure 1)  (Ridgway and McLeod, 2021; 

Panickar and Bhathena, 2010). Fatty acids with two or more double bonds are known as 

polyunsaturated fatty acids and are further categorised into n-6 and n-3 fatty acids. Both n-6 

and n-3 fatty acids, Linoleic acid (LA; C18:2n-6) and alpha-linolenic acid (ALA; 18:3n-3) may be 

converted by sequential desaturation and elongation to either C20-, C22- and C24- highly 

unsaturated n-6 and n-3 polyunsaturated fatty acids also referred to as long chain fatty acids 

(LCFA) (Shi and Tu, 2015). LCFA are a main source of energy for the body and are required for 

the synthesis of structural lipids (e.g., phospholipids and sphingolipids) (Schäffler and 

Schölmerich 2010) which are essential to reproduction, cell differentiation, inflammation, and 

cognition (Clarke and Nakamura, 2013; Harbige, 2003). LCFAs and derivatives, along with 

associated fatty acid enzymes (E.g., ELOVL5), can bind to several transcription factors such as 

peroxisome proliferator-activated receptor alpha (PPARα), sterol regulatory element binding 

protein 1C (SREBP) (Takeuchi, Yahagi, et al., 2010), Carbohydrate response element binding 

protein (ChREBP), Forkhead Box O1 (FOXO1), Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha  (PGC1α), liver X receptor (LXR) (Yoshikawa, Shimano, et al., 

2002), Hepatocyte nuclear factor 4α (HNF-4α) and Nuclear factor kappa B (NF-κβ) and 

regulate the expression of numerous downstream genes (Guan, Qu, et al., 2011; Jump, 2011; 

Grimaldi, 2010; Vallim and Salter, 2010; Kennedy, Martinez, et al., 2009). 

Both LA and ALA are termed “essential fatty acids” (EFA) (Panickar and Bhathena, 2010; 

Chirala, Chang, et al., 2003; Harbige, 2003; Simopoulos, 2002) as humans lack the necessary 

enzymes delta (Δ) 12 (D12D) and Δ15 desaturase (D15D)  that enable the introduction of the 

cis ‘n-3’ and ‘n-6’ double bonds at the carbon 2 methyl end of the fatty acid chain making 

linoleic acid (18: 2n-6) or ALA (C18:3n-3) (Lee, Lee, et al., 2016). This makes both C18:2n-6 

and C18:3n-3 essential fatty acids that must be acquired through the diet (Martin, 2015).
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Figure 1. Chemical structures of different lipid-based compounds 
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Once ingested C18:2n-6 and C18:3n-3 can be converted via a series of elongase, desaturase 

and β-oxidation steps into long chain (LC) n-3 PUFA (Martin, 2015). Many desaturation and 

elongation fatty acid processes utilize, and therefore compete for, the same enzymes in both 

the n-6 and n-3 pathways (Martin, 2015). Both LA and ALA are abundant in plant-based oils 

such as nuts and seeds including flax, chia, walnut, rapeseed, and hemp. The human body is 

further limited in its ability to convert ω-3 ALA into longer chain n-3 eicosapentaenoic acid 

(EPA; C20:5n-3) and docosahexaenoic acid (DHA; C22:6n-3), as there is direct and preferential 

competition of enzyme activity for n-6 fatty acids for the conversion of LA to arachidonic acid 

(AA; C20:4n-6) (Santos, Price, et al., 2020). Both EPA and DHA are predominantly obtained 

from fish and seafood in the diet, while AA is largely obtained from animal and dairy products 

(Kawashima 2019; Tallima and Ridi 2018). Fatty acids circulating in the body are obtained both 

through the diet as well as endogenously produced either through the liberation of stored 

fatty acid reserves or synthesised de novo (Stryer, Berg, et al., 2019).   

 

1.8 De novo fatty acid synthesis 

Mammals can undergo de novo lipogenesis (DNL) to form fatty acids from Acetyl CoA and 

NADPH within the cytosol of the cell (illustrated in Figure 2.) primarily in the liver, adipose 

tissues, mammary glands (Ogunbona and Claypool, 2019; Stryer, Berg, et al., 2019; Palmieri, 

Spera, et al., 2015; Palmieri, 2004) and as well as some regions of the brain such as the 

hypothalamus (López, Tovar, et al., 2005) DNL occurs when glucose is abundant and is 

controlled by several transcription-based steps (Hussain, 2014). Insulin levels within the 

plasma activate the endoplasmic reticulum (ER) membrane-bound transcription factor sterol 

regulatory element binding protein 1C (SREBP1c), the N-terminus of which translocates to the 

nucleus and upregulates all genes in the FA biosynthetic pathway (Song, Xiaoli, et al., 2018). 

Uptake of excess plasma glucose promotes the nuclear translocation of the transcription 

factor carbohydrate response element binding protein (ChREBP), which upregulates both the 

transcription of pyruvate kinase facilitating the production of citrate from glucose derived 

Acetyl-CoA, as well as FA biosynthetic genes (Song, Xiaoli, et al., 2018; Shi and Tu, 2015; 

Filhoulaud, Guilmeau, et al., 2013; Lodhi, Wei, et al., 2011; Postic, Dentin, et al., 2007; Horton, 

Goldstein, et al., 2002). Lipogenesis is more abundant and efficient in the liver than in adipose 

tissue (Lodhi, Wei, et al., 2011). 
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Figure 2. Illustration of transcriptional activation of de novo lipogenesis in adipocytes in response to high-

sugar or high-fat diets (Song, Xiaoli and Yang, 2018) 

 

 

Acetyl-CoA + 7 Malonyl-CoA + 14NADP+ + 14H+        

FASN 

 

Palmitic acid + 7CO2 + 8 CoA + 14NADP + 6H20 

Figure 3. De novo Fatty Acid Synthesis from Acetyl CoA to Palmitic acid 

 

Acetyl CoA is obtained either from the mitochondrial irreversible oxidative decarboxylation 

of pyruvate obtained from carbohydrate and/or glucose metabolism via the glycolytic 

pathway or the β-oxidation of lipids within the mitochondria (Shi and Tu, 2015) . Acetyl CoA 

condenses with oxaloacetate to form citrate via the citric acid cycle, allowing it to be 

transported across the inner mitochondrial membrane (IMM), in exchange for cytosolic 

malate via the mitochondrial citrate- carrier (CIC), into the cytosol. Once in the cytosol, citrate 

is cleaved back to Acetyl CoA and oxaloacetate by ATP citrate lyase. Oxaloacetate is either 

utilized for gluconeogenesis or converted to malate and NADPH by malate dehydrogenase 

(MDH) and returned to the mitochondria via the CIC. Cytosolic Acetyl CoA is carboxylated to 

Malonyl-CoA by Acetyl CoA carboxylase (ACC), the rate-limiting step in the fatty acid synthesis 
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pathway. In animals, two isoforms of the enzyme ACC exist (ACC1 and ACC2), with ACC1 

expressed more in lipogenic tissues (e.g., liver, adipose tissues, and mammary glands) while 

the ACC2 isoform is expressed more in highly metabolic organs (e.g., skeletal muscle, heart) 

(Chen, Duan, et al., 2019; Shi and Tu, 2015; Barber, Price, et al., 2005; Munday, 2002; Abu-

Elheiga, Brinkley, et al., 2000). ACC2 derived Malonyl-CoA is involved in the regulation of fatty 

acid β-oxidation by inhibiting the carnitine palmitoyl-CoA transferase-1. In times of energy 

demand, adenosine monophosphate (AMP)-activated protein kinase (AMPK) is activated, 

which phosphorylates both ACC1 and ACC2, inactivating them, leading to a decrease in fatty 

acid synthesis and an increase in fatty acid β- (Chen, Duan, et al., 2019; Shi and Tu, 2015; 

Barber, Price, et al., 2005; Munday, 2002; Abu-Elheiga, Brinkley, et al., 2000). As shown in 

Figure 3, Malonyl-CoA is combined with Acetyl-CoA to produce the saturated fatty acid 

Palmitic acid (C16:0) via the rate limiting enzyme fatty acid synthase (FASN) (Christie, 2021; 

Ogunbona and Claypool, 2019; Stryer, Berg, et al., 2019; Palmieri, Spera, et al., 2015; Jensen-

Urstad and Semenkovich, 2012; Palmieri, 2004).  

As shown in Figure 4, C16:0 can be further converted into either C16:1n-7 or C18:1n-7 → 

C18:1n-9 using the enzymes ELOVL6 and SCD1 (Delta-9-Desaturase) (Minville-Walz, Gresti, et 

al., 2012). Also shown in Figure 4 and the fatty acid synthesis pathway, are some of the many 

enzymes utilized in fatty acid elongation and desaturation with some enzymes showing a 

preference for certain fatty acids. For example, the enzyme FADS2 catalyses Δ4, Δ6 and Δ8 

desaturation introducing cis double bonds in the fatty acid chain in fatty acids such as C16:0, 

C18:2n-6, and C18:3n-3 but not C14:0 or C18:0 (Wang, Park, et al., 2020). When an excess 

amount of C16:0 occurs either through dietary ingestion or DNL, inhibited synthesis of highly 

unsaturated fatty acids EPA and DHA or AA from C18:2n-6 and C18:3n-3 is seen, indicating a 

preference of FADS2 for C16:0 (Park, Kothapalli, et al., 2016). For cholesterol synthesis, two 

molecules of acetyl-CoA (also from citrate by ATP citrate lyase) are condensed to yield 

acetoacetyl-CoA which is then condensed with another acetyl-CoA to yield 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA). The committed step in cholesterol synthesis is the reduction 

of cytosolic HMG-CoA to mevalonate. Fatty acid and cholesterol synthesis also requires 

NADPH and some of these are generated from cytosolic oxaloacetate via malate 

dehydrogenase and malic enzyme (Palmieri, 2004). Dysregulation of DNL contributes to 

diverse pathological conditions such as obesity, type 2 diabetes, and cardiovascular diseases 

(Ameer, Scandiuzzi, et al., 2014). 
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Figure 4. De novo lipogenesis and fatty acid synthesis pathway for saturated (SFA) monounsaturated (MUFA) and n-6 and n-3 polyunsaturated (PUFA) fatty acids; ACC—
acetyl CoA carboxylase; FADS1 —fatty acid desaturase 1, FADS2 — fatty acid desaturase 2, FASN—fatty acid synthase; ELOVL2—fatty acid elongase 2, ELOVL5—fatty acid 
elongase 5, ELOVL6 — fatty acid elongase 6, SCD1 — Stearoyl-CoA desaturase-1 (Adapted from Piccinin et al. 2019; Martin 2015). 
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1.9 Dietary Lipids 

Dietary lipids are utilized for energy or stored in the body, predominantly in adipose tissues with 

lipids primarily stored in the form of triglycerides/ triacylglycerols (TAG) composed of a glycerol 

molecule bound to three fatty acids (illustrated in Figure 1). They are transported around the body in 

the form of very low-density lipids (VLDL-TAG), cholesterol, cholesteryl esters and phospholipids and 

incorporated into cellular membranes in the form of phospholipids. Dietary sources of lipids, 

predominantly TAG, phospholipids (PPL), and cholesteryl esters (CE) are hydrolysed in the intestinal 

lumen by pancreatic lipase to form several lipid-based products including phosphatidylglycerols, 

monoacylglycerols (MAG), diacylglycerols (DAG), free fatty acids (FFAs), non-esterified cholesterol, 

and lysophospholipids (Bhutia and Ganapathy, 2021)and are structurally illustrated in Figure 1.  These 

products are emulsified by bile acids and are absorbed by enterocytes by diffusion (FFA) and protein-

mediated facilitated transport for larger lipid-based molecules. Cholesterol from the diet is absorbed 

by enterocytes by the Niemann-Pick C1-like 1 (NPC1L1) protein embedded in plasma membrane raft 

microdomains (Jia, Betters, et al., 2011). Within the enterocyte, MAG, non-esterified cholesterol, and 

lysophospholipids are re-esterified in the smooth endoplasmic reticulum to generate 

mostly triglycerides as well as smaller amounts of cholesteryl esters, and phospholipids. Some FAs 

are converted to acyl-CoA for β-oxidation to produce fuel for the enterocyte (Kohlmeier, 2015). FFA, 

TAG, CE, and PPL are packed into chylomicrons, secreted into the lymphatic system and then to 

plasma to be transported to peripheral tissues such as adipose tissue and muscle (Bhutia and 

Ganapathy, 2021; Stryer, Berg, et al., 2019). Lipoprotein lipase expressed on the luminal surfaces of 

capillary endothelial cells of peripheral tissues facilitates transported TAG breakdown and 

absorption. Any chylomicron remnants left in the plasma are transported to the liver taken up by 

receptor-mediated endocytosis and removed from circulation. Remaining FAs are released from the 

chylomicron during lysosomal processing of the particles (Hussain, 2014; Cohen and Fisher, 2013). 

The use of tissue fatty acid profiles and fatty acid metabolites are becoming more useful as 

biomarkers for the prediction and diagnosis of disease and its link to diet, including cardiometabolic 

disorders, hepatic and renal disorders and cognitive decline  (Cisbani and Bazinet, 2021; Parry, 

Rosqvist, et al., 2021; Song and Jensen, 2021; Koch, Furtado, et al., 2020; Lee, Lai, et al., 2020; Santos, 

Price, et al., 2020; Alonso, Noureddin, et al., 2019; De Aguilar, 2019; Marklund, Wu, et al., 2019; 

Pranger, Corpeleijn, et al., 2019; Leng, Winter, et al., 2017; Del Gobbo, Imamura, et al., 2016; 

Börgeson, Johnson, et al., 2015; Loomba, Quehenberger, et al., 2015; Malik, Chiuve, et al., 2015; Ni, 

Zhao, et al., 2015; Zarrouk, Riedinger, et al., 2015; Huang and Mahley, 2014; Neuman, Cohen, et al., 
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2014; Rauschert, Uhl, et al., 2014; Mozaffarian, Lemaitre, et al., 2013; Rönnemaa, Zethelius, et al., 

2012; Chajès, Jenab, et al., 2011; Astorg, Bertrais, et al., 2008; Sun, Ma, et al., 2007; Lemaitre, King, 

et al., 2003; Arab and Akbar, 2002; Baylin, Kabagambe, et al., 2002). For instance, n-3 fatty acids are 

associated with decreased risk of cardiovascular disease, while higher SFA and n-6 fatty acids are 

more positively associated with obesity and inflammatory markers.  

 

1.10 Triglycerides, diglycerides and monoglycerides 

MAG, DAG and TAG (illustrated in Figure 1) may be absorbed from dietary sources in the intestines 

or endogenously produced as previously described in section 1.09. The synthesis of TAG occurs either 

through the monoglyceride pathway or the glycerophosphate pathway. In a well-fed state, dietary 

MAG and FFA are converted to DAG by monoglyceride acyl transferases (MGATs). DAG are converted 

to TAG by diglyceride acyl transferases (DGATs) in the smooth ER of enterocytes. This process utilizes 

fatty acyl CoA derived from the breakdown of the dietary LCFA by Acyl CoA synthetase activity (See 

Figure 5) (Stryer, Berg, et al., 2019). In a fasting state, the glycerophosphate (G3P) pathway accounts 

for nearly 90% of all TAG synthesis and is utilized within the ER of the liver and adipose tissue (Alves-

Bezerra and Cohen, 2017). FA used in TAG synthesis in the liver come from both dietary and 

endogenous sources. Endogenous sources include DNL derived fatty acids and those stored in tissues, 

transported to the liver by the bloodstream (Hussain, 2014). Glycerol used as the backbone of TAG is 

catalysed by glycerol kinase to form glycerol-3-phosphate (G3P). In TAG synthesis, FA are activated 

by acyl-CoA synthetases to acyl-CoA and are esterified to G3P, catalysed by mitochondrial and 

microsomal G3P acyltransferase (GPAT) enzymes and is a rate limiting step in TAG synthesis. 

GPAT gene expression is under the influence of the transcription factor ChREBP (King, 2014). This 

reaction produces lysophosphatidic acid (LPA), a monoacylglycerol phosphate structure, which can 

be acylated in the ER membrane by the acylglycerol-3-phosphate acyltransferases (AGPAT) to form 

1,2-diacylglycerol phosphate otherwise known as phosphatidic acid (PA). PA produces cytidine 

diphosphate diacylglycerol (CDP-DG) and can either be dephosphorylated by lipin phosphatidate 

phosphohydrolase (PAP1) to form 1,2-DAG or be utilized as substrate for cardiolipins and 

glycerolphospholipids. DAG can then be acylated to TAG by DGAT catalysation (Stryer, Berg, et al., 

2019; Alves-Bezerra and Cohen, 2017; King, 2014). The formation of TAG for storage serves as a way 

of reducing the weight incurred by storing FA. When G3P is combined by esterification with 3 fatty 

acids to form TAG, the carboxyl end of a fatty acid chain (-COOH) is transferred to the hydroxyl group 
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(-OH) of glycerol-3-phosphate (G3P) by dehydration synthesis, a water molecule is released as a by-

product making the TAG molecule lighter (Stryer, Berg, et al., 2019). The majority of hepatic TAG and 

cholesteryl esters are secreted directed from the ER lipid bilayer into the bloodstream and 

transported to peripheral tissues, with TAG transported in the form of very low-density lipoprotein 

(VLDL-TAG), while a smaller quantity is stored in the liver localized to cytoplasmic lipid droplets (LDs) 

(Parry, Rosqvist, et al., 2021; Roumans, Sagarminaga, et al., 2021; Alves-Bezerra and Cohen, 2017; 

Martinez-Lopez and Singh, 2015; Bansal, Buring, et al., 2007; Barrows and Parks, 2006).  

TAG provides a neutral store of fatty acids in the body, predominantly stored in adipocytes that can 

later provide energy via β-oxidation. The breakdown of TAG both in liver, adipose tissues and other 

peripheral tissues produces DAG, MAG, FFA and glycerol molecules (Bhutia and Ganapathy, 2021; 

Alves-Bezerra and Cohen, 2017; Kohlmeier, 2015). During fasting states, plasma FA provides the main 

source of hepatic TAG. The daily rate of hepatic FA uptake and DNL is balanced by FA oxidation rates 

and the transportation of VLDL-TAG out of the liver, which results in less than 5% of steady state 

hepatic TAG  (Bhutia and Ganapathy, 2021; Alves-Bezerra and Cohen, 2017; Kohlmeier, 2015). As 

plasma insulin levels drop during fasting, in response to energy demand in peripheral tissues, 

adipocytes undergo lipolysis through the catecholaminergic stimulation of the β-adrenergic 

receptors. This triggers the release of FFA and glycerol from TAG stored in intracellular lipid droplets 

of the adipocyte which can either enter the plasma in the form of bound-albumin FA or be used 

locally for energy supply or ketone body production (Alves-Bezerra and Cohen, 2017; Samuel and 

Shulman, 2016). The Liver is supplied with FA either by DNL, internalization of chylomicron remnants, 

or FAs secreted into the plasma from adipocytes and transported to the liver. They are transported 

across the hepatocyte plasma membrane either by passive or flip-flop diffusion (Barile et al. 2016) if 

in an unbound LCFA state (Kamp and Hamilton, 2006; Massey, Bick, et al., 1997), or if bound to 

albumin, facilitated by a variety of plasma membrane-associated proteins including: plasma 

membrane FA-binding proteins (FABPs), FA transport proteins (FATPs), caveolin-1 (CAV-1), FA 

translocase (FAT)/CD36, and very long-chain acyl-CoA synthetases (ACSVL/ transport proteins) 

(Huang, Zhu, et al., 2021; Ma, Nenkov, et al., 2021; Amiri, Yousefnia, et al., 2018; Glatz and Luiken, 

2018; Schwenk, Holloway, et al., 2010; Hamilton, 2007). An excess of hepatic TAG accumulation is 

associated with obesity, T2-diabetes, dyslipidaemia, and IR and can result in chronic liver disease   

(Caussy, Aubin, et al., 2021; Birkenfeld and Shulman, 2014). 
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Figure 5. The synthesis of diacylglycerols, triacylglycerols and the phospholipids phosphatidylcholine and 
phosphatidylethanolamine through common shared pathways from the CoA-activated fatty acids and glycerol 3-
phosphate precursors (Figure from Gropper, Smith and Groff, 2009). 

 

1.11 Cholesterol, cholesteryl esters and bile acids 

Cholesterol is an essential component of mammalian cell membrane, contributing to structural 

integrity, fluidity, thickness, and function of cell membranes and helps regulate membrane trafficking 

and signalling (Giudetti, Romano, et al., 2016; Björkhem, Meaney, et al., 2004). It is distributed 

throughout the membrane, predominately localized in cholesterol-rich microdomains 

(Anagnostopoulou, Camargo, et al., 2020; Fridolfsson, Roth, et al., 2014). Of the total levels of 

cholesterol in the body, the brain accounts for nearly 25% of bodily cholesterol levels (Giudetti, 

Romano, et al., 2016; Björkhem, Meaney, et al., 2004). Cholesterol homeostasis must be tightly 

regulated by maintaining dietary cholesterol absorption and excretion in the gastrointestinal tract 

and ubiquitous de-novo cholesterol synthesis, predominantly occurring in the liver and the brain, but 

also in nucleated cells (Nemes, Åberg, et al., 2016). Due to the nature of the blood brain barrier (BBB), 

circulating cholesterol cannot cross the BBB. Levels of cholesterol in the brain which can be 



42 
 

synthesized in situ and accounts for 25% of total cholesterol found in the body must be tightly 

controlled through the conversion of cholesterol into its oxidized forms 24-S-hydroxycholesetrol (24-

OH-C) and 27-hydroxycholesterol (27-OHC). This allows these compounds to be imported into the 

brain across the BBB while 24S-HC can be exported (Giudetti, Romano, et al., 2016).   

The liver plays the main role in cholesterol biosynthesis, storage, and secretion. Cholesterol consists 

of a rigid planar tetracyclic ring with an angular methyl group on one side, an isooctyl chain attached 

to C17, and a small head group consisting of a β-hydroxyl group at C3 (Giudetti, Romano, et al., 2016). 

The form cholesterol, acetyl CoA undergoes a complex 37-step process described in further detail 

elsewhere (Craig, Yarrarapu, et al., 2021; Nemes, Åberg, et al., 2016; Goldstein and Brown, 2015). To 

briefly summarize, the expression of genes for enzymes required in the synthesis of cholesterol are 

upregulated by sterol regulatory element-binding protein isoform 2 (SREBP-2), an ER membrane-

bound transcription factor that also acts as a sterol sensor. Upon the depletion of cellular cholesterol, 

cleavage-activating protein (SCAP), a crucial ER membrane molecule, escorts SREBP-2 from the ER to 

the golgi apparatus, where it is cleaved by two proteases and is translocated to the nucleus, activating 

the transcription of cholesterol synthesis and Low-density lipoprotein receptor (LDLR) expression. 

Intracellular cholesterol levels are tightly controlled by the interaction of the cholesterol, the SCAP-

SREBP complex with insulin induced gene 2 (INSIG-2), LDLR and intracellularly cholesterol levels 

(Islam, Hlushchenko, et al., 2022; Craig, Yarrarapu, et al., 2021; Nemes, Åberg, et al., 2016; 

Radhakrishnan, Goldstein, et al., 2008). When excess cholesterol is present, cholesterol synthesis is 

blocked by the SCAP-SREBP complex binding to the ER protein INSIG-2, resulting in SREBP-2 retention 

in the ER. LDLR expression is reduced lowering LDL/Cholesterol uptake. LDLR is a cell surface protein 

that binds to and mitigates endocytosis of VLDL/cholesterol into the cell. Endocytosed cholesterol is 

released by lysosomes and acts as a repressor of 3-hydroxy-3-methyl-glutaryl CoA reductase (Islam, 

Hlushchenko and Pfisterer, 2022). Both the enzymes 3-hydroxy-3-methyl-glutaryl CoA reductase and 

squalene monooxygenase act as rate-limiting factors in the cholesterol synthesis pathway  (Craig, 

Yarrarapu, et al., 2021; Nemes, Åberg, et al., 2016). In hepatocytes, highly insoluble cholesterol is 

excreted into circulation in several ways; transformed into bile acids, excreted as neutral sterols 

within bile via biliary excretion, esterified into cholesteryl esters or converted to VLDL. While free 

cholesterol may be taken up by lipoproteins, it is confined to the outer surface of the lipoprotein 

particle. By converting cholesterol to cholesteryl esters which are much more hydrophobic it allows 

for higher partitioning of cholesterol into the hydrophobic inner core of lipoproteins, increasing the 

carrying capacity of the lipoproteins and facilitating more efficient cholesterol transport through the 
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blood stream (Freeman and Remaley, 2016; Chien, 2004). Dietary cholesterol absorbed by 

enterocytes is esterified by Sterol O-acyltransferase (SOAT2) in intestines and liver utilizing acyl-CoA 

as a source of acyl chains. The gradient of free cholesterol between lipoproteins and cell membranes 

is maintained by lecithin-cholesterol acyltransferase (LCAT) which produced by the liver and found 

abundantly in plasma HDL particles. LCAT utilizes phosphatidylcholine (PC) as a source of acyl chains 

to form CE. LCAT associates preferentially with the HDL lipoprotein and catalyses the transfer of 

the sn-2 fatty acid of PC to cholesterol to produce CE and lysophosphatidylcholine (LPC) (Nakamura, 

Kotite, et al., 2004). Formed CE is then relocated from the surface of the HDL particle to the core 

facilitating the further uptake of cholesterol to the surface of the HDL particle (Feingold and Grunfeld, 

2021). VLDL in the liver is assembled from cholesterol, cholesteryl esters (CE), TAG, PPL, and the 

lipoprotein apolipoprotein B-100 (apo B-100). VLDL-TAG may be further modified to intermediate-

density lipoproteins (IDLs) and low-density lipoproteins (LDLs), by lipoprotein lipase and hepatic 

lipase, and transported to peripheral tissues (Craig, Yarrarapu, et al., 2021; Nemes, Åberg, et al., 

2016; Hussain, 2014). In the reverse, cholesterol transport from peripheral tissues is mediated by 

high density lipoproteins (HDL), where cholesterol-poor pre-β HDL particles absorb free cholesterol 

via ABCA1 from peripheral tissues via cholesterol efflux regulatory protein (CERP) (also known as 

ABCA1). CE can be sequestered into HDL particle, partitioning into the bilayer midplane of the HDL 

particle which enlarges and matures into a spherical shape by progressive lipidation, where it is 

transported back to the liver (Nemes, Åberg, et al., 2016; Hussain, 2014). CE can then be exchanged 

for TAG or other lipoproteins for recirculation (Nakamura, Kotite, et al., 2004). HDL spheres returning 

to the liver release transported CE either by the action of hepatic scavenger receptor B1, or by LDL 

receptors in the liver after HDL-CE is transferred to apo B-100-containing proteins (Nemes, Åberg, et 

al., 2016; Hussain, 2014). 

Cholesterol is also converted to bile acids (BA) by both the classical pathway and alternative pathway 

and make up approximately 60-80% of bile solution (Craig, Yarrarapu, et al., 2021). Primary BA are 

initially synthesised from cytochrome P450-mediated oxidation of cholesterol by hepatocytes and 

may be conjugated to at the carboxyl group glycine or taurine in the liver before secretion in the GI 

tract. Primary BA are or further hydrolysed to secondary BA in the lower gastrointestinal tract by 

commensal bacteria. Levels of BA are subject to age and diet, but of the 17 enzymes involved in BA 

synthesis 7α-hydroxylase (CYP7A1) activity and the 12-hydroxylation of the steroid ring by CYP8B1 

are rate limiting, controlling levels of BA synthesised (Ridlon, Kang, et al., 2006). The enzymes 

CYP27A1, CYP7B1, and CYP46A1 are also found in the brain and facilitate brain cholesterol 
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homeostasis by converting cholesterol to the oxysterols 24- and 27-hydroxycholesterol (24S-HC and 

27-OHC respectively) allowing them to be exported out of the brain across the blood brain barrier 

(Björkhem, Leoni, et al., 2010; Björkhem, 2006). BA are amphiphilic structures with their 

hydrophobicity and solubility dependent on the presence, absence, or alterations of hydroxyl groups 

along the steroid backbone (Vallim, Tarling, et al., 2013). BA act both as biological detergents creating 

a micellar surfactant interface between ingested dietary lipids and pancreatic enzymes such as lipases 

aiding fat metabolism and vitamin absorption as well as cell signalling actions including Farnesoid X 

receptor (FXR) and cell surface transmembrane G protein-coupled receptor (TGR5 /GPBAR1) 

(Kiriyama and Nochi, 2021; Zhou and Hylemon, 2014; Vallim, Tarling, et al., 2013). In their role as 

biological detergents used to solubilize dietary fats, BA are excreted from the liver and may be stored 

in the gallbladder. In response to dietary fat ingestion BA are released after stimulation by 

cholecystokinin (CCK) that promotes smooth muscle contraction in the gallbladder and the relaxation 

of the sphincter of Oddi allowing bile to enter the duodenum (Ridlon, Kang, et al., 2014). The major 

bile acids are cholic acid (CA), chenodeoxycholic acid (CDCA), and deoxycholic acid (DCA) account for 

more than 90% of the total BA pool size and averages 40 μmoL·kg body wt−1 in healthy subjects 

(Stellaard and Lütjohann, 2021) and is recycled between 4-12 times per day (Stellaard and Lütjohann, 

2021; Chiang and Ferrell, 2018). This is achieved by numerous rounds of BA recycling via 

enterohepatic circulation, allowing for almost 90% of secreted bile acids to be absorbed via the apical 

sodium-dependent bile transporter (ASBP) and the cytosolic ileal bile acid binding protein (IBABP 

fatty acid-binding protein subclass 6/FABP6) (Ridlon, Kang, et al., 2014). The remaining 10% of BA 

continues to the colon where they may be further microbially modified and either passively re-

absorbed back into circulation or excreted through the faeces (Ridlon, Kang, et al., 2006). Excess 

levels of bile acids may be toxic particularly to enterocytes and may promote small intestinal bacterial 

overgrowth (SIBO) (Zhou and Hylemon, 2014). 

 

1.12 Glycerophospholipids 

Glycerophospholipids (PPL) are composed of a glycerol backbone esterified to 2 fatty acids with a 

phosphate esterified to the sn-3 position esterified together by an alcohol group making the polar 

head phosphate group. PPL are hydrophilic at the negatively charged polar “head”, and hydrophobic 

at the fatty acid “tail”. Owing to their amphiphilic nature, when packaged together, PPL form the bulk 

of lipid bilayers, with oppositely oriented phospholipid molecules creating a hydrophobic inner core 
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of fatty acids, and hydrophilic exterior of phosphate heads, creating a sealed “envelope” around a 

cell. Of the fatty acids, for many phospholipids, one fatty acid may be saturated, while the other 

carries a double bond, allowing for fluidity when packaged together, affecting the fluidity of the 

membrane (Alberts, Johnson, et al., 2002) as discussed earlier under fatty acids. The incorporation of 

ω–3 fatty acids into phospholipids such as EPA and DHA, mostly occurs in the sn–2 position of the 

phospholipid and changes the organization and size of lipid rafts (de Santis, Varela, et al., 2018; Hou, 

McMurray, et al., 2016; Schumann, 2016).  

PPL make up approximately 50 per cent of cellular membrane. Glycolipids, cholesterol, and 

intercalated transmembrane proteins embedded in the bilayer structure account for the rest. In 

mammalian cells, the major PPL are phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), phosphatidylinositol (PI), and sphingomyelin (SG) (illustrated in Figure 1)  

(Stryer, Berg, et al., 2019). Cell membrane function is influenced by the fluidity and stability of the 

cell membrane, which is dependent of the type of fatty acids incorporated into the phospholipid 

structure, and the amount of cholesterol-rich microdomains. The membrane serves as a barrier and 

facilitator of ionic exchange and molecular transport in and out of the cell (Hulbert, Pamplona, et al., 

2007; Hulbert, Turner, et al., 2005).  If the membrane is rich in saturated fatty acid, the bilayer will 

become a more rigid gel-like structure, while a membrane rich in cis-unsaturated fatty acids will be 

more flexible. As an example, if phosphatidylcholine contains C18:0 acyl-chain in both the sn-1 and 

sn-2 position its melting point will be ~55 °C, which at body temperature would give it a solid rigid 

structure. If, however, the PUFA C18:2n-6 were instead attached at the sn-2 position, the 

phospholipid will now have a liquid crystalline state until ~15 °C, making it fluid at body temperature 

(Kahle, Schäfer, et al., 2015; Lee, 1991).  

The Unsaturation index (UI) is a measure of unsaturation that describes the fluidity of a biological 

membrane. It is useful in interpreting membrane and tissue fatty acid composition, fluidity, and basal 

metabolic rate (Weijers, 2012, 2015, 2016a; 2016b).  Fatty acids can alter the physiochemical 

properties of cell membrane permeability by influencing cellular channels and G protein-coupled 

receptors (GPCRs) (Hussey, Lindley, et al., 2017; Endo and Arita, 2016). As discussed, under 

cholesterol (Section 1.11), phospholipid membrane microdomains / lipid rafts are rich 

in cholesterol and sphingolipids. Lipid rafts enhance the permeability of the lipid bilayer and may 

regulate membrane bioactivity by facilitating protein interactions. Lipid rafts can concentrate 

proteins for transport in small vesicles or enable the proteins to function together such as GPCRs and 

transporters enabling the conversion of signals from extracellular to intracellular (Grouleff, Irudayam, 
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et al., 2015; Simons and Sampaio, 2011; Alberts, Johnson, et al., 2002).Furthermore caveolae, which 

are formed from cholesterol, glycosphingolipids and proteins aided by CAV1 and CAV2 in a highly 

cholesterol‐dependant process, act as distinct lipid‐dense domains in the plasma membrane 

facilitating membrane transport including GLUT4 translocation and receptor signalling such as insulin 

(Haczeyni, Bell-Anderson, et al., 2018).  CAV1 is shown to be regulated by cholesterol, androgen and 

oestrogen (Haczeyni, Bell-Anderson, et al., 2018; Breen, Camps, et al., 2012). The orientation of the 

cholesterol hydroxyl groups to the PPL head group, allows for partial immobilization of the bilayer, 

and decreases the permeability of the bilayer to small water-soluble molecules (Simons and Sampaio, 

2011; Alberts, Johnson, et al., 2002). Membrane proteins and the lipids have bilateral compositional 

asymmetry. Certain phospholipids favour the inner leaflet such as PE, PE and PS and tend to be richer 

in PUFA and lower in SFA while PC and SG favour the outer leaflet and tend to be richer in SFA and 

lower in PUFA (Lorent, Levental, et al., 2020; van IJzendoorn, Agnetti, et al., 2020; Rivel, Ramseyer, 

et al., 2019; Simons and Sampaio, 2011; van Meer, 2011). Phospholipid unsaturation is similarly 

asymmetric, with a two-fold higher distribution of unsaturated fatty acids found in the cytoplasmic 

leaflet compared to the exoplasmic leaflet (Lorent, Levental, et al., 2020). 

The “triple cell membrane synergy” theory suggests that membrane phospholipids are protected 

from OS and lipid oxidation and peroxidation by protective antioxidants (Jové, Mota-Martorell, et al., 

2020; Pamplona, Barja, et al., 2002). Cell membranes that undergo high and rapid activity such as 

axons, require a high membrane fluidity from DHA with the brain containing the highest levels of 

DHA and Na+/K+-ATPase. DHA incorporated into complexes with more phosphatidylethanolamine 

than phosphatidylcholine, is associated with increased protein kinase C (PKC) activity (Stillwell and 

Wassall, 2003). DHA levels in the membrane influences Na+-K+-ATPase pump with higher pump 

activity correlated with DHA levels, particularly in organs with high energy needs, such as in the heart 

and kidneys (Turner, Else, et al., 2003). Conversely, the ‘membrane pacemaker’ hypothesis of 

metabolism, proposes that the FA composition of membranes, influences the peroxidation of lipids 

and if the membrane contains large amounts of unsaturated PUFA, this may lead to vulnerability and 

susceptibility to oxidative damage and decreasing longevity due to an increase in cellular metabolic 

rate (Hulbert, 2010).  

The fluidity and flexibility of the cell membrane depends on the lipid types incorporated into the 

membrane structure; increased fluidity from incorporated unsaturated fatty acids (UFA) and 

decreased fluidity from incorporated SFA and cholesterol (Pilon, 2016). Consequently, a HFD rich in 

SFA may not only contribute to increased enlargement of fat depots but may also modulate tissue 
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and cell membrane lipid signatures. Altered membrane fluidity may also contribute to altered protein 

enrichment and localisation throughout the membrane, potentially affecting cellular function (Van 

Meer and de Kroon, 2011; Hulbert, Turner, et al., 2005). One pertinent example of this is the 

association of decreased membrane fluidity with impaired insulin signalling and glucose uptake due 

to impaired insulin receptors and disrupted dispersion of GLUT4 glucose transporters respectively, 

throughout the cell membrane. This in turn may contribute to IR and the development of metabolic 

syndrome and diabetes, both co-morbidities of obesity (Pilon, 2016).  

1.13 Microbiome and fatty acid synthesis  

Along with the interplay of the gut microbiome and bile acid regulation, the microbiome also acts as 

a control of energy homeostasis and is strongly modulated by the diet. It has been reported that a 

high SFA, low fibre diet is associated with a greater abundance of Anaerotruncus bacteria, along with 

Lachnospiraceae Flavonifractor, Camplyobacter, Erysipelotrichacea and Eisenbergiella associated 

with an increased disease risk particularly related to obesity and pro-inflammatory disease (Bailén, 

Bressa, et al., 2020). In obesity, an increased ratio of Firmicutes/Bacteroidetes ratio has been 

observed (Crovesy, Masterson, et al., 2020). Similarly, a HFD has also been shown to module the 

composition and ratios of gastrointestinal microbiota, including an increased 

Firmicutes/Bacteroidetes ratio (Heiss, Mannerås-Holm, et al., 2021; Gomes, Hoffmann, et al., 2018) 

HFD has been shown to reduce microbial richness, while increasing Gram-negative bacteria that 

promote intestinal permeability and act as a source of lipopolysaccharide (LPS) that contributes to 

systemic inflammation and progression of metabolic diseases (Nakamura, 2012). These microbiota 

alterations affect gut-derived hormone levels impairing appetite regulation, enhance dietary energy 

harvest, increase intestinal permeability and lipopolysaccharides (LPS) circulating levels (Crovesy, 

Masterson, et al., 2020; Gomes, Hoffmann, et al., 2018; Nagpal, Newman, et al., 2018; Trøseid, 

Nestvold, et al., 2013; Turnbaugh, Ley, et al., 2006). Firmicutes have a greater propensity for dietary 

carbohydrates (CHO) fermenting them into short chain fatty acids (SCFA’s). A higher 

Firmicutes/Bacteroidetes ratio seen in high-fat diet may therefore contribute up to an additional 10% 

overall energy intake in the form of microbiota-derived SCFA’s (Ibrahim, Anishetty, et al., 2012). This 

may affect the expression of appetite-regulating hormone secretion, such as glucagon (Gcg) 

expression and GLP-1, PYY, and leptin levels (Gomes, Hoffmann, et al., 2018; Nagpal, Newman, et al., 

2018) in response to intestinal energy availability (Tan, McKenzie, et al., 2014).  
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Chronic levels of SCFA can lead to adverse effects and resistance to the anorexigenic hormones 

(Glucagon-like peptide (GLP-1), gut-hormone peptide (PYY), and leptin) effecting satiety and energy 

expenditure and a proclivity towards energy accumulation (Gomes, Hoffmann, et al., 2018; Nagpal, 

Newman, et al., 2018). A greater propensity for higher SCFA’s in circulating plasma are reported to 

correspond to obesity-related gut microbiota communities that favour a higher 

Firmicutes to Bacteroidetes ratio (F/B) (Sonnenburg and Bäckhed, 2016; Turnbaugh, Ley, et al., 2006). 

Excess SCFA’s from the intestines are transported to the liver, converted to acetyl-CoA and propionyl-

CoA and are fed into the tricarboxylic acid cycle for DNL and gluconeogenesis (Solinas, Borén, et al., 

2015). GbE supplementation also showed to improve insulin signalling/sensitivity in white adipose 

tissue and gastrocnemius muscle which is discussed in more detail further on (Hirata, Cruz et al., 

2019, Hirata, Pedroso et al., 2019, Hirata et al., 2015, Banin et al., 2014). Owing to the reduced food 

intake associated with GbE supplementation, a pair-fed control group was also included for the 

microbiota study to account for caloric restriction. This group showed a similar microbiota phylum 

profile to that of the HFD only group, indicating that the quantity of SFA ingested may not account 

for the overall effect on the microbiota profiles. Interestingly, in a study by Heiss and colleagues, HFD-

fed germ-free mice were protected from HFD-induced obesity hypothalamic inflammation and leptin 

resistance normally seen with an HFD. This was attributed to reduced fermentation and SCFA energy 

absorption from the intestine via a GLP-1 receptor-dependent mechanism (Heiss, Mannerås-Holm, 

et al., 2021). Similarly, work by Wichmann and colleagues found that SCFA deficiency in germ-free 

mice increased glucagon (Gcg) expression and plasma GLP-1 levels, which was reversed by 

supplementing with SCFA or a HFD (Heiss, Mannerås-Holm, et al., 2021; Wichmann, Allahyar, et al., 

2013). It also showed that GF-mice exhibit enhanced leptin sensitivity, independent of body weight 

and circulating leptin levels.  

1.14 Obesity and adipocyte function 

Levels of fat in westernised diet has led to higher caloric intake and increased levels of saturated fat 

(EFSA Panel on Dietetic Products and Allergies, 2010). A review of 28 clinical trials reported that there 

was a positive correlation with overweight and obesity and the proportion of fat-derived energy 

intake (Bray and Popkin, 1998). Obesity has a deleterious effect on metabolism and causes changes 

in adipose tissue physiology including adipocyte hypertrophy followed by hyperplasia caused by 

prolonged hypertrophy. Accompanying hypertrophy and hyperplasia is an increase in inflammatory 

immune cell infiltration and altered adipokine secretion (Chait and den Hartigh, 2020). Higher 
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incidences of metabolic disorders associated with obesity include IR (a major co-morbidity), 

metabolic syndrome, type II diabetes and atherogenic dyslipidaemia (Abdullah, Peeters, et al., 2010; 

Salamone and Bugianesi, 2010) and an increased risk ratio of developing dementia in later years 

(Pugazhenthi, Qin, et al., 2017).  

Adipose tissue is classified into brown (BAT), beige and white (WAT), or with each possessing a 

different morphology. Brown adipose tissue is predominantly found in rodents but also in humans, 

particularly infants (Samuelson and Vidal-Puig, 2020; Carpentier, Blondin, et al., 2018; Chusyd, Wang, 

et al., 2016; Cypess, Weiner, et al., 2015) and accounts for up to 2% of adipose tissue in humans 

(Cypess, Lehman, et al., 2009). BAT gets its name from the high mitochondrion content and dense 

vascularization that appears brown when compared to WAT (Kwok, Lam, et al., 2016). BAT functions 

to produce and dissipate heat derived from lipolysis through the activity of the uncoupled protein 1 

(UCP-1) located in the inner membrane of the mitochondria (Carpentier, Blondin, et al., 2018; Cypess, 

Lehman, et al., 2009). Beige adipose tissue, a more recent addition to adipose tissue family, is where 

BAT tissue is found within WAT tissue (Shao, Wang, et al., 2019; Harms and Seale, 2013; Sharp, 

Shinoda, et al., 2012). WAT is confined to defined depot and subdivided into either subcutaneous 

(SAT), visceral (VAT) or ectopic.  SAT is located under the skin, VAT located intra-abdominally, lining 

internal organs, and ectopic sequestered into locations not classically associated with adipose tissue 

storage. Tissues that produce WAT depots include the liver, the heart and pericardium, vascular 

tissue, omentum, mesentery, retroperitoneum, and epididymis (Chait and den Hartigh, 2020). 

Around 85% of WAT is subcutaneous and plays a major role in lipid storage in the form of TAG and 

supply of fatty acids to other tissues (Frayn and Karpe, 2013). Visceral WAT is confined predominantly 

to the mesentery, retroperitoneum and omentum and drains directly to the liver via portal circulation 

(Mittal, 2019). In body fat distribution from puberty, males tend to have more VAT, while females 

tend to have more SAT pre-menopause, while VAT may increase post-menopause (Chang, Varghese, 

et al., 2018) with a strong genetic link to WAT distribution with a high degree of sex-heterogeneity 

which is stronger in females (Rask-Andersen, Karlsson, et al., 2019). 

Within adipose tissue, adipocytes make up around one third of all cells, with the rest of the tissue 

consisting of fibroblasts, endothelial cells, macrophages, stromal cells, immune cells, and pre-

adipocytes (Chait and den Hartigh, 2020). Adipocytes are metabolic cells that aid whole-body energy 

homeostasis. In the postprandial phase, under the influence of insulin they store excess energy in the 

form of TAG. In times of need through hormonal signalling catecholamines trigger the breakdown of 

TAG resulting in lipolysis to glycerol and FA to provide energy substrate to the rest of the body 
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including muscle tissue, the brain, liver, kidneys, and heart (Vegiopoulos, Rohm, et al., 2017). As such 

TAG are in a state of flux between storage and utilisation. Adipocytes respond to changes in the 

nutritional state, undergoing remodelling as necessary (Choe, Huh, et al., 2016).  

Obesity occurs when energy intake exceeds energy expenditure. Although adipocyte numbers are 

largely determined during childhood and tightly regulated in adults (Spalding, Arner, et al., 2008), in 

times of excess energy intake, adipocytes continue to expand in size through hypertrophy to 

accommodate additional TAG molecules. Hypertrophic cells secrete adipokines that recruit adipose 

progenitor cells (pre-adipocytes) that mature into adipocytes, increasing the number of adipocytes 

available for TAG storage (hyperplasia) (Pyrina, Chung, et al., 2020). If adipose tissue expansion 

becomes chronic, due to the limitation of hypertrophy and hyperphasia, changes in the quantity and 

quality of adipose tissue-resident cells may also occur, such as increased macrophage influx in 

response to IR as well as ectopic depositions of TAG into other tissues including visceral depots (Chait 

and den Hartigh, 2020; Alves-Bezerra and Cohen, 2017; Choe, Huh, et al., 2016).  

IR caused in overloaded or dysfunctional adipocytes in WAT leads to lipolysis and fatty acid 

mobilisation, continually releasing free fatty acids into circulation that bind to Toll-like receptors, 

further contributing to inflammation, dyslipidemia, and atherosclerosis (Koenen, Hill, et al., 2021; 

Lopes, Corrêa-Giannella, et al., 2016). Chronic low-level inflammation resulting from IR is associated 

with the activation of key signal transducers such as tumour necrosis factor-alpha (TNF-a), IjB kinase 

β (IKKβ) and c-Jun N-terminal kinase (JNK) (Lackey and Olefsky, 2016). This contrasts with 

metabolically healthy obesity (MHO) where people accumulate mostly subcutaneous depots, that is 

not accompanied with the same metabolic changes seen in metabolically unhealthy obesity (MUO), 

such as IR, inflammation, and hypertension (Barrea, Muscogiuri, et al., 2021; Iacobini, Pugliese, et al., 

2019; Liu, Wang, et al., 2019). Under normal circumstances, in the excess of energy intake, pancreatic 

insulin promotes DNL and the uptake and storage of excess glucose and TAG into the adipocyte lipid 

droplet, with secretion of TAG from functional adipocytes controlled by adipokines and lipokines 

(Vegiopoulos, Rohm, et al., 2017). The secretion of adipokines varies depending on adipose tissues 

depots and adipocyte energy status. Adipokines FA oxidation and DNL as well as gluconeogenesis, 

glucose uptake, insulin signalling, and energy expenditure in the liver, brain, and skeletal muscle 

(Chait and den Hartigh, 2020). Metabolic changes in overloaded or dysfunctional adipocytes are 

associated with IR-related lipolysis and mobilisation of FA as well as the generation of lipotoxic DAG 

and ceramides (illustrated in Figure 1) and adverse adipokine profiles, low adiponectin, and high 
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leptin levels. Adverse adipokine levels secreted from adipose tissue, further contribute to systemic 

metabolic deterioration, affecting the liver, muscle, and brain (Vegiopoulos, Rohm, et al., 2017).  

Adiponectin is a systemic insulin sensitizing hormone and helps regulate lipid and glucose and lipid 

metabolism in adipocytes and other tissues such as the liver muscle and the pancreas. Adiponectin 

functions through two receptors, ADIPOR1 and ADIPOR2 facilitated by the docking of the adaptor 

protein (APPL1), highly expressed in adipose tissues, liver, and skeletal muscle. Signalling is mediated 

through peroxisome proliferator-activated receptors (PPAR) discussed in more detail later. 

Adiponectin increases hepatic fatty acid oxidation while decreasing hepatic gluconeogenesis and 

increases fatty acid oxidation and glucose uptake in skeletal muscle and WAT (Wang and Scherer, 

2016). Adiponectin is also associated with anti-inflammatory properties in WAT, the pancreas and 

immune cells such as; regulating anti-inflammatory IL-10 production in macrophages; inhibiting 

tumour necrosis factor-α (TNF-α) induced NF-κB pathways and monocyte adhesion in endothelial 

cells; inhibiting IL-2-induced Nuclear Factor Kappa Beta (NF-κB) activation in natural killer cells; and 

inhibiting the production of ROS in neutrophils (Qiu, Wu, et al., 2021; Esmaili, Hemmati, et al., 2018; 

Kyriazi, Tsiotra, et al., 2011; Robinson, Prins, et al., 2011). Furthermore, adiponectin suppresses 

lipopolysaccharidase (LPS)-induced NF-κB activation in adipocytes and reduces the levels of lipotoxic 

ceramides and DAG levels in both WAT and B cells of the pancreas (Ye, Wang, et al., 2015; Robinson, 

Prins, et al., 2011; Ajuwon and Spurlock, 2005). Work by Bueno and colleagues have found that 

adiponectin gene expression was lowered in retroperitoneal WAT of mice fed a HFD enriched with 

either soybean oil, fish oil, coconut oil, or lard. Similarly, they also found that adiponectin expression 

was lowered in epididymal WAT of rats fed a HFD enriched with soybean or coconut oil. Adiponectin 

levels were also found to be lowered in 3T3-L1 cells treated with palmitic, LA, EPA, and DHA acids. 

Together this study indicated that the intake of certain fatty acids may affect adiponectin gene 

expression let specific (Bueno, Oyama, et al., 2008).  

Adiponectin expression and circulating levels are inversely proportional to adiposity levels. Increased 

visceral fat in overweight and obese subjects is associated with decreased total adiponectin levels, 

while weight loss is associated with improved adiponectin levels and significantly reduced 

inflammation (Gariballa, Alkaabi, et al., 2019; Kishida, Kim, et al., 2011). In dysfunctional adipocytes, 

adipose triglyceride lipase (ATGL/Pnpla2) increases the conversion of TAG to DAG. DAG activates 

protein kinase C which phosphorylates serine residues on insulin receptor substrate (IRS), thus 

inhibiting insulin Phosphatidylinositol 3-Kinase (PI3K)- Protein Kinase B (PKB/Akt) signalling. When IR 

occurs, both monoglyceride lipase (MGL/Mgll) and hormone-sensitive lipase (HSL), normally 
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negatively regulated by insulin, promoting the conversion DAG to fatty acids, which are further 

converted to ceramides. Ceramides belong to the lipid class of sphingolipids and blocks insulin 

signalling by activating protein phosphatase 2A which in turn dephosphorylates Akt which in turn 

affects insulin signalling (Wali, Jarzebska, et al., 2020). The increase in ceramides is directly linked to 

decreased adiponectin levels which mediates the activation of the adenosine monophosphate-

activated protein kinase (AMPK) and promotes ceramide degradation responsible for the reduction 

of ceramide levels downstream of the AdipoR1 and AdipoR2 transmembrane adiponectin receptors 

(Sharma and Holland, 2017). Excess lipids that circulate along with lipid metabolites affect insulin 

sensitivity and glucose processing in the liver, reduce glucose uptake in muscle, and contribute to 

impaired glucose tolerance and T2DM (Vegiopoulos, Rohm, et al., 2017; Samuel and Shulman, 2012). 

An increase in fatty acids mobilized from adipocytes also contributes to increased gluconeogenesis 

in the liver, which has been shown to be regulated more by adipocyte lipogenesis and FA transport 

to the liver where it is converted to acetyl-CoA, rather than by liver insulin levels (Titchenell, Quinn, 

et al., 2016; Perry, Camporez, et al., 2015). Interestingly, the fatty acid palmitoleate (C16:1) and 

palmitic acid-hydroxy-stearic acid (illustrated in Figure 1) which derive from adipocyte DNL, are 

associated with anti-diabetic and anti-inflammatory effects, and can improve systemic glucose 

metabolism. Their levels have been reported to be reduced in both serum and adipose tissue of high 

fat diet (HFD)-fed mice (Kellerer, Kleigrewe, et al., 2021; Hammarstedt, Syed, et al., 2018; Syed, Lee, 

et al., 2018). 

The endocrine adipokine Leptin encoded by the obesity (ob) gene is expressed by adipocytes and 

regulates body weight by mediating food intake regulation and energy expenditure in the central 

nervous system (CNS). As adipocyte volume increases, leptin levels also increase. Leptin binds to the 

transmembrane leptin receptor (LEP-R) (a cognate receptor) and through a negative feedback loop 

between adipose tissue and the hypothalamus, inhibits the synthesis and release of neuropeptide Y/ 

agouti-related protein (NPY/AgRP) in the arcuate nucleus (ARC) (Stephens, Basinski, et al., 1995) and 

the dorsomedial hypothalamic nucleus (DMH) (Fei, Okano, et al., 1997). Leptin receptor long isoform 

(LEP-Rb) inhibits the expression of NPY/AgRP an appetite stimulating protein. LEP-Rb also stimulate 

the expression of neuropeptide proopiomelanocortin (POMC), an appetite suppressing protein 

(Fruhwürth, Vogel, et al., 2018), which stimulates the expression of alpha-melanocyte-stimulating 

hormone (α-MSH) which binds to the melanocortin receptor (MCR) (Münzberg, Flier, et al., 2004; 

Cowley, et Al., et al., 2001; Elias, Aschkenasi, et al., 1999). This leads to appetite-suppression, 

inhibiting food intake and increasing energy expenditure (Obradovic, Sudar-Milovanovic, et al., 2021; 
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Papathanasiou, Nolen-Doerr, et al., 2019; Stern, Rutkowski, et al., 2016; Park and Ahima, 2015). 

Leptin, together with hormones ghrelin and insulin induce acute responses in the melanocortin 

system of the hypothalamus in an opposing manner (Dietrich and Horvath, 2013). While Leptin 

enhances anorexigenic POMC/α-MSH-expressing neuronal firing and decreases orexigenic NPY/AgRP 

neuronal firing (Izquierdo, Crujeiras, et al., 2019; Moult and Harvey, 2011). The stomach-derived 

hormone ghrelin enhances NPY/AgRP neuronal firing and decreases POMC cell firing (Lin, Hasegawa, 

et al., 2016; Ueberberg, Unger, et al., 2009; Kojima and Kangawa, 2005; Gauna, Meyler, et al., 2004; 

Kojima, Hosoda, et al., 1999). The insulin derived from the pancreas also affects ARC neuronal firing 

and has been shown to disrupt leptin mediated neuronal control (Nazarians-Armavil, Menchella, et 

al., 2013) while ghrelin has been shown to improve insulin sensitivity as well as neurogenesis (Chung, 

Li, et al., 2013; Li, Chung, et al., 2013; Gauna, Meyler, et al., 2004). Leptin works predominantly by 

inducing the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway (JAK-

STAT3) pathway (Guo, Jiang, et al., 2008). Insulin predominantly induces the Phosphatidylinositol 3-

Kinase-AKT (PI3K–Akt) pathway (Hoy, Brandon, et al., 2009; Liu, Hong, et al., 2009; Vestergaard, 

Gormsen, et al., 2008), while ghrelin induces JAK2/STAT3, PI3K–Akt and extracellular signal-regulated 

kinases (ERK1/2) pathways (Eid, Alkhateeb, et al., 2018; Chung, Li, et al., 2013; Li, Chung, et al., 2013; 

Chung, Seo, et al., 2008). Leptin also modulates lipid metabolism and lipolysis, proinflammatory 

immune responses and insulin sensitivity in several tissues (Stern, Rutkowski, et al., 2016; Farr, 

Gavrieli, et al., 2015). Circulating leptin serum levels strongly correlating to adiposity and body fat 

percentage. In a fasting state, plasma leptin levels decrease, promoting food intake, with feeding and 

overfeeding increasing ob gene expression and leptin levels (Kolaczynski, Considine, et al., 1996; de 

Vos, Saladin, et al., 1995). Leptin secretion displays a pulsatile-like circadian rhythm, with levels 

highest at midnight, and lowest in mid-afternoon, with a higher pulse amplitude in obesity where fat 

mass acts as an amplifier for leptin secretion (Koutkia, Canavan, et al., 2003; Licinio, Negrão, et al., 

1998; Licinio, Mantzoros, et al., 1997). Leptin resistance occurs due to defects in the leptin pathway 

including disruptions to leptin synthesis targeting cells, decreased LEP-R expression, and signalling 

(Izquierdo, Crujeiras, et al., 2019). For example, decreased transport of leptin through LEP-R across 

the BBB has been reported, with excessive serum leptin levels contributing to decreased BBB 

permeability (di Spiezio, Sandin, et al., 2018; Haddad-Tóvolli, Dragano, et al., 2017; Burguera, Couce, 

et al., 2000). This in turn affects hypothalamic control of satiety and appetite suppression, leading to 

excessive food intake and increase body weight, leading to obesity. Leptin levels have been found to 

be elevated in obesity without the proactive effects attributed to leptin on energy homeostasis 
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(Enriori, Evans, et al., 2007; Münzberg, Flier, et al., 2004; Heymsfield, Greenberg, et al., 1999), with 

women more susceptible to resistance than men (Licinio, Mantzoros, et al., 1997). Leptin deficiency 

is also associated with obesity, hyperglycemia and IR (Obradovic, Sudar-Milovanovic, et al., 2021). 

The consumption of a HFD can lead to leptin resistance in the ARC and ventral tegmental area (VTA) 

(Enriori, Evans, et al., 2007; Münzberg, Flier, et al., 2004; Heymsfield, Greenberg, et al., 1999). Work 

from our group and others have shown that an HFD can stimulate suppressor of cytokine signalling 3 

(SOCS3) expression and activation of STAT3 resistance by leptin in POMC, ARC and AgRP neurons in 

rodents while some compensatory mechanisms to leptin resistance may occur in both ARC and VTA 

regions (Machado, Banin, et al., 2021; Machado, Pereira, et al., 2021; Obradovic, Sudar-Milovanovic, 

et al., 2021; Gamber, Huo, et al., 2012; Münzberg, Flier, et al., 2004; El-Haschimi, Pierroz, et al., 2000). 

 

1.15 Nuclear peroxisome proliferator-activated receptors (PPAR) 

The nuclear peroxisome proliferator-activated receptors alpha and gamma (PPARα/γ) are 

responsible for triggering gene transcription of lipid metabolism mediators involved in adipogenesis 

and β-oxidation, and contribute to the regulation of oxidative stress, inflammation, and 

neuroprotection (Han, Shen, et al., 2017; Duvall and Levy, 2016; Echeverría, Ortiz, et al., 2016; 

Motojima, Passilly, et al., 1998; Martin, Schoonjans, et al., 1997). PPARα, stimulates β-oxidation 

lowering lipid levels by decreasing circulating TAG and free FAs, which in turn lowers the risk of 

hypertrophy and hyperplasia (Grygiel-Górniak, 2014). PPAR expression is ubiquitous but varies 

depending on the tissue. PPAR is predominantly expressed in tissues that underdo high rates of fatty 

acid catabolism, including the digestive tract, liver, heart, skeletal muscle, kidneys, and brain tissue, 

particularly in neurons and astrocytes (Tahri-Joutey, Andreoletti, et al., 2021). A wide variety of 

lipophilic molecules/ ligands activate PPARα, which when bound, undergoes a conformational change 

triggering gene transcription involved in lipid metabolism and oxidation. Genes affected by PPARα in 

the peroxisomal β-oxidation include acyl-CoA oxidase 1 (ACOX1), the enoyl-CoA hydratase/3-

hydroxyacyl-CoA dehydrogenase (bifunctional proteins) and 3-ketoacyl-CoA Thiolase. ACOX1 is the 

rate-limiting step in the catabolism of long, very long, and branched FA (Moreno-Fernandez et al., 

2018) and affects mTOR localization affecting regulator of autophagy (He, Cui, et al., 2021). As the 

PPARα phosphorylation level increase, so does ACOX gene expression. The enoyl-CoA hydratase/3-

hydroxyacyl-CoA dehydrogenase (bifunctional proteins) pathway that catalyses the hydration of 

short- and medium-chained FA and promotes mTOR activation (He, Cui, et al., 2021).  Finally, 3-
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ketoacyl-CoA thiolase catalyses the cleavage of short and medium chain FA the final step in β-

oxidation, generating acetyl-CoA and a fatty acyl-CoA ester (Adeva-Andany et al., 2019). PPARα also 

targets genes peroxisomal ATP-binding cassette sub-family D (ABCD) transporters (ABCD2 and 

ABCD3) (Rakhshandehroo, Knoch, et al., 2010) with ABCD2 involved in the transport of VLCFA and 

LCFA and their Co-A derivatives into peroxisomes and ABCD3 involved in the transport of branched 

chain acyl-CoA into peroxisomes (Kawaguchi and Morita, 2016). Other mechanisms affected by PPAR 

include sterol-carrier proteins (SCP) and carnitine palmitoyltransferase 1A (CPT1) involved in the 

mitochondrial β-oxidation pathway (e.g., Acyl-CoA dehydrogenase (ACAD), the enoyl-CoA 

hydratase/3-hydroxyacyl-CoA dehydrogenase trifunctional proteins, subunit alpha and 3-ketoacyl-

CoA Thiolase) and the cytochrome P450 enzyme CYP4A1 involved in microsomal ω-hydroxylation 

(Tahri-Joutey, Andreoletti, et al., 2021).  

Within the β-oxidation system, very long chain fatty acids (VLCFA) are shortened to LCFA in the 

peroxisome and participate in cellular thermogenesis and produce H202 (Cherkaoui-Malki, 

Surapureddi, et al., 2012) while VLCFA and LCFA are further metabolised by mitochondrial β-

oxidation for ATP synthesis via the oxidative phosphorylation pathway (Tahri-Joutey, Andreoletti, et 

al., 2021). Two mammalian peroxisomal β-oxidation systems have been characterised to date. In the 

first β-oxidation system, four enzymes are involved in converting FA to acetyl-CoA and carbon-

shortened acyl-CoA namely: ACOX1, multifunctional protein (MFP-1, a L-bifunctional protein 

consisting of the enzymes 2-Enoyl-CoA Hydratase And 3-Hydroxyacyl CoA Dehydrogenase), and 3-

ketoacyl-CoA Thiolase (3-KT). Firstly, acyl-CoA is converted to 2-trans-enoyl-CoA by α, β-

dehydrogenation by ACOX1. Next, enoyl-CoA is hydrated to L-3-hydroxacyl-CoA by MFP-1, followed 

by dehydration to 3-ketoacyl-CoA. 3-ketoacyl-CoA is cleaved by 3-KT to produce one acetyl-CoA 

molecule and a two-carbon-shortened acyl-CoA (Tahri-Joutey, Andreoletti, et al., 2021). MFP-1 is also 

be considered a trifunctional protein as it has auxiliary 3,2-trans-enoyl-CoA isomerase activity for the 

oxidation of UFA (Palosaari and Hiltunen, 1990). The second peroxisomal β-oxidation system is 

involved in the conversion of -methyl branched fatty carboxylates such as bile acid intermediates, 

involving 2-methylacyl-CoA-specific oxidases, the second multifunctional protein (MFP2, D-

bifunctional protein consisting of the enzymes 2-Enoyl-CoA Hydratase And 3-Hydroxyacyl CoA 

Dehydrogenase) and the sterol-carrier protein (SCP-2) involved in thiolase activity (Tahri-Joutey et 

al., 2021). During a mitochondrial β-oxidation cycle, 2 proteins are responsible the initial breakdown 

of VLCFA into long and medium chain FA. The first reaction involves the enzyme acyl-CoA 

dehydrogenase (ACAD). The three remaining reactions are carried out by a multifunctional protein 
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named trifunctional protein (TFP) which consists of two subunits. The first α-subunit contains the 

enzymes 2-enoyl-CoA hydratase (ECH) and 3-hydroxyacyl-CoA dehydrogenase (HAD) while the β-

subunit encompasses the 3-KT enzymatic activity (Xia, Fu, et al., 2019). Subsequent long and medium 

chain FA derived from VLCFA, are further degraded to Acetyl CoA by four separate reactions by 

individual acyl-CoA dehydrogenase (ACAD), 2-enoyl-CoA hydratase (ECH), 3-hydroxyacyl-CoA 

dehydrogenase (HAD) and 3-KT enzymes for use in the TCA cycle (Tahri-Joutey, Andreoletti, et al., 

2021; Wanders, Waterham, et al., 2016). Fatty acids are activated outside the organelle by 

conjugation to either coenzyme A for peroxisomes or carnitine for mitochondria. LCFA must be 

actively transported into the peroxisome and mitochondria by ABC membrane transporters (ABCD 

subfamily) and very-long-chain acyl-CoA synthetases as they are unable to diffuse across the 

membrane. Shorter and medium chains may enter the mitochondria by diffusion before activation 

(Andreoletti, Raas, et al., 2017; Schrader, Costello, et al., 2015; Watkins and Ellis, 2012). 

PPAR ligands include SFA, UFA and PUFAs, as well as their metabolites (Liput, Lepczyński, et al., 2021; 

Chen, Shang, et al., 2020; Forman, Chen, et al., 1997; Kliewer, Sundseth, et al., 1997). LC-PUFA are 

the natural ligands of PPARα/γ, where n-3 PUFA, namely EPA (C20:5n-3) and DHA (C22:6n-3), bind 

with high affinity for activation (Duszka, Gregor, et al., 2020; Kosgei, Coelho, et al., 2020; Laleh, Yaser, 

et al., 2019; Kersten and Stienstra, 2017; Pawar and Jump, 2003). n-6 LC-PUFA such as LA (C18:2n-6) 

and AA (C20:4n-6), n-3 DPA (C22:5n-3) and ω-9 erucic acid (C22:1n-9) have also been shown to 

stimulate PPAR activity (Chen, Shang, et al., 2020; Laleh, Yaser, et al., 2019; Duvall and Levy, 2016; 

Echeverría, Ortiz, et al., 2016; Hostetler, Kier, et al., 2006; Pawar and Jump, 2003). Endogenous FA 

metabolites also act as PPAR ligands including acyl CoAs, oxidised fatty acids, PPL, eicosanoids, 

endocannabinoid-like molecules and lipoprotein lipolytic products (Liput, Lepczyński, et al., 2021). 

The effects of dietary n-3 and ω 6 PUFA in inflammation signalling is excellently reviewed by Liput 

and colleagues (2021) and pictorial represented in Figure 6. Bio-active oxylipins are derived from 

PUFA and may be released from phospholipid membranes and secreted, or remain cell bound and 

exert their biological function (e.g., oxidized phospholipids) (O’Donnell and Murphy, 2012, 2017; 

Hammond and O’Donnell, 2012). AA-derived oxylipins including prostaglandins, thromboxanes and 

leukotrienes are pro-inflammatory with prolonged production leading to chronic inflammation. 

Oxylipins derived from n-6 PUFA Dihomo-γ-linolenic acid (DGLA), Adrenic acid (AdA) and n-3 

Eicosapentaenoic acid (EPA) produce less pro-inflammatory oxylipins. Oxylipins derived from n-3 

PUFA Docosapentaenoic acid (DPA) and Docosahexaenoic acid (DHA) act as specialised pro-resolving 
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mediators (SPMs) and help to prevent chronic inflammation (Schebb, Kühn, et al., 2022; Liput, 

Lepczyński, et al., 2021).  

It is reported that the oxidised form of EPA and LDL- cholesterol readily undergo oxidation and are 

more stimulatory of PPARs than native non-oxidised forms (Sethi, Ziouzenkova, et al., 2002). Oxidized 

n-3 fatty acids have also been reported to inhibit NF-kB activation via a PPARα-dependent pathway 

(Mishra, Chaudhary, et al., 2004). PPARγ regulates adipogenesis, energy balance and lipid 

biosynthesis while PPARβ/δ participates in skeletal and cardiac fatty acid oxidation and helps regulate 

blood glucose and cholesterol levels (Grygiel-Górniak, 2014). Exogenous PPAR activators include 

dietary PUFA such as EPA and DHA and plant extracts such as polyphenolic flavonoids, isoflavonoids, 

terpenes, steroids, carotenoids, coumarins, lignans, and tannins (Liput, Lepczyński, et al., 2021; Tahri-

Joutey, Andreoletti, et al., 2021; Ngoc, yen Man, et al., 2019; Singh, 2018; den Besten, Bleeker, et al., 

2015; Dozsa, Dezso, et al., 2014; Grygiel-Górniak, 2014; Wang, Waltenberger, et al., 2014; Ko, Lee, et 

al., 2010; Mueller and Jungbauer, 2009). The regulation of peroxisomal fatty acid β-oxidation by PPAR 

receptors by endogenous and exogenous sources is excellently reviewed by Tahri-Joutey et al., (2021) 

and Grygiel-Górniak (2014). Synthetic PPARα activators and PPARγ agonists are used for the 

treatment of dyslipidemia and T2DM. PPARα/γ dual agonist drugs work by reducing hyperlipidaemia 

and hypertension and act in an antiatherogenic, anti-inflammatory and anticoagulant capacity. 

Interestingly, the overexpression of PPARβ/δ prevents the development of obesity by diminished 

lipid accumulation in the presence of a HFD, while increasing glucose metabolism, protecting against 

ischemia-reperfusion injury (Yu, Chang, et al., 2008).  
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Figure 6. Lipid mediators enzymatically derived from n-6 and n-3 and polyunsaturated fatty acids (PUFAs) and 
their role in inflammation. Bio-active oxylipins are derived from PUFA released from phospholipid membranes. 
Arachidonic acid (AA)-derived oxylipins (marked in red) including prostaglandins, thromboxanes and leukotrienes 
are pro-inflammatory with prolonged production leading to chronic inflammation. Oxylipins derived from n-6 
PUFA Dihomo-γ-linolenic acid (DGLA), Adrenic acid (AdA) and n-3 Eicosapentaenoic acid (EPA) produce less pro-
inflammatory oxylipins. Oxylipins derived from n-3 PUFA Docosapentaenoic acid (DPA) and Docosahexaenoic 
acid (DHA) (marked in blue) function as specialised pro-resolving mediators (SPMs) and help to prevent chronic 
inflammation (Figure from Liput et al., 2021).   
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1.16 Inflammation and fatty acids 

Inflammation is modulated by the levels of SFA, MUFA and n-6 and n-3 PUFA within the cell and 

membrane. Both n-6 linoleic acid (LA) and n-3 α-linolenic acid (ALA) are essential in mammals as they 

cannot be synthesised de novo, but when absorbed from the diet, can be converted to long-chain 

polyunsaturated fatty acids (LC-PUFAs), and serve as important regulators of inflammation. Both n-6 

and n-3 PUFA utilize the same fatty acid pathway and enzymes to convert LA and ALA into LC-PUFA. 

In fact, the activity of Δ6-desaturase that converts LA (C18:2n-6) to Gamma (γ)-LA (GLA; C18:3n-6) 

and ALA (C18:3n-3) to stearidonic acid (C18:4n-3) is limited during inflammatory conditions (Burdge 

and Calder, 2005; Calder and Grimble, 2002). As illustrated in Figure, SPMs are produced from both 

n-6 and n-3 PUFA, with the most significance influencers in inflammation being AA (C20:4n-6), 

Dihomo-γ-linolenic acid (DGLA; C20:3n-6) and EPA (C20:5n-3). Oxylipins derived from FA increase 

intercellular calcium concentrations, facilitating the translocation of cytosolic phospholipase A2 

(cPLA2) to the cell membrane, that then cleaves PUFA from the sn-2 position of phospholipids (Yeung, 

Hawley, et al., 2017). The enzymes cyclooxygenases (COX), lipooxygenases (LOX) and cytochrome 

P450 (CYP) oxidize the PUFA AA (C20:4n-6), DGLA (C20:3n-6) and EPA (C20:5n-3) creating the oxylipin 

subclass eicosanoids (Gabbs, Leng, et al., 2015). PUFA derived oxylipins subclasses are referred to as 

octadecanoids if formed from LA (C18:2n-6) and ALA (C18:3n-3), and docosanoids if derived from 

Adrenic acid (AdA; C22:4n-6), DPA (C22:5n-3) and DHA (C22:6n-3) (Astarita, Kendall, et al., 2015; 

Gabbs, Leng, et al., 2015; Godessart, Camacho, et al., 1996). Resolvins, protectins and maresins, are 

biosynthesized from n-3 PUFA and are more anti-inflammatory, while lipoxins biosynthesized from 

n-6 PUFA are more pro-inflammatory. SPMs regulate cytokine and chemokine production as well as 

vascular tone, blood pressure and the infiltration of neutrophils and their clearance of by 

macrophages (Duvall and Levy, 2016; Serhan and Petasis, 2011). Resolvin E-series are derived from 

EPA through the conversion of 18-hydroxyeicosapentaenoic acid (18-HEPE). DHA is the FA precursor 

of protectins, resolvin D-series and maresins (Endo and Arita, 2016). Higher n-3 PUFA levels are also 

associated with decreased tumour necrosis factor (TNF), interleukin-1β (IL-1β) and interleukin-6 (IL-

6) cytokines. EPA and DHA are also converted by CYP450 monooxygenase to epoxyeicosatetraenoic 

acids (EpETEs) and epoxydocosapentaenoic acid (EpDPAs) (Endo and Arita, 2016) n-6 and n-3 FA are 

also precursors of endogenously produced cannabinoids, ligands of the cannabinoid receptor 1 and 

2 (CB1 and CB2), with CB1 predominantly found in the CNS while CB2 is present predominantly in 

immune cells. Endogenous cannabinoids are metabolized by COX, LOX and CYP which can block pro-

inflammatory IL-6. AA is also the precursor of the cannabinoids anandamide (AEA) and 2-
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arachidonoylglycerol (2-AG) while EPA is the precursors for eicosapentaenoyl ethanolamide (EPEA) 

and DHA is the precursor for docosahexanoyl ethanolamide (DHEA) (Liput, Lepczyński, et al., 2021). 

As well as enzymatically linked and controlled oxidation of phospholipid PUFA, PUFA are also 

susceptible to free radical-induced autoxidation and photodegradation, due to the presence of their 

double bonds. These have a similar bioactivity to enzymatically oxidised PUFA acting as pro-resolving 

mediators of inflammation (Campillo, Medina, et al., 2021; Bosviel, Joumard-Cubizolles, et al., 2017; 

Friedli and Freigang, 2017). Free radical-induced autoxidation and photodegradation creates non-

enzymatic pro-resolving metabolites such as ALA-derived phytoprostanes (PhytoPs), EPA- and AA-

derived isoprostanes (IsoPs), AdA-derived dihomoisoprostanes (dihomo-IsoPs) derived and DHA-

derived neuroprostanes (NeuroPs) (Liput, Lepczyński, et al., 2021; Galano, Lee, et al., 2017). IsoPs, 

NeuroPs and PhytoPs are considered harmful biomarkers for uncontrolled oxidative damage (Liput, 

Lepczyński, et al., 2021; Ahme, Galano, et al., 2020; Hajeyah, Griffiths, et al., 2020; Medina, Gil-

Izquierdo, et al., 2018; Galano, Lee, et al., 2017; Milne, 2017), while NeuroPs are reported to have 

the same pre-resolving capacity as protectins (Bosviel, Joumard-Cubizolles, et al., 2017).  

Returning to eicosanoids, they are biologically active paracrine and autocrine signalling molecules 

and are subdivided into prostaglandins (PG), thromboxanes (TXs) and leukotrienes (LTS). They have 

a broad range of functions including inflammation, the immune response, cardiovascular 

homeostasis, and cell growth regulation (Evangelista, Cho, et al., 2020; Djuric, Bassis, et al., 2019; 

Djuric, Turgeon, et al., 2017; Marion-Letellier, Savoye, et al., 2016; Aldrovandi, Hammond, et al., 

2013; Node, Huo, et al., 1999). AA-derived thromboxane A2 is produced by the COX pathway, while 

AA-derived leukotriene B4 is produced by the LOX pathway. These are proinflammatory and 

vasoconstrictive eicosanoids. Anti-inflammatory and anti-aggregatory eicosanoids are also produced 

from AA including prostacyclin, lipoxin A4, lipoxin B4 and epoxyeicosatrienoic acids (EETs) produced 

by cytochrome P450 epoxygenase which induce vasodilation and angiogenesis (Oni-Orisan, Edin, et 

al., 2016; Harris, Mozaffarian, et al., 2009; Serhan, 2005; Node, Huo, et al., 1999). Prostaglandins (PG) 

belong to the prostanoid section of the oxylipin family and contain a five-membered ring 

encompassing carbons 8 to 12. Following the prefix “PG”, a letter (A-K) is assigned depending on 

nature and the position of the substituents on the ring. For example, prostaglandin E2 (PGE2) 

contains a keto group, on the ring, while prostaglandin F (PGF) contains two hydroxyl groups. A 

numerical subscript (1-3) is also used to denote the number of double bonds in the alkyl substituents 

(Christie, 2006).  
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Of the three types of prostaglandins produced from eicosanoids, PGE1 is associated with reducing 

inflammation (Fang, Li, et al., 2010), redness and swelling, while PGE2 works in reverse, promoting 

inflammation, vasoconstriction and is pro-aggregatory (Kawahara, Hohjoh, et al., 2015).  PGE3 works 

to mitigate inflammation caused by PGE2 (Nagy and Tiuca, 2017; Fan, Davidson, et al., 2014; Yang, 

Chan, et al., 2004). PGE1 is converted from DGLA. DGLA may also be converted to AA by Δ5-

desaturase, which can then be converted to inflammatory PGE2. Δ5-desaturase whose activity is 

limited also serves to convert C20:4n-3 to C20:5n-3 (EPA), with preferential activity given to n-6 

conversion when higher levels of n-6 and lower levels n-3 PUFA, as is common in WSD. Taken together 

this means that when dietary intake of n-3 FA is low, Δ5-desaturase will convert DGLA to more pro-

inflammatory AA, while if higher n-3 FA are ingested and available, Δ5-desaturase will be used in the 

n-3 pathway. Due to the tight regulation of LA to AA however, it is reported that variations in LA 

intake may not lead to an increase in AA tissue content (Rett and Whelan, 2011).  

Notwithstanding, the n-6/n-3 balance is therefore an important indicator and modulator of 

inflammation with recommendations of 6:1 or less for overall health, and a ratio of 1:1 for functional 

phospholipid and brain health as well as obesity (Husted and Bouzinova, 2016; Deckelbaum, 2010; 

Schmitz and Ecker, 2008; Harbige, 2003; Simopoulos, 2002; Broughton, Whelan, et al., 1991). An 

unbalanced n-6/n-3-ratio upwards of 20+:1 is commonly found in a WSD. Although AA is normally 

associated with being pro-inflammatory, some studies have suggested that 5-10% of overall energy 

intake from n-6 fatty acid can be protective and help reduce inflammatory states in coronary heart 

disease when taken as part of a low SFA, low cholesterol diet (Harris, Mozaffarian, et al., 2009). As n-

6 PUFA generate more potent mediators of inflammation than that of n-3 PUFA, this results in an 

abnormally proinflammatory cellular environment (Simopoulos, 2001, 2008, 2016; Kang, 2003; Yam, 

Eliraz, et al., 1996). EPA also competes with AA within the COX and LOX pathways in prostaglandin 

formation. A high n-6 PUFA dietary intake increases the levels of LA, DGLA and AA-derived oxylipins 

(Caligiuri, Love, et al., 2013), while a n-3 PUFA intake increases ALA, EPA and DHA derived oxylipins 

(Hussey, Lindley, et al., 2017). This was demonstrated in vivo when rats were fed a diet of either LA 

or LA+ALA for 6 weeks with the containing either approximately 18:1 or 8:1 LA/ALA ratio, 

respectively. The high n-6 /n-3-ratio of approximate 18:1 LA/ALA resulted in an increase in n–6/n–3 

oxylipins in the liver compared with a lower ratio LA/ALA diet. Interestingly, the level of LA-derived 

tissue oxylipins was greater than the proportion of LA. Increased ingestion of LA, from both LA and 

LA+ALA diets resulted in increased LA and AA oxylipins in the kidney and liver, while the higher LA-

only diet increased LA and AA oxylipins in serum (Leng, Winter, et al., 2017).  
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1.17 Effect of western-style diet/high fat diet on intracellular signalling cascades 

IR, predominantly associated with T2DM, chronic hyperglycaemia and obesity, has been positively 

correlated with decreased cognition in an ageing population (Cunnane, Nugent, et al., 2011). IR 

appears to contribute to abnormal brain glucose metabolism, with upregulation of insulin receptors 

in AD (Frölich, Blum-Degen, et al., 1998; Hoyer, 1992). Hyperglycaemia and hyperinsulinemia, more 

commonly associated with T2DM, metabolic syndrome and obesity have also been positively 

correlated with the pathogenesis of AD (Baker, Cross, et al., 2011; Matsuzaki, Sasaki, et al., 2010; 

Okereke, Kang, et al., 2008). Microvascular complications of hyperglycaemia include low perfusion 

rates and increased vascular permeability attributed to abnormal proliferation of endothelial cells 

which can affect the BBB (Prasad, Sajja, et al., 2014). These disturbances can also lead to an 

overproduction of mitochondrial superoxide leading to the exaggerated activation of intracellular 

signalling cascades, including PI3-K/Akt (Huang, Liu, et al., 2018) lipid peroxidation and increased 

formation of advanced glycation end products (AGEs) (Dias and Griffiths, 2014). These master 

regulatory switches are involved in neural cell metabolism, survival, growth, differentiation, and 

apoptosis. Other downstream metabolic switches have all been recently implicated in AD, including 

the mammalian Target of Rapamycin (mTOR), glycogen synthase kinase 3 (GSK3), the predominantly 

antioxidant Nuclear Factor Erythroid-2 related factor 2 (Nrf2) and the predominantly pro-

inflammatory NF-kβ (Ahmad, Ijaz, et al., 2017; Mazzanti and Giacomo, 2016; Shen, Cheng, et al., 

2016; Csiszár, Csiszar, et al., 2015). The activation of the Receptors for AGEs (RAGE) can activate - and 

be activated by NF-κB. NF-κB signalling can generate increasing and self-perpetuating levels of OS, 

amplifying inflammatory signalling and the transcription of pro-inflammatory proteins involved in cell 

differentiation and apoptosis. This can lead to synaptic instability and neural dysfunction (Weil, 

2012). Nrf2 modulates cellular responses to OS, with Nrf2 levels moderated by the intensity of OS 

experienced. Nrf2 is activated by OS, allowing its translocation to the nucleus where it facilitates the 

transcription of antioxidant and Phase 2 detoxifying enzymes that combat OS (Villeneuve, Lau and 

Zhang 2010). The mTOR pathway helps regulates cell growth, proliferation, motility, survival, protein 

synthesis and gene transcription. While increased levels of mTOR are involved in a chronic pro-

inflammatory state (Scannevin, Chollate, et al., 2012), decreased mTOR activity improves response 

to OS and cell survival (LiCausi and Hartman, 2018).  

There is evidence that specific nutrients such as FA can influence the activity of these molecular 

switches (Fiala, Kooij, et al., 2017; Gardener, Gu, et al., 2012) but the extent of how this can be 

achieved, and the molecular partners involved, remain largely unknown. As previously mentioned 
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PUFA play specific roles in modulating the inflammatory response, gene expression, synaptic stability, 

cell survival and apoptosis (Bazinet and Layé, 2014; Yates, Calder, et al., 2014; Ledesma, Martin, et 

al., 2012). With an approximate ratio of 1:1 of n-3 and n-6 PUFA in neural PPL of a healthy brain, 

neural tissue relies heavily on these for antioxidant protection and proper cell membrane function 

(Yates, Calder, et al., 2014; Serhan, Dalli, et al., 2012). Therefore, a fine balance between pro- and 

anti-inflammatory lipid mediation is necessary for optimum neural bioactivity and homeostasis 

(Fraser, Tayler, et al., 2010; Crawford, 1992). An unbalanced n-6/n-3 ratio upwards of 20+:1, 

commonly found in WSD can lead to imbalanced PUFA ratios in the brain. With n-6 PUFA generating 

more potent mediators of inflammation than that of n-3, this results in an abnormally 

proinflammatory cellular environment (Simopoulos, 2001, 2008, 2016; Kang, 2003; Yam, Eliraz, et al., 

1996). Long term, this distorted fatty acid ratio can lead to abnormally increased NF-kβ activity 

contributing to neuro-inflammation and disturbed neural activity, both manifestations already 

attributed to AD (Simopoulos, 2008). Research also shows that rats treated with an SFA-HFD develop 

hyperinsulinaemia and hypothalamic IR (Dornellas, Watanabe, et al., 2015). In contrast, a higher 

intake of n-3 PUFA is has been shown to be anti-inflammatory (Ghosh, DeCoffe, et al., 2013) and 

improves insulin sensitivity in both men and women (Abbott, Burrows, et al., 2016; Albert, Derraik, 

et al., 2014; Tsitouras, Gucciardo, et al., 2008). Supplementation with EPA and DHA in some studies 

improves IR and symptoms related to diabetes and metabolic syndrome (Park, Lim, et al., 2016). 

 

1.18 Polyphenols, obesity and inflammation  

Lower nutritional status and obesity have both been reported to impact on the progression of AD 

(Abate, Marziano, et al., 2017; Hu, Yu, et al., 2013; Saragat, Buffa, et al., 2012). Meta-analysis suggests 

that adherence to a Mediterranean diet has been linked to decreased risk of mild cognitive 

impairment and AD (Singh, Parsaik, et al., 2014). The Mediterranean diet is based on high 

consumption of fruits and vegetables, pulses, seafood, olive oil and moderate wine consumption, 

which leads to better n-6/n-3 PUFA ratios, lower levels of saturated fat and an abundance of 

phytochemicals including plant antioxidants and polyphenolic compounds (Schwingshackl, Morze, et 

al., 2020; Ditano-Vázquez, Torres-Peña, et al., 2019; Román, Jackson, et al., 2019). The consumption 

of red wine is one aspect associated with the “French paradox”. The “French Paradox” was first 

described in the 1980’s (Ferrières, 2004) where despite the French eating model containing higher 

dietary saturated fats, cholesterol and red wine, the diet is inversely associated with overweight and 
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obesity (Ducrot, Méjean, et al., 2018) and affords cardiovascular and neurological protective 

properties (Obrenovich, Siddiqui, et al., 2020; Obrenovich, Tabrez, et al., 2020; Davies, Cillard, et al., 

2017; Sun, Simonyi, et al., 2002) including lower levels of liver and cardiovascular disease and AD 

(Obrenovich, Siddiqui, et al., 2020; Davies, Cillard, et al., 2017; Ferrières, 2004). Polyphenols help 

prevent ROS damage by scavenging free radicals and (Yang et al., 2016; Zhang and Tsao, 2016)al., 

2016; Zhang and Tsao, 2016). Many polyphenolic compounds have been identified to offer 

neuroprotective properties against AD (Colizzi, 2019). Red wine contains a number of polyphenolic 

compounds, including resveratrol, quercetin, kaempferol and isorhamnetin (Obrenovich, Siddiqui, et 

al., 2020; Kurin, Fakhrudin and Nagy, 2013) which are structurally similar (LaFoya, Munroe, et al., 

2019; Zamin, Filippi-Chiela, et al., 2009) and are shown in Figure 7 A-D. Resveratrol is abundantly 

found in the Mediterranean diet, not just in red and purple grapes, but also tomatoes, berries and 

peanuts (Sebastià, Montoro, et al., 2012, 2017; Burns, Yokota, et al., 2002). It has been shown via in 

vivo animal studies that resveratrol is bioavaila (Vingtdeux et al., 2010; Karuppagounder et al., 2009). 

More recent clinical Phase 2 human trials with resveratrol have shown promising results for mild to 

moderate AD (Sawda, Moussa, et al., 2017; Turner, Thomas, et al., 2015). While resveratrol has 

limited bioavailability due to its fast metabolism, it has been successfully found in the CSF, indicating 

its ability to cross the BBB (Sawda, Moussa, et al., 2017; Turner, Thomas, et al., 2015). The results of 

Moussa et al., (2017) and Turner et al., (2015) also point to reduced permeability of the central 

nervous system (CNS) and BBB to pro-inflammatory agents through the reduction of matrix 

metalloproteinase-9 (MMP-9) in addition to lower accumulation of Aβ in the brain. Investigations 

into the role grape-derived polyphenols have on AD have reported moderation of Aβ neuropathology 

through inhibited Aβ generation and increased Aβ clearance. Similar modulation of tau 

neuropathology as also been reported through inhibition of abnormal tau phosphorylation and tau 

aggregation (Ho, Ferruzzi, et al., 2013; Sun, Wang, et al., 2010; Ho, Chen, et al., 2009; Ono, Condron, 

et al., 2008; Vingtdeux, Dreses-Werringloer, et al., 2008; Wang, Ho, et al., 2008; Marambaud, Zhao, 

et al., 2005). 
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Figure 7. The chemical structures of polyphenols found in red wine (A-D) and Ginkgo biloba extract (GbE) (B-H) (Adapted 
from Hirata, Pedroso et al., 2019 and Kurin et al., 2013). 
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Ginkgo biloba extract (GbE) is another supplement rich in polyphenols and is one of the most widely 

used herbal supplements globally (Isah, 2015). Standardized extract of Ginkgo biloba leaves (EGb761) 

contains 24% flavonoid glycosides (including quercetin, kaempferol, isorhamnetin, also found in red 

wine) and 6% terpenoids divided into 3.1% ginkgolides and 2.9% is bilobalides and approximately 

10% low molecular weight organic acids (Hirata, Pedroso, et al., 2019; Shi, Liu, et al., 2010). The 

chemical structures of quercetin, kaempferol, isorhamnetin, ginkgolides and bilobalides are shown 

in Figure 7 B-H.  

Owing to its reported neuroprotective properties (Singh, Srivastav, et al., 2019; Rhein, Giese, et al., 

2010; Longpré, Garneau, et al., 2006; Ramassamy, 2006; Ahlemeyer and Krieglstein, 2003a, 2003b; 

Ponto and Schultz, 2003). GbE is increasingly trialled for peripheral vascular disease treatment (Tian, 

Liu, et al., 2017) and the treatment and prevention of neurodegenerative dementias associated with 

ageing and Alzheimer’s Disease (Rhein, Giese, et al., 2010; Zimmermann, Colciaghi, et al., 2002; Luo, 

2001). Like that of resveratrol, GbE it has been shown to protect against Aβ-induced neurotoxicity 

(Mango, Weisz, et al., 2016; Shi, Zhao, et al., 2009; Smith and Luo, 2003; Bastianetto, Ramassamy, et 

al., 2000), preventing amyloidogenesis and fibril formation (Ramassamy, 2006; Colciaghi, Borroni, et 

al., 2004; Luo, Smith, et al., 2002) and inhibits metalloproteinase (MMP)-9 activity (Huang, Yang, et 

al., 2013). In the hippocampus and cortex of mice, GbE has been shown to up-regulate expression of 

tau related proteins including microtubule-associated tau protein and neural protein phosphatase 

type 1 which dephosphorylates hyper-phosphorylated tau protein (Watanabe, Wolffram, et al., 

2001). Up-regulated expression of growth hormone, prolactin and nerve growth factor (Ahlemeyer 

and Krieglstein, 2003; Watanabe, Wolffram, et al., 2001; Pierre, Jamme, et al., 1999) responsible for 

proliferation, differentiation and growth of cells has also been reported, with the later shown to be 

altered in AD (Peng, Garzon, et al., 2009; Pierre, Jamme, et al., 1999; Scott, Mufson, et al., 1995). The 

effects of GbE and the inhibition of amyloidogenesis has been linked to the lowering of circulating 

free cholesterol (Yao, Han, et al., 2004). Neuronal degeneration sees an increase in liberated and 

exported cholesterol in the form of 24S-OH from the brain and is one of many potential emerging 

biomarkers for neurodegenerative diseases (Leoni and Caccia, 2011). In the brains of AD patients, a 

marked accumulation of 27-OHC has been found (Shafaati, Marutle, et al., 2011) while plasma levels 

of 24S-HC have been found to be increased in AD patients (Lütjohann, Papassotiropoulos, et al., 

2000), decreased in PD patients (Lee, Seet, et al., 2009) and unaffected in CSF of PD patients 

(Björkhem, Lövgren-Sandblom, et al., 2013). GbE supplementation has been reported as comparable 

to cholesterase inhibitor treatment in mild to moderate AD patients while providing additional 
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cognitive benefits (Canevelli, Adali, et al., 2014; Lasaite, Spadiene, et al., 2014; Yancheva, Ihl, et al., 

2009; Mazza, Capuano, et al., 2006; Schulz, 2003; Wettstein, 2000). Intracellular levels of cholesterol 

have been shown to affect amyloid precursor protein (APP) processing and amyloidogenesis 

(Ramassamy, 2006; Yao, Han, et al., 2004; Howland, Trusko, et al., 1998; Simons, Keller, et al., 1998; 

Bodovitz and Klein, 1996). Interestingly, in HFD-induced obese mice and rats, elevated cholesterol 

and triglyceride plasma levels were attenuated with GbE supplementation, with levels comparable 

to rats fed a normal fat diet (Yan, Fan, et al., 2015; Banin, Hirata, et al., 2014). Transcriptome profiling 

of liver from rats fed a high-fat diet supplemented with GbE showed repression of fatty acid 

biosynthesis and an enhancement of fatty acid metabolism (Gu, Xie, et al., 2009) which may 

contribute to reduced lipid peroxidation (Yan, Fan, et al., 2015; Huang, Yang, et al., 2013; Spadiene, 

Savickiene, et al., 2012), inhibited cellular lipogenesis and induced cellular lipolysis (Jeong, Kim, et al., 

2017). 

Previously published work has shown that GbE possesses antioxidant, anti-inflammatory, and anti-

obesogenic properties. This work has shown GbE reduces visceral adiposity, weight gain and food 

intake and reduce adipocyte hypertrophy in WAT. Furthermore, our group have shown that GbE 

modulates lipid metabolism, adipogenesis, inflammation and OS and improve insulin signalling and 

sensitivity (Machado, Banin, et al., 2021; Machado, Pereira, et al., 2021; Hirata, Cruz, et al., 2019; 

Hirata, Pedroso, et al., 2019; Hirata, Banin, et al., 2015; Banin, Hirata, et al., 2014). Previously 

published work has also shown that GbE plays an antioxidative role in the hippocampus of 

ovariectomized rats and restore serotonin and leptin receptor levels (Machado, Banin, et al., 2021). 

Machado and colleagues (2021) hypothesised that the restoration of serotonin and leptin receptor 

levels were related to the restoration of serotonin levels in the ventro-medial hypothalamus, which 

in turn ameliorated the anorexigenic-serotonin response impaired by ovariectomy (Machado, Banin, 

et al., 2021). In a 90-day clinical trial, patients with metabolic syndrome already on metformin were 

given GbE (120 mg capsule/day) or placebo. It was found in patients with metabolic syndrome that 

GbE significantly decreased HbA1c, fasting serum glucose, insulin levels and IR. BMI, waist 

circumference and visceral adiposity index also improved. Serum leptin and lipid profiles and the 

inflammatory markers highly sensitive C-reactive protein (hs-CRP), TNF-α, and IL-6 (Aziz, Hussain, et 

al., 2018). Similarly, Isorhamnetin a bioactive compound found in GbE has been shown to improve 

insulin levels, glucose tolerance and energy expenditure in HFD-fed obese mice. It also reduced 

adipocyte size and increased hepatic IRS1 tyr-608 and S6 K thr-389 phosphorylation and diminished 

hepatic lipid content and mRNA expression of lipogenic enzymes and ER stress markers while 
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increasing mRNA expression of β-oxidation related genes. An increase in glucose transporter 2 

(GLUT2) and PPARγ mRNA content was also reported (Rodríguez-Rodríguez, Torres, et al., 2015). 

Lipolysis is regulated by cyclic AMP (cAMP) levels through the inhibition of cAMP-phosphodiesterase 

(PDE) or by the by activation of adenylate cyclase (Saponara and Bosisio, 1998). Saponara and Bosisio 

(1998) reported that GbE biflavones inhibit cAMP-phosphodiesterase in rat adipose tissue, thereby 

reducing the catalytic breakdown of cAMP, thus promoting lipolysis. Alterations in PDE activity has 

also been reported in obesity, with BMI inversely correlated to total PDE and PDE3 activity in 

omentum WAT, but not SAT (Saponara and Bosisio, 1998). Further supporting this is a report that 

mice lacking the cGMP-phosphodiesterase, PDE9 were protected from diet-induced obesity and 

showed increased energy expenditure (Ceddia, Liu, et al., 2021). Kaempferol, and other flavanol 

abundant in GbE, has been shown to protect against hyperglycaemic metabolic changes similar to 

that of insulin by ameliorating increased serum glucose levels and increased glucose uptake in rat 

soleus muscle via the PI3K and PKC pathway 

(Cazarolli, Folador, et al., 2009; Jorge, Horst, et al., 2004) as well as reduced caspase-3 activity in β-

cells and islets, caused by hyperglycaemia, as well as IL-1β and TNF-α levels (Al-Numair, 

Chandramohan, et al., 2015; Abo-Salem, 2014; Zhang, Chopp, et al., 2013). OS and cellular apoptosis 

were also reduced by the reduction of anti-apoptotic Akt and Bcl-2 protein expression (Al-Numair, 

Chandramohan, et al., 2015; Zhang and Liu, 2011). These cellular changes improved cAMP levels, lipid 

peroxidation and β-cells synthesis and secretion of insulin (Al-Numair, Chandramohan, et al., 2015; 

Zhang and Liu, 2011). Zang and colleagues (2015) found that in tallow-based HFD-fed mice, 

kaempferol treatment exhibited anti-obesity and anti-diabetic effects, reduced body weight, adipose 

tissue TAG levels and decreased fasting blood glucose, serum HbA1c (haemoglobin A(1c)) levels, 

while improving IR compared to HFD with no treatment (Zang, Zhang, et al., 2015). While Zang and 

colleagues did not report whether food consumption was decreased with treatment, similar to some 

findings in epididymal WAT (Hirata, Cruz, et al., 2019), they reported that epididymal, mesenteric and 

pararenal WAT as well as VAT tissue weights, were significantly lower than that of the HFD group. 

They also found that hepatic gene expression of PPAR-γ and SREBP-1c were down-regulated 

increasing lipid metabolism (Zang, Zhang, et al., 2015). Recalling that abnormal glycaemic events that 

contribute to increased OS, which poses a risk factor for metabolic syndrome and AD, Bhatt et al., 

(2012) reported improved glycaemic control and reduced levels of glycated haemoglobin (HbA1c) 

levels associated with hyperglycaemia in T2DM after a 3-month supplementation of resveratrol 

(Bhatt et al., 2012). Similarly, resveratrol also decreased IR and delayed glucose peaks in diabetic 
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patients (Brasnyó, Molnár, et al., 2011). Similar improvements to glycaemia, insulin levels, IR and 

reduced glycosylated HbA1c levels have also been reported with GbE supplementation in animal 

(Hirata, Banin, et al., 2015; Banin, Hirata, et al., 2014; Kudolo, Wang, et al., 2006) and clinical studies 

(Aziz, Hussain, et al., 2018; Lasaite, Spadiene, et al., 2014; Siegel, Ermilov, et al., 2014; Kudolo, Wang, 

et al., 2006; Kudolo, 2001). Several animal studies have also investigated the relationship between 

obesity induced by a HFD (which is shown to elevate cholesterol and TAG levels) and the effect of 

GbE supplementation. GbE shows similar results in relation to improved glycaemic control as well as 

improvements in cholesterol and triglyceride profiles (Jeong, Kim, et al., 2017; Jeong, Jang, et al., 

2016; Hirata, Banin, et al., 2015; Rhee, Lee, et al., 2015; Yan, Fan, et al., 2015; Banin, Hirata, et al., 

2014; Cong, Tao, et al., 2011). 

Similarly, the flavonoid Ginkgolide C, isolated from GbE leaves, has been shown to increase lipolysis 

and inhibit adipogenesis in adipocytes through increased phosphorylation of AMP-activated protein 

kinase (AMPK), resulting in decreased activity of acetyl-CoA carboxylase for fatty acid synthesis. 

Treatment also decreased the expression of PPAR and CCAAT/enhancer-binding protein, and 

increased lipolysis through enhanced adipose ATGL and hormone-sensitive lipase production (Liou, 

Lai, et al., 2015). Quercetin, a polyphenolic flavonoid found in many plants including GbE has been 

reported to significantly upregulate PPARα protein levels and β-oxidation (Sun, Yamasaki, et al., 2015) 

and improve hepatic dyslipidaemia by downregulating SREBP-1c and FASN levels, and upregulating 

PPARα, carnitine palmitoyl-transferase1 and medium-chain acyl-coenzyme A dehydrogenase 

expression, increasing lipolysis and β- oxidation (Wang, Zhang, et al., 2016). Ginkgetin, a biflavone 

found in GbE leaves, blocked the differentiation of pre-adipocytes into adipocytes preventing 

hypertrophy in HFD fed mice white adipose tissue, by acting as a STAT5 inhibitor, inhibiting PPARγ 

and the transcription factor CCAAT-enhancer-binding protein alpha (C/EBPα) expression (Cho, Park, 

et al., 2019). GbE treatment has also been shown to inhibit adipocyte differentiation, downregulating 

the expression of adipogenesis genes, PPAR-γ and ap2 (Wu, Zhang, et al., 2016). Similarly, GbE has 

been shown to modulate hepatic glucose transporter 2 (GLUT-2), PPAR-α and PGC1-α, improving 

hepatic dyslipidaemia, glucose metabolism and storage (Awad, Araby, et al., 2021). GbE has also been 

shown to inhibit oxidised low-density lipoprotein (oxLDL), upregulation of matrix metalloproteinases 

(MMP1, MMP2, MMP3) associated with atherosclerotic lesions, which help supress ROS generation. 

The same study by Tsai and colleagues (2016) also showed GbE reduced lectin-like ox-LDL receptor 1 

(LOX-1) expression ameliorating oxLDL-inhibited PPAR-γ function (Tsai, Chang, et al., 2016). 

Resveratrol has also been shown to interact with fatty acid β-oxidation and oxidative phosphorylation 
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in the mitochondrial metabolic pathways (Barone, Rizzo, et al., 2019; Bastin and Djouadi, 2016). 

Resveratrol has been shown to significantly increase the expression of Ppara mRNA and PPAR protein 

levels in visceral adipose tissue of metabolic syndrome rats (Castrejón-Tellez, Rodríguez-Pérez, et al., 

2016). Similarly, resveratrol has also been shown to protect from renal lipotoxicity in a HFD mouse 

model by increasing PPARα protein levels and AMP-activated protein kinase (AMPK) phosphorylation 

(Zhou, Lin, et al., 2016) and has been shown to activate both PPARα and the AMPK-Sirtuin 1 (SIRT1)-

PGC-1α signalling pathway via the adiponectin receptors in the renal cortex (Park, Lim, et al., 2016).  

Significant decreases in OS and inflammatory markers such as hs-CRP, TNF-α, IL-6 and 

malondialdehyde levels have also been attributed to GbE supplementation (Yan, Li, et al., 2020; Aziz, 

Hussain, et al., 2018; Siegel, Ermilov, et al., 2014; Thanoon, Abdul-Jabbar, et al., 2012; Kudolo, Wang, 

et al., 2006). In comparison, glutathione (GSH) and superoxide dismutase (SOD), both OS markers, 

were increased with GbE treatment (Yan, Li, et al., 2020; Thanoon, Abdul-Jabbar, et al., 2012; Bridi, 

Crossetti, et al., 2001). It has also been shown that both resveratrol and GbE modulates the Akt insulin 

signalling pathway (Yan, Li, et al., 2020; Lejri, Grimm, et al., 2019; Brasnyó, Molnár, et al., 2011). Akt 

activation requires a fine balance to moderate fluctuations between cell survival and apoptosis. 

Increased Akt phosphorylation (p-Akt) have modulating actions on the PI3K/Akt/mTOR and IGF-

1R/Akt/Wingless-related integration site (Wnt) signalling pathways, responsible for regulating key 

aspects of cellular proliferation, differentiation, and apoptosis (Park, Lim, et al., 2010; Vanamala, 

Reddivari, et al., 2010). Both GbE and Ginkgolide B have been shown by Li and colleagues to promote 

cell cycle exit and neuronal differentiation in neural stem cells of the postnatal mammalian 

subventricular zone through the Wnt/β-catenin pathway but not through the extracellular signal-

regulated kinase (ERK) pathway (Li, Chang, et al., 2018). GbE and resveratrol have also been shown 

to increase neurite outgrowth in PC12 and SH-SY5Y cells (Lejri, Grimm, et al., 2019). Both GbE and 

resveratrol and GbE also increased the phosphorylation of phosphorylated insulin growth factor 1 

receptor (IGF1R), Akt (Ser473), mTOR, Phosphatase and tensin homolog (PTEN) and Glycogen 

synthase kinase-3 beta (GSK3β) (Tan, Sun, et al., 2020; Lejri, Grimm, et al., 2019). GbE was also able 

to inhibit H2O2-induced cell apoptosis in SH-SY5Y cells via inactivation of AKT, JNK, and caspase-3 (Shi, 

Zhao, et al., 2009). GbE has also been shown to enhance hippocampal neurogenesis by restoring 

impaired phosphorylation of the transcription factor cAMP responsive element binding protein 

(CREB) and brain-derived neurotrophic factor (BDNF) expression, in β-amyloid-expressing 

neuroblastoma cells in a transgenic mouse model of AD (Xu, Cui, et al., 2007). CREB is phosphorylated 

by Akt, and in turn, increases expression of BDNF (Esvald, Tuvikene, et al., 2020; Dong, Pu, et al., 
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2018). BDNF signalling involves the recruitment of Tropomyosin-related kinase B (TrkB), a receptor 

tyrosine kinase into cholesterol rich lipid rafts. BDNF can also stimulate the transcription of 

cholesterol pathway enzymes in neuronal cells (Suzuki, Numakawa, et al., 2004). The downstream 

effectors of BDNF include the PI3-K and mitogen-activated protein kinase (MAPK) involved in survival 

signalling pathways, with both involved in the feedback loop of Akt signalling (Suzuki, Numakawa, et 

al., 2004). This pathway may explain changes in cholesterol levels seen in GbE treatment, as 

mentioned earlier. Furthermore, down-regulation of the JNK/ Activator protein 1 (AP-1) signalling 

pathway by GbE, results in the inhibition of cytokines TNFα, IL-2, IL-4, and IFN-γ that are involved in 

the inflammatory process and cell death (Hirata, Banin, et al., 2015; Cheng, Liang, et al., 2012). Both 

the PI3K/Akt/mTOR (Wu and Liu, 2013) and IGF-1R/Akt/Wnt (Vanamala, Reddivari, et al., 2010) 

signalling pathways are often over stimulated in hyperglycaemic events that can contribute to OS and 

increased risk of AD, cellular apoptosis, altered glucose uptake and mitochondrial dysfunction 

(Serrano-García, Pedraza-Chaverri, et al., 2013).  

Similar modulation of both resveratrol and GbE also seen on SIRT1 (Chung, Yao, et al., 2010; Hou, 

Chong, et al., 2010; Lagouge, Argmann, et al., 2006) JNK, ERK, p38 and MAPKs (Hsu, Wu, et al., 2009) 

and several nuclear factors, including downstream NF-κB and the Nrf2- kelch-like ECH-associated 

protein 1) (Keap1)-Antioxidant Response Element (ARE) (Nrf2-Keap1-ARE) antioxidant cell defence 

signalling pathway (Singh, Srivastav, et al., 2019; Ahmed, Javed, et al., 2017; Huang, Yang, et al., 2013; 

Serrano-García, Pedraza-Chaverri, et al., 2013; Hsu, Wu, et al., 2009; Liu, Goldring, et al., 2007; 

Andreadi, Howells, et al., 2006; Ishunina, Kamphorst, et al., 2004). Nrf2, involved in regulating the 

transcription of detoxifying and antioxidant enzymes that counteract OS, binds to the ARE region of 

DNA, a binding region it competes with NF-κB for. Nrf2 is a major regulator in cellular and organismal 

defence by regulating stress-inducible activation of multiple cytoprotective genes (Cuadrado, Manda, 

et al., 2018; Yamamoto, Kensler, et al., 2018; Ma, 2013). It is reported that Nrf2 may be upregulated 

by multiple polyphenols and reduces activity of pro-inflammatory NF-κB (Wagner et al., 2013) which 

is regulated by the Akt signalling pathways. Research suggests that resveratrol and GbE are both 

capable of upregulating the expression of Nrf2 (Liu, Wang, et al., 2019; Hsu, Wu, et al., 2009; Liu, 

Goldring, et al., 2007; Yao, Nussler, et al., 2007; Andreadi, Howells, et al., 2006; Ishunina, Kamphorst, 

et al., 2004) while resveratrol has been shown to restore Nrf2 levels in the brain (Kumar, Singh, et al., 

2011). Resveratrol has also been shown to attenuate cytotoxicity from Aβ1-42 by upregulating Heme 

Oxygenase-1 via the PI3K/Akt/Nrf2 Pathway (Hui, Chengyong, et al., 2018). Regarding SIRT1, GbE (Li, 

Zhang, et al., 2017; Longpré, Garneau, et al., 2006) have also been shown to increase SIRT1 activity, 



72 
 

a gene with protective effects against apoptosis caused by oxidative and toxic stress. SIRT1 is 

associated with AD development and is responsible for regulating epigenetic gene silencing that is 

often downregulated in IR (Ng, Wijaya, et al., 2015; Pasinetti, Wang, et al., 2015; Min, Sohn, et al., 

2013; Donmez, 2012; Yamakuchi and Lowenstein, 2009). The exact resveratrol/SIRT1 interaction, 

however, remains to be fully elucidated, with some data suggesting that the in vivo interactions 

between resveratrol and SIRT1 may occur artificially, with resveratrol potentially targeting other 

proteins that affect SIRT1 instead (Pacholec, Bleasdale, et al., 2010; Baur and Sinclair, 2006; Borra, 

Smith, et al., 2005). Other reports suggest that the neurological benefits, such as increased Aβ 

clearance associated with the consumption of grape juice products - a dietary supplier of resveratrol 

- is not limited to that of resveratrol alone. These results may be a result of a combination of other 

grape-derived polyphenolic components (Wang, Zhang, et al., 2016; Marambaud, Zhao, et al., 2005) 

with include quercetin, kaempferol and isorhamnetin also found in GbE. A clinical trial combining a 

high n-3 FA multi-nutrient supplement containing EPA and GbE along with other vitamins has showed 

promising results in improving cognition in elderly females (Strike, Carlisle, et al., 2016).  

While the exact mechanism of AD remains to be elucidated and new treatments slow to emerge, 

evidence suggests that specific nutrients can influence the activity of molecular switches that 

contribute to neuropathogenesis (Gardener, Gu, et al., 2012; González-Gross, Marcos, et al., 2001). 

What is known is that AD, Type 2 Diabetes Mellitus (T2DM) (Chen and Zhong, 2013) and obesity 

(Bondia-Pons, Ryan, et al., 2012; Noeman, Hamooda, et al., 2011; Furukawa, Fujita, et al., 2004; 

Higdon and Frei, 2003) share some clinical, biochemical and pathophysiological manifestations 

through the induction of OS  (Rosales-Corral, Tan, et al., 2015). Furthermore, there is a higher risk of 

in older individuals who are overweight or obese of developing dementia (Ma, Ajnakina, et al., 2020) 

as well as a three-fold increased risk of developing dementia with a high waist circumference 

(Pugazhenthi, Qin, et al., 2017). An HFD rich in saturated fat common in westernized diets is also 

associated with obesity and brain-related disorders related to hypothalamus-pituitary-

adrenocortical axis dysregulation including cognitive impairment, anxiety, stress and depression 

(López-Taboada, González-Pardo, et al., 2020). The development of additional supporting strategies 

such as nutritional intervention and the use of natural products that can target specific molecular 

pathways affecting obesity, insulin resistance and neurodegeneration may offer promising new 

therapeutic avenues. With the evidence that the Mediterranean diet, which combines better PUFA 

ratios, and a plentiful abundance of plant-derived polyphenols can reduce the risk of developing AD 

(Schwingshackl, Morze, et al., 2020; Shively, Appt, et al., 2019; Singh, Parsaik, et al., 2014; Gardener, 
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Gu, et al., 2012; Babio, Bulló, et al., 2009), a multifactorial approach to nutritional therapeutics for 

the prevention of OS, obesity and AD should be taken into consideration. The evidence for the use of 

PUFA and plant derived polyphenols such as those found in GbE and red wine that ameliorate the 

cellular risk factors associated with OS and consequently obesity and AD is promising. Published 

results from our group have already shown that HFD-induced obese rats supplemented with GbE 

improves insulin sensitivity and signalling, dyslipidaemia, body adiposity and that GbE possesses 

antioxidant, anti-inflammatory, and anti-obesogenic properties (Hirata, Cruz, et al., 2019, Hirata et 

al., 2015, Banin et al., 2014). It has also been found that GbE supplementation was effective in 

reducing energy intake and decreasing weight gain in HFD-obese rats as well as reducing adipocyte 

hypertrophy to dimensions equivalent to adipocytes from non-obese rats. GbE also reduced the 

incorporation of acetate and oleate FA into epididymal adipocytes. Perilipin and FASN mRNA as well 

as FASN proteins levels were also reduced (Hirata, Cruz, et al., 2019). It has also shown that in 

retroperitoneal WAT, GbE improves insulin signalling and increases both Adipo-R1 (an adiponectin 

receptor) and anti-inflammatory IL-10 gene expression. Increases in insulin receptor and Akt 

phosphorylation was also observed, while NF-κB p65 phosphorylation and TNF-α levels were 

significantly reduced (Hirata, Banin, et al., 2015). Following this, our group subsequently found within 

the retroperitoneal fat depot proteome, several proteins associated with carbon metabolism, 

adipogenesis (decorin), fatty acid metabolism and mitochondrial function (citrate synthase) were 

increased. Proteins involved in OS including peroxiredoxin and inflammatory response proteins such 

as complement C3, mast cell protease 1, and Ig gamma-2B chain C region were down-regulated. GbE 

also stimulated catalase activity, increased lactoylglutathione lyase levels and decreased lipid 

peroxidation indicated by reduced malondialdehyde levels (Hirata, Pedroso, et al., 2019). 

Furthermore, our group have shown that GbE restores serotonin and leptin receptor levels in the 

hippocampus of ovariectomized rats (Machado, Banin, et al., 2021) and that GbE can induce gene 

expression of hypothalamic anorexigenic effectors in male rats after a single dose (Machado, Pereira, 

et al., 2021). 

To build on previous findings this thesis will focus on examining the changes in tissue lipid profiles 

between normal fat diet (NFD) male Wistar rats and a HFD that induces obesity. The Effect of GbE 

supplementation on HFD-induced obesity male Wistar rats will also be examined. To date no reports 

have been published regarding the modulation of GbE on tissue lipid classes in a high-fat diet model. 

Further to this, the effect of a HFD and GbE supplementation will also be examined in an in vitro PC12 

neuronal model which has not been looked at to date in the literature.  
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1.19 Aims and Objectives  

 

Aims 
 

This research project aims to investigate whether: 

1. A HFD alters lipid profiles in various tissues of male Wistar rats compared to a normal fat diet 

(NFD). 

2. The combined effects of a HFD coupled with GbE supplementation can modulate lipid class 

profiles in various tissues of HFD-obese male Wistar rats.  

3. The effects of supplementation with GbE and FA mixes designed to represent the FA profiles 

found in both NFD a HFD rat chow used in the rat study from aim 1 and 2), on an in vitro PC12 

neuronal model exposed to OS. 

 
Objectives  
 

1. Lipid profile analysis of the NFD and HFD rat chow used in the male Wistar rat study via lipid 

extraction and GC-FID separation. 

2. Analysis of body weight, body weight gain, food intake, energy intake and food efficiency of 

rats fed a NFD, HFD, HFD supplemented with saline or HFD supplemented with GbE.   

3. Tissue lipids from non-obese rats fed a NFD or HFD-induced obese rats will be analysed for 

total lipid profiles, neutral lipid classes including MAG, DAG, TAG, CE as well as phospholipid 

membrane profiles.  

4. Tissue lipids from obese Wistar rats fed either HFD, HFD plus saline, or HFD plus GbE 

supplementation will be analysed for total lipid profiles, neutral lipid classes including MAG, 

DAG, TAG, CE as well as phospholipid membrane profiles.  

Objectives 2 and 3 will be achieved by: 

a. Optimizing a silica column solid phase extraction (SPE) method for the separation of 

lipid classes from total lipid samples 

b. Optimizing a Gas Chromatography – Flame Ionization Detection (GC-FID) method for 

in-house fatty acid methyl ester (FAME) identification and analysis 

c. Analysing extracted lipids from various tissues (retroperitoneal and mesenteric 

adipose tissues, liver, hippocampus, and hypothalamus) collected from obese Wistar 

rats fed a high-saturated-fat diet supplemented with GbE.  
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i. Total lipid profiles esterified to FAMEs and analysed by GC-FID 

ii. Total lipid samples separated into lipid classes SPE into MAG, DAG, TAG, CE 

and PPL, esterified to FAMEs and analysed by gas chromatography – flame 

ionisation detection. 

5. An in vitro PC12-neuronal cell model will be developed and optimised for in-house laboratory 

use. This will include: 

a.  Morphological observations. 

b. Cell viability assays via 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) 

(MTT) assay. 

c. Identification of neuronal markers using flow cytometry and western blotting 

techniques. 

6. PC12 neuronal cells will be treated with a combination of the most abundant FA found in the 

NFD and HFD chow in the male Wistar rat study. NFD and HFD supplementation will also be 

combined with GbE supplementation. Treated cells will be analysed before and after exposure 

to OS. 

• Following cell treatments, cell toxicity will be analysed by MTT assay and Annexin V-7AAD 

flow cytometry.  

7. Cell membrane phospholipid composition will be analysed via cellular total lipid extraction, 

esterification to FAMEs and separation by GC-FID.  

8. Western immunoblotting will be utilized to quantify the effect of cellular treatments on 

Intracellular signalling pathways including AKT, Nrf2 and neurofilament proteins.  
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Chapter 2 - Methods 
 

2.1 Male Wistar rat animal study parameters 

 
From our collaborator Dr Monica Telle’s group at the Federal University of São Paulo, Brazil, tissue 

lipid extracts from a male Wistar rat phytotherapy study undertaken by Dr Bruna Hirata, were 

obtained. The animal study is summarised below. 

(a) Animal Care 

The Committee on Animal Research Ethics of the Federal University of São Paulo, Brazil approved all 

procedures for the care of the animals used in this study. All efforts were made to minimize suffering. 

Animal care has been standardised and previously published (Hirata, Cruz et al., 2019, Hirata, Pedroso 

et al., 2019). In brief, two-month-old male Wistar rats were purchased from the Multidisciplinary 

Center for Biological Investigation in Laboratory Animals Science (CEMIB - Campinas, Brazil). Rats 

were housed at 4 or 5 rats per cage. The rats were maintained at a controlled temperature (23◦C±1◦C) 

and lighting was set to a 12:12-hr light/dark cycle with lights turned on at 6:00 a.m. Rats received ad 

libitum food and water.  

For 8 weeks, male Wistar rats were fed either a standard chow diet (n=10) representing a normal fat 

diet (NFD), or a high-fat lard enriched (HFD) chow (28% lard) (n=30) to induce obesity. As previously 

standardised , the HFD chow was prepared by mixing 40% (w/w) standard chow with 28% (w/w) 

melted lard, 20% (w/w) casein powder (to standardise protein content to that of the NFD), 10% (w/w) 

sucrose, 2% (w/w) soybean oil, and 0.02% (w/w) butylated hydroxytoluene (5.0 kcal/g) (Hirata et al., 

2019, Hirata, Pedroso et al., 2019, Hirata et al., 2015, Banin et al., 2014).  

After 8 weeks of dietary intervention to induce obesity, the HFD-fed rats were randomly divided into 

three groups, while the non-obese NFD fed rats were assigned to a 4th group.  

(b) Phytotherapy treatment 

Ginkgo biloba extract (GbE) was obtained from Southern Anhui Dapeng (China). The main 

components of GbE are shown in Figure 7, with GbE standardised to contain 26.1% flavone 

glycosides, 6.7% terpenoids, 2.2% ginkgolide A, 1.1% ginkgolide B, 1.1% ginkgolide C and 2.5% 

bilobalide (2.50%). Phytotherapy treatment was performed for 14 days. 
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For the 14 days of phytotherapy treatment, each group received the following treatment:  
1) Group 1 (HFD+GbE) received a daily oral gavage of 500 mg/kg of GbE diluted in 2mL of 0.9% 

saline and HFD chow ad libitum (n=10) 

2) Group 2 (HFD+S) received a daily oral gavage of 2ml 0.9% saline only (as vehicle control for 

GbE) and HFD chow ad libitum (n=10) 

3) Group 3 (HFD+PF) received a daily oral gavage of 2ml 0.9% saline only (as vehicle control) and 

were calorie restricted (pairfed) equal to the amount of food consumed by the GbE 

supplemented group (n=10). Previous work has shown the GbE reduces food intake in male 

Wistar Rats (Hirata, Cruz, et al., 2019, Hirata, Pedroso, et al., 2019, Hirata et al., 2015, Banin 

et al., 2014). 

4) Group 4 (NFD) received a daily oral gavage of 2ml 0.9% saline only (as vehicle control) and 

continued to receive standard chow ad libitum. 

 

During the phytotherapy supplementation period, 24-h food intake (calculated by the difference 

between food left from the food offered over a 24-hour period) and body weight (calculated by the 

difference between the first and last day of the 14-day period) was measured and collated by Dr 

Bruna Hirata. Following the 14-day treatment period, all the animals were fasted for 8 hours, 

anaesthetized (by barbiturate 80 mg/kg), and euthanized by decapitation. Retroperitoneal (RET) and 

mesenteric (MES) white adipose tissue, along with liver and brain tissue (hippocampus 

hypothalamus) was collected. Tissue lipids were extracted by Dr Bruna Hirata as previously described 

(Boldarine et al., 2021; Hirata et al., 2019; Bueno et al., 2015; Dornellas et al., 2015).  

Samples were transported over dry ice to the University of Worcester along with raw samples of NFD 

and HFD rat chow samples for further analysis. Along with these samples, Dr Bruna Hirata also 

provided the raw data for food intake and body weight measurements for all animals in the study. 

From this raw data final body weight, body weight gain, food intake, energy intake and the food 

efficiency were calculated. All data are presented as Mean±SEM. For obesity-inducing period, the 

NFD and HFD groups were analysed by Students t-test. Body metric data from the 14-day 

phytotherapy treatment for the four groups (NFD, HFD+S, HFD+PF, HFD+GbE) was analysed by either 

One-way ANOVA with Tukey post hoc test or Two-way repeated measures ANOVA with Šídák post 

hoc test. The level of statistical significance was set at *p < 0.05.  
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2.2 Glassware 

All glassware used for fatty acid samples was acid‐etched in 10% nitric acid for a minimum of 2 hours, 

followed by a primary wash with 70⁰C wash with phosphate‐free detergent, a secondary 70⁰C wash 

without detergent, followed by thorough rinsing in de‐ionised water and left to dry in a drying cabinet.  

2.3 Lipid extraction 

Total lipids were extracted from samples (animal tissues and PC12 cells) using the double‐pipette 

modified Folch et al., (1957) method as previously described (Hirata, Cruz, et al., 2019; Hirata et al., 

2015; Banin et al., 2014). Optimization of fatty acid extraction methods can be seen in Appendix 1. In 

brief, 3 ml C:M (2:1, v/v +0.01%BHT) was added to each sample (100mg tissue or homogenised using 

a tissue homogeniser or 1 X 104 cells, sonicated) in a Pyrex borosilicate glass tube, flushed with 

oxygen-free N2 (OFN), capped with glass stopper and stored at 4°C overnight (24 hours). After 24 

hours, 25% v/v of 0.85% saline (1ml) was added to samples (CHCl3: MeOH:Saline ratio of 8:4:3 (v/v/v)) 

vortexed and centrifuged at 1500 rpm for 5 minutes to separate the aqueous and organic layers. The 

lower lipid phase was recovered via a double pipette technique (Schreiner, 2006). In brief, one 

Pasteur pipette (150mm) was introduced into the lower phase by applying a little overpressure on 

the silicon pipette bulb. After penetrating the lower phase, the pipette bulb was removed allowing 

the lipid phase to enter the pipette without contamination by the upper phase. The lower lipid phase 

was recovered by a second longer pipette (230mm) inserted into the first pipette. The remaining 

upper phase was washed with 2 ml C: M 2:1, v/v+0.01% BHT and centrifuged for 5 minutes. The lower 

phase was recovered again by double pipette extraction. The recovered lower phases were pooled 

and reduced to dryness under OFN and stored at -20⁰C until needed.  

2.4 Solid phase extraction (SPE) for isolation of lipid classes by silica gel column 
chromatography  

A variety of methods exist for the separation of lipid classes (Adlof, 2003; Burdge et al., 2000; Ingalls 

et al., 1993). In this study the Ingalls et al., (1993) method was selected for the separation of 

triglycerides (Fraction 1), cholesteryl esters (Fraction 2), monoglycerides and diglycerides (Fraction 3) 

and phospholipids (Fraction 6). Plastic HyperSep™ silica SPE columns (100 mg bed weight; 1 mL 

column volume, code:10563985), HPLC grade Isooctane, ethyl acetate, chloroform, methanol, and 

glacial acetic acid were obtained from Fisher Scientific (Cleveland, OH, USA). In-house optimization 

of this SPE method using commercially available standards is summarised in Appendix 2 and has been 

subsequently published (See Appendix 3) (Boldarine, Joyce et al., 2021). The final SPE separation of 
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lipid samples were conducted using the following protocol. In brief, all SPE solvent elution mixtures 

were made fresh before extraction at a ratio specified by the Ingalls et al., (1993) method (v/v), 

summarized in Table 2. HyperSep Columns were conditioned with 4 X 1 ml of isooctane (4 column 

volumes and allowed to drain under gravity. 5 mg of total dried lipid homogenate was loaded onto 

the pre-conditioned columns by two successive washes with 0.5 ml of isooctane-ethyl acetate (80: 1, 

v/v, Elution solution 1) and allowed to drain by gravity into a glass vial. Following the elution steps 

and solutions as set out in Table 2, each lipid fraction (TAG, DAG+MAG, CE, PPL) was eluted under 

gravity and the lipid fractions collected in separate glass vials. To avoid drying of the silica bed, each 

fraction solution was immediately loaded on to the column after the previous solution had finished 

draining. As recommended by Ingalls et al., (1993) method, following the elution of fraction 1 and 2, 

the original sample vial was washed twice in succession with 0.5 ml of isooctane-ethyl acetate (75:25, 

v/v, Elution solution 3) to remove any remaining sample residue not dissolved in initial isooctane-

ethyl acetate (80: 1, v/v). This solution 3 wash was loaded on to the silica gel columns, followed by 

elution with fraction solutions 3, 4 and 5 as per Table 2. Following fraction 5 elution and collection, 

the original sample vial was re-washed with 0.5 ml of methanol (Elution solution 6) to dissolve any 

remaining sample left behind from the solution 1 and 3 washes and applied to the silica gel columns. 

The final fraction elution was collecting using fraction 6 solution. Eluted samples were dried under 

OFN and acid-catalysed esterified as per the protocol outlined in Section 0. All samples were made 

up in 1 ml Heptane+BHT (100mg/ml) prior to injection. Samples were separated and analysed by GC-

FID as outlines in Section 2.6.  

2.5 Acid-catalysed esterification of lipids to methyl esters (Methylation)  

To each sample 4ml Acetyl Chloride: Methanol (15:100) solution was added, flushed with OFN, sealed 

with a PTFE lined cap, and methylated at 70°C for three hours, with samples checked and mixed every 

hour. The resulting fatty acid methyl esters (FAMEs) were extracted with 4 ml of petroleum spirit 

+0.01% BHT and 4 ml of 5% saline (to induce phase separation). The top layer of petrol spirit was 

collected and added to 2 ml of 2% potassium bicarbonate and vortexed to neutralize any remaining 

acid. The top petrol spirit layer was removed and added to 200 mg of anhydrous sodium sulphate to 

remove any residual water from the sample. Samples were dried under OFN at 37°C and stored at -

20°C until needed. Methylated (FAME) samples were diluted in Heptane with 0.01% BHT.  
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Table 2. Preparation of solutions for the separation of solid phase separation of lipid classes 

Solutions for 

SPE separation 

Lipid class 

Elution 

Total volume 

of solvent 

used (ml)  

n-

Octane 

Ethyl 

Acetate 

Glacial 

Acetic 

Acid Methanol 

Fraction 1  TAG 4.5 v/v 80 1 - - 

Fraction 2  CE 5 v/v 20 1 - - 

Fraction 3  MAG+DAG 4.5 v/v 75 25 - - 

Fraction 4  FFA 4 v/v 75 25 2 - 

Fraction 5  - 8 v/v 75 25 2 - 

Fraction 6  PPL 8 v/v - - - 100 

Total Solvent 
used per 
sample (ml) 

 

36.0  23.3 2.5 0.2 8.0 
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2.6 Gas Chromatography – Flame Ionisation Detection (GC-FID) 

 

2.6.1 Optimization of GC-FID 

Method optimization was required for correct separation of fatty acid methyl esters (FAME) by GC-

FID using a Shimadzu GC-2010 plus fitted with a Shimadzu – AOC-20S autosampler (Shimadzu, Kyoto, 

Japan), a Peak Scientific zero air precision compressor (Peak Scientific Instruments, Scotland, UK) and 

SGE Analytical Science™ BPX70 GC Capillary Column (120m x 0.25 mm x 0.25 µm – Code: 054624; 

Milton Keynes, United Kingdom). Various starting temperatures were explored including 130°C, 

140°C, 150°C and 160°C, along with varying temperature increases and holds throughout the run (See 

Table 3). Shorter and longer final holding temperatures were also explored to minimize residual build 

up on the column between runs. In the FAME mix, overlapping of peaks, particularly of C18:3n3 and 

C20:0 as well as C20:3n3, C22:0 and C20:4n6 occurred at the higher start temperatures of 140°C, 

150°C and 160°C (Figure 8). A final starting temperature of 130°C was sufficient to separate C18:3n3 

and C20:0 into separate peaks. C20:3n3, C22:0 and C20:4n6 peaks were sufficiently separated to 

integrate them individually utilizing the split peak function of the Lab Solutions software (See Figure 

8.D). Retention times of individual FAMES were also checked using this method. All individual FAMES 

separated sufficiently to give them unique retention times suitable for automated integration 

method (See Figure 8.D). The final optimized GC-FID FAME method is outlined in Table 4 with a run 

time of 26 mins. This method allows for easier post run analysis, with few misidentified peaks that 

require manual integration or correction.  

Optimization of needle injection washing was also achieved by introducing 3 X 10ul washes of 

acetone followed by 6 X 10 µl washes of heptane, in place of 9 X 10 µl washes with heptane only. 

Acetone was chosen based on its polarity index of 5.1 and its miscibility of polar and non-polar 

substances as compared to the polar only nature of heptane with a polarity index of 0.1 (Harris, 2010). 

The use of acetone in the washing stage reduced any residual carry over and ghost peaking between 

runs. Washing with acetone first, followed by extensive washing of heptane afterword also allowed 

for complete removal of any acetone residue that might interfere with the sample run and profile. 

  



82 
 

Table 3. Optimisation of Gas Chromatography – Flame Ionisation Detection (GC-FID) 

GC-FID Method 1  

 

 

• Starting temperature 160°C, hold 1 minute.  

• Increase by 5.5°C/min to 200°C, hold for 3.5 minutes. 

• Increase by 12°C/min to 250°C, hold for 2 minutes. 

GC-FID Method 2  • Starting temperature 160°C, hold 1 minute.  

• Increase by 5.5°C/min to 200°C, hold for 3.5 minutes. 

• Increase by 9°C/min to 250°C, hold for 2 minutes. 

GC-FID Method 3 

 

• Starting temperature 150°C, hold 1 minute.  

• Increase by 5.5°C/min to 200°C, hold for 3.5 minutes. 

• Increase by 12°C/min to 250°C, hold for 3 minutes. 

 

GC-FID Method 4 

• Starting temperature 140°C, no hold.  

• Increase by 5.5°C/min to 200°C, hold for 3.5 minutes. 

• Increase by 12°C/min to 250°C, hold for 3 minutes. 

GC-FID Method 5  

 

• Starting temperature 130°C, hold 1 minute.  

• Increase by 5.5°C/min to 200°C, hold for 3.5 minutes. 

• Increase by 12°C/min to 250°C, hold for 4 minutes. 

GC-FID Method 6 

- Final optimized 

Method 

 

• Starting temperature 130°C, hold 1 minute.  

• Increase by 5.5°C/min to 200°C, hold for 3.5 minutes. 

• Increase by 12°C/min to 250°C, hold for 3 minutes. 

• Increase by 10°C/min to 260°C, hold for 2 minutes. 
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A. Starting temperature 160°C 

 

B. Starting temperature 150°C

 

C. Starting temperature: 140°C               

 

D. Starting temperature: 130°C 

 

Figure 8. Optimisation of FAME separation on gas chromatography flame ionisation detection using various starting 
temperatures were explored from 130°C, 140°C, 150°C and 160°C and varying temperature hold times. 
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Table 4. Final optimized FAME method for the Shimadzu GC-2010 plus 

 

Equipment 

• Shimadzu GC-2010 plus – with flame ionisation detector 

• Shimadzu – AOC-20S autosampler 

• Peak Scientific zero air precision air compressor 

• Thermo Scientific TR FAME capillary column (60m x 0.32 mm x 0.25 µm – 260M155P) 

• Analysis Software: Lab Solutions, Shimadzu 

 

Injection settings 

• Injection port temperature: 230°C. 

• Injection volume: 1µl 

• Split ratio of 1:100 or 1:10 dependant on sample quantity 

• Purge flow: 3 ml/min 

• Injection needle rinse: 3 X 10ul Acetone, 6 X 10ul Heptane – Pre and post injection 

 

Column Settings 

• Thermo Scientific TR FAME (60m x 0.32 mm x 0.25 µm – Code:260M155P) 

• Equilibration time: 2 mins 

• Starting temperature 130°C, hold 1 minute. 

• Increase by 5.5°C/min to 200°C, hold for 3.5 minutes 

• Increase by 12°C/min to 250°C, hold for 3 minutes 

• Increase by 10°C/min to 260°C, hold for 2 minutes 

• Run time: 26 minutes 

 

FID settings 

• Temperature: 260⁰C 

• Makeup gas: Nitrogen (N2) at 30ml/min 

• Carrier gas: Hydrogen (H2) at 40ml/min 

• Air flow: 400ml/min 
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2.6.2 Final GC-FID method 

For fatty acid identification, FAMEs with separated by GC-FID using a Shimadzu GC-2010 plus fitted 

with a Shimadzu – AOC-20S autosampler (Shimadzu, Kyoto, Japan), a Peak Scientific zero air precision 

compressor (Peak Scientific Instruments, Scotland, UK) and SGE Analytical Science™ BPX70 GC 

Capillary Column (120m x 0.25 mm x 0.25 µm – Code: 054624; Milton Keynes, United Kingdom). 

Nitrogen was used as a carrier gas with a flow rate of 30 mL/min, with air and hydrogen flow rates 

set at 400 mL/min and 40 mL/min respectively. Purge flow was set at 3 mL/min. The injection port 

temperature was set at 230°C and FID detector set at 260°C. A pre and post injection needle rinse (3 

X 10ul Acetone, 6 X 10ul Heptane) was used. Sample injection volume was set at 1µl with a split ratio 

of 1:100. For samples of low quantity, a split ratio of 1:10 to was utilized. As an additional control, 

heptane was injected after every 5 runs to test for ghost peaking. For maximum separation and 

complete elution of FAMEs, the following ramp method was utilized over a 26 min run time: Starting 

temperature 130°C, hold 1 minute; Increase by 5.5°C/min to 200°C, hold for 3.5 minutes; Increase by 

12°C/min to 250°C, hold for 3 minutes; Increase by 10°C/min to 260°C, hold for 2 minutes. A two-

minute equilibration time was used in between runs. Samples were analysed using Shimadzu 

LabSolutions software (Shimadzu, Kyoto, Japan) against commercially available standards (Table 5, 

Table 6 and Table 7). Data was presented as mean percentage (%) of injected sample±SEM (Mean 

(%) ±SEM). The unsaturation Index (UI) of the sample was also calculated outlined in the next section, 

as well as pertinent fatty acid ratios, when are presented as mean±SEM. Data was analysed by 

Students t-test when comparing two groups, or by One-way ANOVA with Tukey’s post hoc test when 

comparing 3 or more groups. The level of statistical significance was set at *p < 0.05. 
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Table 5.  No.1 Fatty acids standard mix (F.A.M.E. Mix, C4-C24) (Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) used 
for the detection of fatty acid methyl esters by Gas Chromatography - Fame Ionisation Detection (GC-FID) 

F.A.M.E. Mix, C4-C24 (Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) – Code 18919 

C4:0 Methyl butyrate 4 wt. % 
C6:0 Methyl hexanoate 4 wt. % 
C8:0 Methyl octanoate 4 wt. % 
C10:0 Methyl decanoate 4 wt. % 
C11:0 Methyl undecanoate 2 wt. % 
C12:0 Methyl dodecanoate 4 wt. % 
C13:0 Methyl tridecanoate 2 wt. % 
C14:0 Methyl myristate 4 wt. % 
C14:1 Methyl myristoleate 2 wt. % 
C15:0 Methyl pentadecanoate 2 wt. % 
C15:1 Methyl cis-10-pentadecenoate 2 wt. % 
C16:0 Methyl palmitate 6 wt. % 
C16:1n7 Methyl palmitoleate 2 wt. % 
C17:0 Methyl heptadecanoate 2 wt. % 
C17:1 Methyl cis-10-heptadecenoate 2 wt. % 
C18:0 Methyl stearate 4 wt. % 
C18:1n9 trans Methyl elaidate 2 wt. % 
C18:1n9 Methyl oleate 4 wt. % 
C18:2n6 trans Methyl linolelaidate 2 wt. % 
C18:2n6 Methyl linoleate 2 wt. % 
C18:3n6 Methyl γ-linolenate 2 wt. % 
C18:3n3 Methyl linolenate 2 wt. % 
C20:0 Methyl arachidate 4 wt. % 
C20:1n9 Methyl cis-11-eicosenoate 2 wt. % 
C21:0 Methyl heneicosanoate 2 wt. % 
C20:2n6 cis-11,14-Eicosadienoic acid methyl ester 2 wt. % 
C20:3n6 cis-8,11,14-Eicosatrienoic acid methyl ester 2 wt. % 
C20:4n6 Methyl arachidonate 2 wt. % 
C20:3n3 cis-11,14,17-Eicosatrienoic acid methyl ester 2 wt. % 
C22:0 Methyl behenate 4 wt. % 
C22:1n9 Methyl cis-13-docosenoate 2 wt. % 
C20:5n3 cis-5,8,11,14,17-Eicosapentaenoic acid methyl ester 2 wt. % 
C23:0 Methyl tricosanoate 2 wt. % 
C22:2n6 cis-13,16-Docosadienoic acid methyl ester 2 wt. % 
C24:0 Methyl tetracosanoate 4 wt. % 
C24:1n9 Methyl cis-15-tetracosenoate 2 wt. % 
C22:6n3 cis-4,7,10,13,16,19-Docosahexaenoic acid methyl ester 2 wt. % 

 

  



87 
 

Table 6. Fatty acids standard mixes (PUFA No.3; Linolenic Acid Methyl Ester Isomer mix; Linoleic Acid Methyl Ester 
Isomer Mix; F.A.M.E. Mix, C20:1-C20:5 Unsaturates) used for the detection of fatty acid methyl esters by Gas 
Chromatography - Fame Ionisation Detection (GC-FID) 

PUFA No.3 - From Menhaden Oil, analytical standard * - Code 47085-U  
C22:5n3 cis-4,7,10,13,16,19-Docosahexaenoic acid methyl ester 
C20:3n3 cis-11,14,17-Eicosatrienoic acid methyl ester 
C20:4n6 Methyl arachidonate 
C22:5n3 Methyl all-cis-7,10,13,16,19-docosapentaenoate 
C20:5n3 Methyl all-cis-5,8,11,14,17-eicosapentaenoate 
20:1n11 Methyl cis-11-eicosenoate 
C18:2n6 Methyl linoleate 
C18:3n3 Methyl linolenate 
C14:0 Methyl myristate 
C18:1n9 Methyl oleate 
C16:0 Methyl palmitate 
C16:1n7 Methyl palmitoleate 
C18:0 Methyl stearate 
18:4n3 Methyl stearidonate 
18:2n4 11,14-Octadecadienoic acid methyl ester 
18:3n4 9,11,14-Octadecatrienoic acid methyl ester 
C18:1n7 cis-11-Octadecenoic methyl ester  
Linolenic Acid Methyl Ester Isomer mix - Code CRM47792 
 
C18:3n3 
(cis and 
trans) 

cis-9, cis-12, cis-15-Octadecatrienoic acid methyl ester 3% (w/w) 

cis-9, cis-12, trans-15-Octadecatrienoic acid methyl ester 7% (w/w) 

cis-9, trans-12, cis-15-Octadecatrienoic acid methyl ester 7% (w/w) 

cis-9, trans-12, trans-15-Octadecatrienoic acid methyl ester 15% (w/w) 

trans-9, cis-12, cis-15-Octadecatrienoic acid methyl ester 7% (w/w) 

trans-9, cis-12, trans-15-Octadecatrienoic acid methyl ester 15% (w/w) 

trans-9, trans-12, trans-15-Octadecatrienoic acid methyl ester 30% (w/w)  
Linoleic Acid Methyl Ester Isomer Mix - Code CRM47791 
 
C18:2n6  
(Cis and 
trans) 

cis-9, cis-12-Octadecadienoic acid methyl ester 10 % (w/w) 

cis-9, trans-12-Octadecadienoic acid methyl ester 20 % (w/w) 

trans-9, cis-12-Octadecadienoic acid methyl ester 20 % (w/w) 

trans-9,12-Octadecadienoic acid methyl ester 50 % (w/w) 

cis-9, cis-12-Octadecadienoic acid methyl ester 10 % (w/w) 

cis-9, trans-12-Octadecadienoic acid methyl ester 20 % (w/w) 

trans-9, cis-12-Octadecadienoic acid methyl ester 20 % (w/w) 
 

F.A.M.E. Mix, C20:1-C20:5 Unsaturates- Code 18913 
C20:1n9 cis-11-Eicosenoic acid methyl ester ~ 10 mg 
C20:2n6 cis-11,14-Eicosadienoic acid methyl ester ~ 10 mg 
C20:3n3 cis-11,14,17-Eicosatrienoic acid methyl ester ~ 10 mg 
C20:4n6 cis-5,8,11,14-Eicosatetraenoic acid methyl ester ~ 10 mg 
C20:5n3 cis-5,8,11,14,17-Eicosapentaenoic acid methyl ester ~ 10 mg 
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Table 7. Individual Fatty acids standard used for the detection of fatty acid methyl esters by Gas Chromatography - 
Fame Ionisation Detection (GC-FID) 

C16:1n7 palmitoleic acid / cis-9-Hexadecenoic acid * P9417 

C17:0 Heptadecanoic acid * H3500 

C20:1n9 cis-11-Eicosenoic acid * 44878 

C20:2n6 cis-11,14-Eicosadienoic acid methyl ester  E7477 

C20:3n6 cis-8,11,14-Eicosatrienoic acid methyl ester  E3511 

C20:4n6 Methyl arachidonate  A9298 

C22:0  Docosanoic acid / Behenic acid * 216941 

C22:1n9 cis-13-Docosenoic acid / Erucic acid * 45629 

C20:5n3 cis-5,8,11,14,17-Eicosapentaenoic acid methyl ester 47571-U 

C22:2n6 cis-13,16-Docosadienoic acid methyl ester  D4034 

C24:1n9 cis-15-Tetracosenoic acid / Nervonic acid * N1514 

C22:6n3 cis-4,7,10,13,16,19-Docosahexaenoic acid * D2534 

DMA 16:0  16:0 dimethylacetal * 852446C 

DMA 18:0  18:0 dimethylacetal * 852448C 

DMA 18:1  18:1 dimethylacetal * 852449C 

C18:1n7 trans trans-Vaccenic acid / 11-trans-Octadecenoic acid * V1131 

C18:1n7 cis-vaccenic acid / cis-11-Octadecenoic acid *  V0384 

C22:4n6 cis-7,10,13,16-Docosatetraenoic acid * D3659 

C22:5n3 cis-7,10,13,16,19-Docosapentaenoic methyl ester 47563-U 

C20:3n9 cis-5,8,11-Eicosatrienoic acid, Mead acid 43059 

*Fatty acid standards not purchased in methyl form, were subjected to methylation (as 
described in Section 2.5) prior to injection  
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2.7 Unsaturation Index (UI) 

The Unsaturation index (UI), also known as also known as the index of hydrogen deficiency (IHD), is 

a measure of unsaturation that describes the fluidity of a biological membrane. It is useful in 

interpreting membrane and tissue fatty acid composition, fluidity, and basal metabolic rate (Weijers 

2016a, 2016b, 2015, 2012) is calculated as the mean number of cis double bonds per fatty-acid residue 

multiplied by 100.  

𝑈𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =  𝑀𝑒𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑖𝑠 𝑑𝑜𝑢𝑏𝑙𝑒 𝑏𝑜𝑛𝑑𝑠 𝑋 100 

For its use in interpreting membrane fluidity using fatty acid percentages (%) the following calculation is 

made:  

𝑈𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =  𝑀𝑒𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑖𝑠 𝑑𝑜𝑢𝑏𝑙𝑒 𝑏𝑜𝑛𝑑𝑠 𝑋  % 𝑜𝑓 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒  

 

2.8 Phospholipid analysis by HPLC 

A HPLC method for the separation and characterization of PPL molecular species was explored 

utilizing a 2-dimensional (2D) LC (LC×LC; HILIC X C18) separation system. Initial method optimization 

data can be found in Appendix 4. Due to time constraints, this method of analysis was reassessed, 

and it was decided that total PPL fatty acid profiles were examined instead. Therefore, this additional 

analysis was not utilized for the further sample analysis of the PPL SPE fractions. 

 

2.9  Cell culture 

PC12 - Rat adrenal phaeochromocytoma (ATCC® CRL-1721) hereafter referred to as PC12 cells were 

purchased through Public Health England from the European Collection of Authenticated Cell 

Cultures (ECACC) (PC-12 – 88022401). All reagents were obtained from Sigma-Aldrich and 

ThermoFisher Scientific unless otherwise indicated. Standardised Ginkgo biloba extract (GbE) was 

obtained from Southern Anhui Dapeng (China) and generously gifted by Dr M.M. Telles Group, 

Federal University of São Paulo, Brazil. All procedures were performed aseptically. PC12 cells grow 

satisfactory as small irregularly shaped cells in small multi-cell aggregates, floating in suspension but 

show poor adherence to plastic and non-coated surfaces. For adherence, cells are grown on either 

type I or type IV collagen-coated tissue culture vessels where they exhibit a varied profile of small 

epithelial-shaped cells, some stellate-shaped cells, some elongated cells and some rounded but 

attached cells and possess a high differentiation potential in response to NGF treatment (Kinarivala 

et al., 2017; ATCC, 2014). 
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2.10 PC12 complete growth media 

PC12 cells cultures were incubated in a humidified atmosphere containing 5% CO2 at 37°C in 

complete growth media (Gibco™ Roswell Park Memorial Institute (RPMI) 1640 Medium (ATCC 

Modification) modified with 10% heat-inactivated horse serum, 5% fetal bovine serum and 

Penicillin/streptomycin solution at 100 I.U -100µg/ml. The reported doubling time of PC12 cells is 48 

for suspension and 92 hours for adherent cells (ATCC, 2014). All data was collected between passages 

9-13. 

 

2.11 PC12 cell growth and subculturing  

 

2.11.1  PC12 cells in suspension 

The cell and media content of the flask were transferred to a plastic centrifuge tube and mixed 

thoroughly using a serological pipette to dissociate large aggregates into small clusters. Cell cultures 

were centrifuged at 21⁰C for 1 minute per ml at 200xg. The supernatant was removed and retained 

for use in the sub-culture media. The cell pellet was re-suspended in an initial 1 ml of complete 

growth media, thoroughly mixed 10 times using a 200µl pipette tip to breaks up cell clusters and 

counted by haemocytometer using trypan blue solution. Cultures were split every 2-3 days to a sub-

cultivation to achieve 1 x 105 to 1 x 106 viable cells/ml. Appropriate aliquots of the cell suspension 

were added to a new culture vessel following appropriate volumes of growth media per culture vessel 

(See Type I collagen solution (Corning™ Collagen I, Rat 100mg, Cat no#11563550) was purchased 

from Fisher Scientific. Poly-L-lysine solution (0.01%, sterile-filtered, BioReagent, Cat no.#P4707) and 

type IV Collagen (from human placenta, Bornstein and Traub Type IV, powder, Cat no.#C5533) was 

purchased from Merck-Sigma-Aldrich. Type IV collagen solution was made up to a final solution of 

1mg/ml (0.1% w/v collagen solution) in 0.1M glacial acetic acid stirred at room temperature for 1-3 

hours as per Merck PC12 collagen coating protocol (Merck, 2020a). The solution was sterilised by 

incubating overnight at 4°C with 10% v/v chloroform. The top collagen layer was aseptically removed, 

aliquoted and stored at −20°C for up to 6 months. Aliquots were subsequently defrosted and diluted 

10 times to obtain at 0.01% solution as needed. 

  



91 
 

Table 8). Sub-culturing growth media was comprised of 20% old, conditioned media and 80% new 

complete growth media warmed to 37°C prior to the addition of cells. Media was renewed every 2-3 

days. Subculture was performed when cell density reached between 2-4 x 106 viable cells/ml or 70% 

confluency. 

2.11.2  Adherent PC12 cells  

Complete growth media was aspirated from the flask using a serological pipette and retained and the 

cells washed with 1X PBS. Cells were detached by 0.25% trypsin-EDTA at a ratio of 0.06-0.1ml/cm2 

and incubated for 3-5 minutes at 37⁰C in a humidified incubator. Trypsin-EDTA was neutralized by 

adding an equal volume of complete growth media to the flask and the contents gently triturated 

using a serological pipette to dissociate aggregates and remaining adherent cells. The contents were 

centrifuged at 21⁰C for 1 minute per ml at 200xg. The supernatant was removed and discarded. The 

cell pellet was re-suspended in an initial 1 ml of complete growth media gently triturated 5 times 

using a 200µl pipette tip to breaks up cell clusters and counted by haemocytometer using trypan blue 

staining. Cultures were split to a sub-cultivation ratio of 1:2 to 1:4 to achieve 1-2 x 104 cells/cm2 viable 

cells. Appropriate aliquots of the cell suspension were added to a new culture vessel following 

appropriate volumes of growth media per culture vessel (See Table 8). Sub-culturing growth media 

was comprised of 80% new complete growth media and 20% of the old, conditioned media. Media 

was renewed every 2-3 days by gently pouring off 80% of old media and replacing with warmed (37°C) 

new complete media. Subculture was performed when cell density reached between 3-5 x 104 

cells/cm2 viable cells or 70% confluency. 

  



92 
 

2.12 Cryopreservation of stocks 

Frozen stocks of a low passage number were prepared. Briefly, cell suspensions of 1 X 106 cells/ml 

were prepared in complete growth media supplemented with 10% dimethyl sulfoxide (DMSO) and 

aliquoted in to sterile cryostatic vials. Aliquots were frozen overnight to -80 using a CoolCell® Cell 

Freezing Container at a rate of -1℃/minute before transfer to liquid nitrogen for long term storage. 

2.13 Coating of cell culture vessels 

Recommendations for the concentrations of poly-L-lysine and collagen for coating tissue culture 

plates vary between suppliers and protocols. For this protocol Corning guidelines (1-5ug/cm2) 

(Corning, 2019) and Sigma guidelines (6-10µg/cm2) (Merck, 2020a) were chosen as recommended 

under the ATCC PC-12 (ATCC® CRL-1721™) protocol (ATCC, 2014).  A final concentration of 10µg/cm2 

was chosen.  

2.14 Preparation of collagen 

Type I collagen solution (Corning™ Collagen I, Rat 100mg, Cat no#11563550) was purchased from 

Fisher Scientific. Poly-L-lysine solution (0.01%, sterile-filtered, BioReagent, Cat no.#P4707) and type 

IV Collagen (from human placenta, Bornstein and Traub Type IV, powder, Cat no.#C5533) was 

purchased from Merck-Sigma-Aldrich. Type IV collagen solution was made up to a final solution of 

1mg/ml (0.1% w/v collagen solution) in 0.1M glacial acetic acid stirred at room temperature for 1-3 

hours as per Merck PC12 collagen coating protocol (Merck, 2020a). The solution was sterilised by 

incubating overnight at 4°C with 10% v/v chloroform. The top collagen layer was aseptically removed, 

aliquoted and stored at −20°C for up to 6 months. Aliquots were subsequently defrosted and diluted 

10 times to obtain at 0.01% solution as needed. 
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Table 8. Summary of cell culture subculture guidelines for ATCC PC-12 cells (ATCC® CRL-1721™)(Thermo-Fisher 2020a; 
Orlowska et al. 2017; Merck 2020c, 2020a; Martin and Grishanin 2003; Kinarivala et al. 2017a; Corning 2019; ATCC 
2014a). 

   PC 12 cell - Suspension  PC 12 cell - Adherent  

 Surface area 
(cm2) 

Growth 
medium 
Vol (mL)  

Initial seeding 
density  

Cells at 
confluency  

Collagen 
type I 

solution 
(0.1mg/m

l)  

Initial seeding 
density  

Cells at 
confluency  

 
0.5 - 1 x 106 

viable 
cells/ml 

2-4 x 106 

viable 
cells/ml 

µl 
1-2 x 104 
cells/cm2 

4-5 x 104 
cells/cm2 

Dishes    
Based on upper estimated 

recommendation 

35mm 8.8 2 1 x 106 4 x 106 20 0.18 x 106 4.5 x 105 

60mm 21.5 5 2.5 x 106 10 x 106 880 0.43 x 106 1.1 x 106 

100mm 56.7 12 6 x 106 24 x 106 2150 1.13 x 106 2.8 x 106 

150mm 145 30 15 x 106 60 x 106 5670 2.9 x 106 7.25 x 106 

Culture 
plates 

        

6-well 9.6 2 1 x 106 4 x 106 960 1.9 x 105 4.8 x 105 

12-well 3.5 1 0.5 x 106 2 x 106 350 7 x 104 1.75 x 104 

24-well 1.9 0.5 0.25 x 106 1 x 106 190 3.8 x 104 9.5 x 104 

48-well 1.1 0.2 0.1 x 106 0.4 x 106 110 2.2 x 104 5.5 x 104 

96-well 0.32 0.1 0.05 x 106 0.2 x 106 32 6.4 x 103 1.6 x 104 

Flasks         

T-25 25 5 2.5 x 106 10 x 106 2500 5 x 105 1.25 x 106 

T-75 75 10 5 x 106 84 x 106 7500 1.5 x 106 3.75 x 106 

T-175 175 35 17.5 x 106 70 x 106 17500 3.5 x 106 8.75 x 106 

T-225 225 45 22.5 x 106 90 x 106 22500 4.5 x 106 11.5 x 106 

  

https://www.thermofisher.com/uk/en/home/life-science/cell-culture/mammalian-cell-culture/classical-media.html
https://www.thermofisher.com/uk/en/home/life-science/cell-culture/mammalian-cell-culture/classical-media.html
https://www.thermofisher.com/uk/en/home/life-science/cell-culture/mammalian-cell-culture/classical-media.html
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2.15 Preparation of culture vessels  

Sufficient 0.01% solution of either PPL, type I or Type IV collagen was added to cover the surface of 

the tissue culture vessel of choice (as summarized in Table 8). The vessel was coated by gentle swirling 

and agitating of the applied solution around the vessel before being left to set in a sterile hood 

overnight at room temperature. The next day, the remaining solution was removed, and the culture 

vessels were washed three times in sterile PBS for 5 minutes. Culture vessels were sterilized by 

exposure to UV light and left to dry in a sterile culture hood, before being stored at 4⁰C until needed.  

2.16 Differentiation  

PC12 cells respond reversibly to nerve growth factor (NGF) by induction of the neuronal phenotype 

when plated on PPL and Collagen coated culture vessels. Nerve Growth Factor (NGF-2.5S from murine 

submaxillary gland, Cat. no# N6009) was purchased from Merck-Sigma-Aldrich. NGF was made up to 

a final concentration of 1 X 105ng/ml stock solution in 0.85% NaCl, sterile filtered through a 0.2 µm 

pore PES membrane sterile filter, aliquoted and frozen and stored −20 °C for up to 6 months. 

Differentiation media was comprised of Gibco™ RPMI 1640 Medium (ATCC Modification) 

(code:11054566) modified with either 1%, 0.5% or 0.1% heat-inactivated horse serum (Sigma Cat. 

no# H1138) or 1% bovine serum albumin (Sigma Cat. no# A9418), Penicillin/streptomycin solution 

(100 I.U -100µg/ml; Gibco™ Penicillin-Streptomycin -10,000 U/mL, Cat no.# 11548876) and either 25, 

50 or 100ng/ml NGF.  

2.17 Differentiated PC12 experiments 

Cells were seeded at 5 X 106 on T75-type I collagen-coated flasks with RPMI complete growth media 

and allowed to adhere for 24-36 hours. The media was changed to low-serum 1% bovine serum 

albumin (BSA) media supplemented with 25ng/ml NGF. Differentiation media was changed every 2 

days. After 7 days, cells were trypsinized (Gibco™ Trypsin-EDTA (0.25%) Cat no.# 11560626) for 5 

minutes at 37⁰C, an equal volume of RPMI complete media was added to neutralize the trypsin-EDTA 

and cells transferred to falcon tubes and centrifuged at 100xg for 1minute/ml. The supernatant was 

discarded, and cells were gently washed with 1X Sterile PBS, before being centrifuged again at 100xg 

for 1minute/ml to help remove dead cells. Cells were counted by haemocytometer and replated on 

type I collagen-coated culture vessels at desired concentrations for subsequent experiments in 1% 

BSA-25ng/ml NGF supplemented media. Differentiated cells were allowed to adhere and re-establish 

neurite outgrowth for 24 hours before further experimentation. 
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2.18 GbE stocks 

GbE was made up to a main stock solution of 1 X 105µg/ml in sterile 0.85% NaCl and sterile filtered 

through a 0.2 µm pore PES membrane sterile filter. Further lower concentration stocks were made 

in RPMI 1640 media to produce the final concentrations required for treatment. 

2.19 Fatty acid stocks 

Fatty acids were obtained from Merck-Sigma-Aldrich (P5585-10G Palmitic acid BioXtra, ≥99% - C16:0, 

S4751-10G Stearic acid - C18:0; O1383-5G Oleic acid - C18:1n9; L1012-5G Linoleic acid - C18:2n6; 

L2376-500MG Linolenic acid - C18:3n3). 100 mM stock solutions of each FA were prepared in ethanol, 

aliquoted into brown glass vials, flushed with N2, capped, and frozen at −20°C. Each aliquot was used 

only once. For cell culture treatments a mixed FA stock solution was created based on fatty acid 

profiles of the normal and high fat diet rat chow used in the Wistar rat Study. Briefly, to mimic a 

normal fat diet (NFD) FA profile the following percentages of each 100 mM FA stock solution was 

mixed (C16:0 – 15%, C18:0 – 4%, C18:1n9 - 24%, C18:2n6 – 55%, C18:3n3 – 5%). To mimic a high fat 

diet (HFD) FA profile the following percentages of each 100 mM FA stock solution was mixed (C16:0 

– 21%, C18:0 – 12%, C18:1n9 - 36%, C18:2n6 – 21%, C18:3n3 – 1%). These mixed FA stocks were 

aliquoted into brown glass vials, flushed with N2, capped, and frozen at −20°C. Each aliquot was used 

only once. Prior to treatments, 100X stocks were made for both NFD and HFD FA treatments as a 4:1 

molar complex with fatty acid-free BSA (100 mg/ml) (BSA - Sigma Aldrich, A8806,  

≤0.02% FA). 100 X stocks were diluted in RPMI 1640 media without serum substitute to give a final 

concentration of 1% BSA and 1X FA concentrations required for FA treatment. Control cells were 

exposed to 1% BSA media only. 

2.20 Cell imaging 

Images were taken using an inverted microscope, equipped with a 5MP Moticam 5 and processed on 

Motic Images Plus 3.0 - Image Analysis Software. Three representative fields of images were taken 

for each sample, and a total three replicate samples were tested for each group, corresponding to 

nine fields of images for each group.  

 

2.21 MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) cell 
viability assay  

To determine cell viability of PC12 cell differentiation, cells were seeded in triplicate into 96 well 

plates at a density of 5 x 104 cells/cm2 in 100µl of RPMI complete media and allowed to adhere to 
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collagen coated surface for 24 hours. Plates were incubated at 37°C, 5% of CO2. For differentiation 

experiments, after 24 hour adherence time, RPMI media was replaced with serum-reduced media 

(1%, 0.5% and 0.1% horse serum media or 1% BSA reduced-serum media) for 24 hours to synchronise 

the cell cycle followed by treatment with 25, 50 or 100ng/ml NGF (Sigma Aldrich, Nerve Growth 

Factor-2.5S from murine submaxillary gland, #N6009) or GbE 50 or 100µg/ml. Media was replaced 

every 48 hours. After 7 days of NGF treatment, culture media was aspirated slowly and carefully from 

the side of the well using a pipette tip to limit any disturbance of adherent cells. 10μL of 5mg/ml 

(final concentration 0.5 mg/ml) MTT labelling reagent (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (Sigma Aldrich # M2128)/1X PBS (Fisher scientific #BP2944-100)) was 

added to each well and incubated for 4 hours (37°C, 5% of CO2). 100 μL of solubilization solution (10% 

SDS in 0.01M HCL) was added to each well, wrapped in tinfoil and incubated for 1 hour at room 

temperature. The wells were mixed for 30 seconds by shaking on a ThermoFisher Multiskan FC 

microplate photometer followed by measure of absorbance read at 590nm with a reference 

wavelength of 700 nm. The percentage viability was calculated by comparing the control absorbance 

values (cells without NGF treatment) against treatment samples. Proliferation/viability of each media 

was measured by MTT assay at 0, 48, 96 and 144 hrs of NGF treatment. Data was statistically analysed 

by One-way ANOVA with Tukey post hoc test. The level of statistical significance was set at *p < 0.05. 

 

2.22 Annexin V/7-AAD cell viability/apoptosis assay  

To determine the effect of 1% BSA-NGF treatment on PC12 differentiation, cellular viability/apoptosis 

was confirmed by flow cytometric analysis using 7AAD/ Annexin V FITC staining using the 

commercially available APC Annexin V Apoptosis Detection Kit with 7-AAD kit, as per the 

manufacturer’s instructions (Biolegend 2020). Briefly, PC12 cells were treated for 7 days with 1% BSA 

media supplemented with 25ng/ml NGF. PC12 cells were trypsinized for 3 minutes to release them 

from the collagen-coated surface. Trypsin was then neutralized with an equal volume of RPMI-

complete media, and the cell sample centrifuged (100xg) to pellet the cells. The supernatant was 

discarded. The cell pellet was washed with 1X PBS and centrifuged again, and the supernatant 

discarded. To 1 X 105 cells, 100µl of cell staining buffer (Biolegend 420201) was added and 5µl each 

of Annexin (Biolegend 640945) and 7AAD (Biolegend 420404). Cells were gently vortexed before 

being incubated for 15 minutes in the dark at room temperature. A further 100µl of binding buffer 

was added to each sample and the sample vortexed immediately prior to running on a GuavaCyte 
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flow cytometer with Incyte software (Merck). Intact cells were separated from debris by Forward 

Scatter (FSC) / Side Scatter (SSC) gate. Bivariate analysis was conducted using the FL1 (Blue/Green) 

and FL3 (Blue/Red) channels to identify the percentage populations of apoptotic/non-apoptotic and 

viable/non-viable cells. 

2.23 β-Tubulin III expression  

To determine the effect of 1% BSA-NGF treatment on PC12 differentiation, levels of β-tubulin III were 

analysed by flow cytometry. PC12 cells were treated for 7 days with 1% BSA media supplemented 

with 25ng/ml NGF and compared against non-NGF treated cell grown in RPMI complete media. After 

7 days cells were harvested by trypsinisation as described above.  Cells underwent fixation and 

permeabilization with Biolegend Cyto-Fast™ Fix/Perm Buffer Set (Biolegend 426803) as per 

manufacturer’s instructions (Biolegend 2018). Briefly, cells were analysed from 3 different passages 

(n=3) with a minimum of 4 replicates per passage. 75µl of Cyto-Fast™ Fix/Perm Buffer was added to 

each 1 X 105 cells, gently vortexed and incubated at room temperature for 20 minutes. 1 ml of 1XCyto-

Fast™ Perm Wash solution was added to each sample and centrifuged at 350xg for 5 minutes, 

discarding the supernatant. This wash step repeated. Antibodies were made up in 1XCytoFast™ Perm 

Wash Solution to a 100 µl total volume. Cells were labelled with either Biolegend PE anti-Tubulin β3 

(TUBB3) Antibody (Biolegend 801222) or PE Mouse IgG2a, κ Isotype Ctrl Antibody (Biolegend 

400212), as per manufacturer’s instructions. Cells were separated and analysed by GuavaCyte flow 

cytometer with Incyte software (Merck) by Forward Scatter (FSC) / Yellow-blue channels and the 

mean fluorescence intensity (MFI) calculated. Data was presented as mean±SEM (n=3) analysed by 

one-way ANOVA with Tukey post-hoc test The level of statistical significance was set at *p < 0.05. 

2.24 Whole cell lysis  

Cell treatment plates were removed from the incubator and placed immediately on ice. All remaining 

steps were performed on ice. The culture media was aspirated from each plate well and cells gently 

washed with 1ml of ice-cold 1X PBS per well, followed by aspiration. Per million cells/well, 100μl of 

ice-cold RIPA lysis buffer (Thermo Scientific™ RIPA Lysis and Extraction Buffer, #10017003) 

supplemented with protease and phosphatase inhibitors (Thermo Scientific Pierce™ protease and 

phosphatase inhibitors 1 mini-tablet per 10ml buffer solution) was added. The cellular monolayer 

was scraped from the culture vessel surface by a flexible plastic scraper, and the cell/lysis solution 

was transferred to an Eppendorf tube, mixed thoroughly with a 200µl pipette tip and incubated on 

ice for 20 minutes. Lysates were centrifuged at 16,000 x g for 15 minutes at 4°C. The lysate 
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supernatant was transferred to a fresh Eppendorf tube and stored at -80⁰C for further use. A 10μl 

aliquot of the lysate was used for protein quantification via a Bicinchoninic Acid assay (BCA). 

  

2.25 BCA (Bicinchoninic acid) protein concentration determination assay  

Protein concentration was determined by Bicinchoninic acid assay (BCA). The BCA reagent was 

prepared as per manufacturer’s instructions (Thermofisher, Pierce™ BCA Protein Assay Kit, 23225). 

In brief, a 1:50 ratio working solution of BCA reagent: copper (II) sulphate pentahydrate (4% w/v) was 

made. 8 protein standards (0, 0.31, 0.061 0.125, 0.25, 0.5, 1, 2 μg/μL) were generated by serial 

dilution from a 10 mg/ml bovine serum albumin (BSA) protein standard to create a standard curve of 

known protein concentration. On ice, 25 μL of each standard was added in triplicate to a 96 well 

plate. A 1:10 dilution was made of each cell lysate by adding 2.5 μL of cell lysate to a fresh well 

followed by 22.5 μL of de-ionised water per well (1:10 dilution) and repeated in triplicate. 200 μL of 

BCA:4% cupric sulphate working solution was added to each well. The plate was wrapped in tinfoil 

and the wells mixed for 30 seconds by shaking on a ThermoFisher Multiskan FC microplate 

photometer followed by incubation at 37⁰C for 30 mins. Measurement of absorbance was read at λ 

562nm on a ThermoFisher Multiskan FC microplate photometer. Cell lysate protein concentration 

was determined from the BSA protein standard curve equation.  

 
 

2.26 Preparation of whole cell lysis for SDS-PAGE separation 

Samples were prepared fresh for each experiment at a protein concentration of 1μg/μL as 

determined by BCA assay using the following formula: 

 

𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 1μg/μl 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 μg/μl 
 X  𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑛𝑒𝑒𝑑𝑒𝑑 

 

On ice, and in a fume hood, an equal volume (1:1 ratio) of whole cell lysate was mixed with 2X loading 

buffer containing 3% β-mercaptoethanol (2XLB+6% BME- prepared in hood), and the mixture diluted 

with dH20 to make a final volume of sample required. Samples were heat denatured at 95⁰C for 3 

minutes. 
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2.27 SDS PAGE  

Separation of whole cell lysates by SDS PAGE was carried out as described previously (O’Flanagan et 

al. 2014; Moloney et al. 2010). 10 μg (1μg/μL) of sample was loaded onto and separated by SDS-PAGE 

using 1X Running buffer (25mM Tris (trizma base), 192mM Glycine, 0.1% SDS). The samples were 

initially electrophoresed through a 5% stacking gel (69% H2O, 17% Bis-acrylamide (30%), 13% 1.0M 

Tris PH 6.8, 1% SDS, 1% APS, 0.01% v/v TEMED) at 100 mv / 70 mA for 20 min until the loading buffer 

dye migrated to the 10% resolving gel (39 % H2O, 33% Bis-acrylamide (30%), 25% 1.5M Tris PH 8.8, 

0.1% SDS, 0.1% APS, 0.004% v/v TEMED). Electrophoresis was increased to 160 mV / 70 mA for a 

further 60-90 min.  

2.28 Protein transfer to nitrocellulose 

SDS-PAGE separated proteins were transferred electrophoretically to nitrocellulose membranes by 

cold wet transfer using ice cold transfer buffer (80% 48 mM Tris base, 39 mM glycine transfer solution 

mixed with 20% ethanol) for 1 hour at 100V 350 mA with stirring. The membrane was washed for 5 

minutes with TBS-T (10mM Tris, 1.5 mM NaCl, 0.1% Tween) and blocked in 1% BSA in TBS-T for a 

minimum of 1 hour at room temperature or overnight at 4⁰C.  

2.29 Western immunoblotting  

Following nitrocellulose membrane blocking, the membrane was incubated with primary antibodies 

made in 1% BSA/TBS-T on a see-saw rocker for a minimum of 1 hour at room temperature or at 4⁰C 

overnight on a see-saw rocker. Following antibody incubation, membranes underwent three 10-

minute washes with 1X TBS-T to remove any residual primary antibody. Membranes were then 

incubated with an HRP-linked secondary antibody for 1 hour at room temperature (RT) followed by 

three 5-minute washes in 1X TBS-T. Immunoreactive proteins were detected with enhanced 

chemiluminescence (ECL) ECL Prime Western Blotting System, Amersham Biosciences, Cyvita, Little 

Chalfont, Buckinghamshire, UK) as per the manufacturer’s instructions. Chemiluminescent signal was 

captured using Syngene PXi-gel-doc-system (Cambridge, UK). Semi-quantification of results was 

performed by densitometry (Syngene Genetools software, Cambridge, UK) and normalized to control 

protein (β-actin), as shown in equation below. Results were shown as percentage (%) of control 

sample. Data was statistically analysed by One-way ANOVA with Tukey post hoc test. The level of 

statistical significance was set at *p < 0.05. 

 

Lane normalisation factor = 
Observed signal of housekeeping protein for each lane 

Highest observed signal of housekeeping protein on the blot 
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The following primary antibodies, dilutions and sources were used:  

Neurofilament-L (C28E10) Rabbit mAb (1:2000) (Cell Signalling #2837), Neurofilament-M (E7L2T) 

Rabbit mAb (1:2000) (Cell Signalling #67255), Nrf2 (D1Z9C) XP® Rabbit mAb (Cell Signalling #12721), 

β-Actin (D6A8) Rabbit mAb (1:10000) (Cell Signalling #8457), Akt total (1: 2,000) (Cell Signalling 

#9272), p-AktSer473 (1:1000) (Cell Signalling #4060), GAPDH Direct-Blot™ HRP anti-GAPDH Antibody 

(Biolegend #607904). Primary antibodies were detected by anti-rabbit IgG, horseradish peroxidase 

(HRP)-linked secondary antibody (1:1000, Cell signalling #7074).  
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Chapter 3 - Male Wistar rat study - 
Macronutrients and body metrics 
 

3.1 Rat study macronutrient, food intake, efficiency, body metrics 

More than 50 per cent of the adult population in both the United States of America and Europe are 

classified as either overweight or obese (Eurostat, 2021; Fryar, Carroll and Afful, 2020). Of the wide-

ranging factors that contribute to obesity and metabolic disease that include genetic susceptibility, 

hormone disorders, socioeconomic status, and physical activity, a HFD is considered a major but 

modifiable contributor (Wali et al., 2020; Hochberg, 2018). Levels of fat in the western diet has led 

to higher caloric intake and increased dietary intakes of saturated fat (EFSA Panel on Dietetic Products 

and Allergies, 2010). A review of 28 clinical trials reported that there was a positive correlation with 

overweight and obesity and the proportion of fat-derived energy intake. Furthermore, it was also 

reported that a reducing dietary fat intake by 16g/day could reduce energy intake by up to 10 per 

cent, closing the gap between energy intake and energy expenditure  (Bray and Popkin, 1998).  

It is also known that a HFD leads to deleterious metabolic effects such as IR, T2DM and metabolic 

syndrome as discussed in chapter 1. Consequences of a HFD include abnormal adipocyte hypertrophy 

and subsequent hypoxia, OS and low-grade chronic inflammation, especially in the visceral white 

adipose tissue depots (Hirata, Cruz et al., 2019; Hirata et al., 2015). Rodent studies based on a HFD 

have been used for decades as a model for western diet intake in humans and have been shown to 

contribute to IR and cardiometabolic disease in both humans and rodents (Kumar et al., 2021; 

Canfora et al., 2019; Greenhill, 2018; von Frankenberg et al., 2017). 

In the male Wistar rat study, rats were fed either standard rat chow (NuvilabR, Brazil, 2.7 kcal/g), or 

a supplemented high fat chow prepared by mixing 40% (w/w) ground standard chow with 28% (w/w) 

melted lard, 20% (w/w) casein powder, 10% (w/w) sucrose, 2% (w/w) soybean oil, and 0.02% (w/w) 

butylated hydroxytoluene (5.0 kcal/g) as standardized previously and used in previous studies (Hirata, 

Cruz, et al., 2019; Hirata, Pedroso, et al., 2019). 

The macronutrients of the rat chow have been previously standardised and published (Hirata, Cruz 

et al., 2019) and can be seen in Appendix 5. The macronutrients of most interest include Lipids (NFD-

4.5%; HFD - 31.6%); Protein (NFD-22.7%; HFD-27%); Carbohydrate (NFD-35.9%; HFD-27.5%); and 

Fibre (NFD-18.9%; HFD-8.6%). Lipids in the HFD (HFD) chow were 8 times higher than that of a normal 

fat diet chow, while carbohydrate percent is decreased by 25% from 36% in NFD to 27.5% in HFD. 
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The HFD chow provides 19.5% of energy from carbohydrate, 23.2% from protein, and 57.3% from fat, 

and is demonstrated to induce obesity in a rat model (Hirata et al., 2015, Banin et al., 2014). The 

energy supply of 57% from fat in the HFD, is nearly double that recommended by the world health 

organisation (WHO) (FAO, 2010). The supplementation of lard in the rat chow for a HFD also resulted 

in a 2-fold decrease in total fibre and a 2-fold increase (gram for gram) in the calculated energy 

(kcal/g) supplied by the HFD chow. Fibre content is important for gut health acting as a gut microbiota 

regulator aiding and microbiome balance that utilize fibre for energy. Heinritz et al., (2016) found 

that when comparing pigs fed either an isocaloric diets of either low-fat/high-fibre (LF), or a high-

fat/low-fibre (HF) diet for seven weeks the HFD produced a significant increase hypotrophy on 

digestive organs. The diet also increasing the intestinal gene copy numbers of Bacteroides 

and Enterobacteriaceae and increased concentration of short chain fatty acids acetate and butyrate 

associated with obesity (Heinritz et al., 2016). Glucose levels was higher in HF animals, while CRP 

levels (an acute-phase marker for systemic inflammation) were lower in LF animals (Heinritz et al., 

2016). Furthermore, higher fibre intake lowers risk of cardiometabolic disease, hypertension, 

diabetes, obesity, and certain gastrointestinal diseases, lowers blood pressure, improves glycemia 

and insulin sensitivity in both diabetic and non-diabetic individuals and enhances weight loss in obese 

individuals. Increased fibre intake also lowers serum cholesterol levels by aiding the binding and 

excretion excess dietary cholesterol and bile acids (Anderson et al., 2009). Bailén et al (2020) has 

reported that a high saturated fat/low fibre diet is also associated with a greater sequence abundance 

of butyrate producing Anaerotruncus bacteria, along with alterations in Lachnospiraceae 

Flavonifractor, Campylobacter, Erysipelotrichacea and Eisenbergiella associated with increased 

disease risk particularly with obesity and other pro-inflammatory diseases (Bailén et al., 2020). 
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3.2 Lipid profiles of NFD chow or HFD chow  

Lipids from both NFD and HFD chows were extracted by the Folch method, as described in Chapter 

2, and analysed by GC-FID. This data has been published as part of another study (See Appendix 5 for 

published Table) (Hirata, Cruz et al., 2019).  As illustrated in Table 9 the lipid profiles of the HFD chow 

contains a 2-fold increase in saturated fatty acids (SFA), and nearly 50 percent increase in 

monounsaturated fatty acids (MUFA) compared to the NFD. The amounts of SFA (~34%) and MUFA 

(~40%) in the HFD chow are consistent with other reports of western style diet ratios (33% SFA and 

36% MUFA) based on a typical American diet (Shively et al. 2019; U.S. Department of Agriculture 

2016). The levels of n-6 PUFA decreased by nearly 60 percent, while n-3 PUFA decreased by two 

thirds. Overall PUFA levels decreased by nearly 50 percent in the HFD chow, with a greater decrease 

in n-3 PUFA. A high intake of dietary saturated fatty acids (SFAs) is associated with higher levels of 

low-density lipoprotein (LDL) in serum and elevated OS (Kris-Etherton, Petersen and van Horn, 2018) 

leading to increased risk of obesity and inflammation which may only be attenuated by the 

replacement of SFA with unsaturated fats and unrefined carbohydrates (Bailén et al. 2020; Chiu, 

Williams and Krauss 2017). Both diets, while providing the essential n-6 (LA) and n-3 PUFA (ALA), does 

not provide any n-3 LCFA such as EPA and DHA associated with increased anti-inflammatory 

resolution. A high n-6 PUFA intake is also associated with increased levels of LA, DGLA and AA derived 

oxylipins, with LA and AA associated with being more pro-inflammatory (Caligiuri et al., 2013), while 

a n-3 PUFA intake increases ALA, EPA, and DHA derived oxylipins, associated with being anti-

inflammatory (Hussey, Lindley & Sarabjit and Mastana, 2017). This was demonstrated well when a 

diet with a high n-6/n-3-ratio of approximate 18:1 LA/ALA resulted in an increase in n–6/n–3 oxylipins 

in the liver compared to a lower n-6/n-3 ratio diet (approx. 8:1) (Leng, Winter and Aukema, 2017).  

The rat chow in our study consisted of a n-6 /n-3-ratio of 12:1 in NFD and 17:1 ratio in the HFD. 

Extrapolating from the results of Leng and colleagues (2017), it is likely that an increase in n–6/n–3 

oxylipins may also occur between our two baseline diet groups. 
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Table 9. Fatty acid percentage profiles of normal fat diet (NFD) and HFD (HFD) rat chow. Data was analysed 
by Students t test. The level of statistical significance was set at *p < 0.05. Replicated with permission from 
Hirata, Cruz et al., 2019. 

 

Standard chow / 

Normal Fat Diet 

Lard enriched Chow / 

High Fat diet T test 

 
Mean % ± SEM Mean % ± SEM p value 

C14:0 
   

1.1 ± <0.1 - 

C16:0 13.8 ± 0.3 21.4 ± 0.1 <0.001 

C18:0 3.5 ± 0.1 11.6 ± 0.1 <0.001 

C20:0 0.3 ± <0.1 0.3 ± <0.1 0.98 

∑SFA 17.6 ± 0.4 34.4 ± 0.2 <0.001 

C16:1n7 - 
 

- 1.7 ± <0.1 - 

C18:1n7 1.2 ± 0.4 2.3 ± <0.1 0.01 

C18:1n9 22.2 ± 0.3 35.5 ± 0.2 <0.001 

C20:1n9 0.3 ± 0.1 0.6 ± <0.1 0.79 

∑MUFA 23.6 ± 0.5 40.1 ± 0.1 <0.001 

C18:2n6 51.0 ± 0.6 21.4 ± 0.1 <0.001 

C20:2n6 - 
 

- 0.6 ± <0.1 - 

C20:3n6 - 
 

- 0.2 ± 0.1 - 

C20:4n6 - 
 

- 0.3 ± <0.1 - 

∑PUFA n-6 51.0 ± 0.6 22.6 ± <0.1 <0.001 

C18:3n3 4.3 ± 0.1 1.3 ± <0.1 <0.001 

∑PUFA n-3 4.3 ± 0.1 1.3 ± <0.1 <0.001 

∑PUFA Total 55.4 ± 0.7 23.9 ± <0.1 <0.001 

n-6/n-3 11.8 ± 0.2 17.7 ± 0.2 <0.001 

LA/ALA  11.8 ± 0.2 16.8 ± 0.3 <0.001 

∑SFA = Total Saturated Fatty acids; ∑MUFA= Total monounsaturated fatty acids;  

∑PUFA = Total polyunsaturated fatty acids 
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3.3 Obesity induction period 

For the development of obesity, 2-month-old Wistar rats received either standard chow (NFD, n=10, 

control group) or a lard-enriched HFD chow (HFD, n=30, obesity induction) ad libitum over an 8-week 

period, as described in Section 2.1.  

All rats were weighed weekly. Food (g/100 g/24 h) and energy intake kcal/100 g/24 h were calculated 

in grams per 24 hrs and by the difference between the food left after 24 hours and that offered 24 h 

before. Food efficiency was calculated by the ratio of body weight gain (g) to food ingestion (g) 

weekly. The body weight, food and energy intake, food efficiency, body weight gain data set 

pertaining to this study has been included in a larger data set previously published (Hirata, Cruz et 

al., 2019).  As illustrated in Figure 9.A, except in the first week of feeding, where HFD animals 

consumed nearly 23% extra food intake in grams (g/100 g/24 h) (p=0.0004) compared to NFD 

animals, HFD animals consumed significantly less food in grams between weeks 3-9, decreasing 

steadily from 18% less in week 3 (0.001) to 34% less by week 9 (p<0.0001). Energy intake in grams 

per 24 hrs (kcal/100 g/24 h) as illustrated in Figure 9.B was 125% more in the HFD group in week one 

(p< 0.0001) compared to NFD, but halved to 70% more by week 2 and steadily decreased over weeks 

3-9 (p<0.0001), remaining significantly higher than that of the NFD group, until week 9 (p=0.054) 

where a 20% increase was observed.  

Food efficiency [BW gain (g) / food ingestion (g)] as illustrated in Figure 10.A was significantly higher 

in HFD (10.64±0.37) when compared to NFD (5.09±0.21) (p<0.0001). Although energy efficiency 

(Body mass increase/caloric intake (Kcal/24 hours)) was higher in the HFD group (2.34±0.26) 

compared to the NFD group (1.86±0.08) as illustrated in Figure 10.B no other significant differences 

were seen. In Figure 11.A from Week 2-9 of obesity-induction period, both groups showed continued 

body weight increase. From weeks 2 to 9, the HFD group steadily gained more weight than the NFD 

group, gaining 8% more in week 2 (p=0.0005) up to 28% more by week 9 (p<0.0001) with an average 

extra 158g per HFD animal compared to NFD (Figure 11.Figure 10B.) 

Overall, during the obesity development period, it was demonstrated that even when food and 

energy intake significantly decrease when consuming a HFD (that contributes 57% of calories from 

fat), food efficiency increases, and contributes to nearly 30% higher weight gain when compared to 

an NFD.  
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Figure 9. Food intake and energy intake in obesity induction. Food intake (g/100 g/24 h). A), energy intake (kcal/100 
g/24 h) (B), of normal-fat diet (NFD; n = 5) and high-fat diet (HFD; n = 13) groups during the obesity induction 
period. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. NFD (Two-way repeated measure ANOVA with 
Šídák post hoc test). Data previously published as part of a larger data set and replicated with permission from 
Hirata, Cruz et al., (2019). 
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Figure 10. Food efficiency and energy efficiency. [BW gain (g)/food ingestion(g)] (A), Energy efficiency 
intake [BW gain (g)/Energy intake (kcal/100 g/24 h)] (B), of normal-fat diet (NFD; n = 5) and high-
fat diet (HFD; n = 13) groups during the obesity induction period. ****p < 0.0001 vs. NFD 
(Student's t-test). Data previously published as part of a larger data set and replicated with 
permission from Hirata, Cruz et al., 2019. 
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Figure 11. Body composition. Body weight (g) during the obesity induction period A) and body 
weight gain (difference between initial and final BW) (g) (B) of normal-fat diet (NFD; n = 10) and 
high-fat diet (HFD; n = 30). Statistically analysed by A) Two-way repeated ANOVA with Šídák post 
hoc test B) Student's t-test. ***p < 0.001, ****p < 0.0001 vs. NFD; Data previously published and 
replicated with permission from Hirata, Cruz et al., 2019. 
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3.4 GbE supplementation period 

 

In accordance with previous studies in similar conditions (Hirata, Cruz et al., 2019), after the 8-week 

obesity induction period, the HFD group (n=30) was randomly sorted into 3 subsets (n=10 each). The 

first group received 1mL 0.9% saline by gavage daily for 2 weeks (HFD-S). The second HFD subset was 

orally gavaged with GbE (500 mg/kg) in a 0.9% Saline vehicle (HFD+GbE). Due to previous findings 

that GbE decreases food intake in rats (Hirata, Cruz et al., 2019, Hirata, et al., 2015, Banin et al., 2014), 

an additional subset was included with matched pair-feeding (HFD-PF) to levels seen in the HFD-GbE 

group (HFD-PF). The NFD group continued with standard chow only. 

As described in the methods section, GbE was obtained from Huacheng Biotech Inc. (China), with the 

major bioactive compounds being flavone glycosides (25.21%), terpenoids (6.62%), ginkgolides A, B, 

C (3.09%), and bilobalides (2.73%) (shown in Figure 7.f) (Hirata, Cruz et al., 2019, Hirata, et al., 2015, 

Banin et al., 2014). Food and energy intake was measured daily for the 14 days of supplementation. 

Body weight gain was calculated by the difference between the first and the last day of the 2 weeks 

period. All three HFD groups showed a significant increase body weight as compared to the NFD 

group as shown in Figure 11.A, where the HFD-S group gained an extra 150.4g (p= 0.0005), HFD-PF 

gain 136.3g (p=0.002) and HFD-GbE gained 147.2g (p=0.0007). For body weight gain however, both 

HFD-GbE and HFD-PF gained little body weight as compared to the NFD and HFD-S groups. Compared 

to NFD, HFD-GbE gained just 1.5g (p=0.09), while HFD-PF of experienced a net loss of nearly 10 g, 

resulting in a significant body weight gain difference of 26.5g between the HFD-PF group and NFD 

group (p= 0.006). 

As shown in Figure 13.A, the mean differences in daily food intake levels (g/100 g/24 h) in the NFD 

group was significantly higher compared to all three HFD (HFDS, HFD-PF and HFD-GbE) groups. The 

exception was on day 14 where the rats were fasted for the final 8 hours before being anaesthetized 

and euthanized, with significantly less food intake seen in the HFD-PF (p=0.03) and HFD-GbE 

(p=0.003) but not in HFD-S (p=0.33) (Figure 12.B) compared to the NFD group. 

As shown in Figure 13.B the mean differences in energy intake in grams per 24 hrs (kcal/100 g/24 h) 

did not significantly differ for more groups across the 14-day period. Changes of note include the 

significant increase in energy intake on day 4 in the NFD group compared to the HFD-S (p=0.03), HFD-

PF (p=0.03) and HFD-GbE (0.02) group. Day 10 also showed a significantly decreased difference in the 

HFD-PF (p=0.03) and HFD-GbE (0.01) groups compared to the NFD group. 
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As shown in Figure 13.C food efficiency (Body weight/food intake (g/24 hrs) was significantly different 

between the NFD vs. HFD-PF (1.16, p=0.04) groups but between any other group. The food efficiency 

profiles for all groups were like that of body weight gain. The results reported above are in keeping 

with previous results from our group and others, looking into the effects of NFD and HFD intake in a 

rodent model. Similarly, GbE treatment results are also in keeping with previous studies conducted 

(Hirata, Cruz et al., 2019, Hirata, Pedroso et al., 2019, Hirata, et al., 2015, Banin et al., 2014). 

During the 14-day treatment window, it is interesting to note that all three HFD subsets, continued 

to gain weight compared to the NFD while no differences were seen between the HFD subsets. This 

is most likely due to the nature of a HFD particularly those high in SFA that promote weight gain and 

obesity (Bray and Popkin 1998; Hochberg 2018; Wali et al. 2020). Interestingly, the changes in body 

weight gain that were seen when comparing the NFD and HFD subsets, show that NFD gained most 

over the 14-day period, while HFD-PF and HFD GbE groups gained least, significantly so for the HFD-

PF group. Interestingly, the HFD-S, HFD-PF and HFD-GbE groups did not significantly differ in food 

intake (Figure 13.A), energy intake (Figure 13.B) or energy efficiency (Figure 13.C) compared to each 

over the 14-day treatment period. Only the HFD-PF group showed less significant energy efficiency 

compared to the NFD after the 14-day treatment (Figure 13.C). 

A clinical study by Viguerie et al., (2005) looked at adipose tissue gene expression in obese patients 

during low-fat and high-fat hypocaloric diets. They took two groups of 25 obese patients and placed 

them on a 10-week hypocaloric diet with either 20–25 or 40–45% of total energy derived from fat, 

the latter like the HFD profile in our study. They measured the mRNA levels of 38 genes, including 

ten genes regulated by energy restriction but did not find any significant changes between the 

groups. Viguerie et al., (2005) did find however that levels of PPARγ and PPAR1α mRNA were 

increased, while the expression of the genes encoding leptin, osteonectin, phosphodiesterase 3B, 

HSL, receptor A for natriuretic peptide, fatty acid translocase, lipoprotein lipase (LPL), uncoupling 

protein 2 and PPARγ was decreased (Viguerie et al., 2005). 
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Figure 12. Body weight and body weight gain after 14-day supplementation. Body weight (g) (A) and 
Body weight gain (g) (B) of normal-fat diet (NFD; n = 10), high-fat diet (HFD-S; n = 10), high-fat diet 
with pair-feeding (HFD-PF; n = 10) and high-fat diet. Data presented as mean±SEM. Data analysed 
by Two-way ANOVA with Tukey post-hoc test. Statistical significance was set at **p < 0.01, ***p < 
0.001. 
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Figure 13. Accumulated food intake, energy intake and food efficiency after 14-day 
supplementation (A) food intake (g/100g body weight /24hr) (B) energy intake (Kcal/100g body 
weight/24hr) (C) food efficiency [BW gain (g)/food ingestion(g). Data presented as mean±SEM. Data 
analysed by: Panel A & B; Three-way repeat measures ANOVA with Tukey post hoc test, Panel C; 
Two-way ANOVA with Tukey post hoc test. Statistical significance was set at NFD Vs HFD-S, *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001; NFD Vs HFD-PF, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001; 
NFD Vs HFD-GbE, ^p<0.05, ^^p<0.01, ^^^p<0.001 for each day between groups. 
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As both groups lost 7kg during the programme, Viguerie and colleagues concluded that it was energy 

restriction and/or weight loss not the fat: carbohydrate ratio in a low-energy diet that played the 

highest role in modifying the expression of genes in human adipose tissue. Parks and colleagues 

(2012) also found that calorie restriction with a HFD was effective at attenuating inflammatory 

responses and oxidative stress-related markers in obese tissues of the high fat diet fed rats (Park et 

al., 2012). They found that high fat caloric restriction (HFCR) affected a variety of metabolites known 

to be altered in inflammation and OS caused by obesity. Parks et al., (2012) also reported lowered 

hepatic triglyceride and total cholesterol levels and a return to normal levels in the plasma 

leptin/adiponectin ratio.  HFCR also improved glucose tolerance and normalized adipocyte size and 

morphology. Expression levels of CRP and manganese superoxide dismutase were suppressed in 

adipose tissue. Lipid peroxidation was reduced and a decrease in the expression of inducible nitric 

oxide synthetase, cyclooxygenase-2, NF-E2-related factor, and heme oxygenase-1 in the liver (Park 

et al., 2012). Previous work from our group comparing NFD and HFD diets and GbE supplementation 

in male Wistar rats has shown when comparing adipocyte size and morphology or epididymal adipose 

tissue, the adipocyte volume was significantly larger by 114% (p=0.01) in an HFD-S compared to NFD 

group, but GbE supplementation reduced this by 42.5% (p=0.03) and was of a statistically similar 

volume in HFD+GbE compared to NFD (Hirata, Cruz, et al., 2019). Perilipin (Plin 1), FASN mRNA, and 

FASN protein levels were also reduced following GbE treatment along with acetate accumulation. 

GbE treatment also showed a tendency to reduce oleate incorporation into lipids by 43% (p= 0.06) 

compared to a HFD alone, which was found to have a 130% higher oleate incorporation (p = 0.01) in 

HFD cells compared to NFD (Hirata, Cruz et al., 2019). Although not shown here, previous work from 

our group has shown that GbE treatment causes rats to consume less food without the need for 

limiting food availability (Hirata, Cruz et al., 2019) is encouraging and points to metabolic alterations 

that may promote more satiety with less food. This could be useful given that the main tactics 

deployed for weight-loss in a medical setting often focus on restricting energy intake while the main 

mechanism for success is found with bariatric surgery (Beaulac and Sandre, 2017; Wolfe, Kvach and 

Eckel, 2016). As an example, in laparoscopic sleeve gastrectomy, a significant decrease in BMI and 

serum TAG was reported after surgery, while HDL-C levels were increased and significantly correlated 

to an increase in pre-heparin LPL and TAG levels and weight loss (Ohira et al., 2021). Despite the good 

results being achieved in the short run however, a large subset of the clinical group was prone to 

weight re-gain within 2 years of bariatric surgery (Cadena-Obando et al., 2020). This may be partially 

attributed to pre-existing metabolic conditions that may have contributed to weight re-gain as well 
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as the type of surgery and subsequent dietary lifestyle (Nauli and Matin, 2019). If GbE can reduce 

food intake in a 14-day period, further studies focusing on longer GbE treatment times might provide 

more insight into the underlying mechanisms involved in reduced food intake. Following these 

observations in the body composition, food and energy intake and food efficiency, next we 

proceeded to explore the fatty acid profiles of several tissues collected from the subset including 

retroperitoneal and mesenteric adipose tissues, liver, hypothalamus, and hippocampus tissues.  
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Chapter 4 – Liver 
 
 

4.1 Introduction  

 
The liver is a dynamic organ that plays a part in most organs in the body. It aids digestion and 

metabolism and acts as storage for fat soluble vitamins and TAG. It is involved in cholesterol synthesis 

and homeostasis. The liver plays a key role in the synthesis and breakdown of TAG and PPL. The liver 

also plays a key role in drug metabolism and plays a role in breaking down heme into bilirubin 

released during red blood cell breakdown. The liver blood supply primarily comes from the portal 

vein (Kalra et al., 2022). Via the portal vein, the liver is exposed to FA, cholesterol, and TAG daily from 

both endogenous circulating forms of lipids and exogenous forms taken from the diet and absorbed 

by the gastrointestinal tract (Mattace Raso et al., 2013). The liver is involved in both DNL and lipolysis 

through FA β-oxidation. While DNL and FA β-oxidation operate through different pathways, both may 

occur at the same time within a cell (Solinas, Borén and Dulloo, 2015). Lipogenesis in the liver is more 

abundant and efficient than in adipose tissue (Lodhi, Wei and Semenkovich, 2011). The daily rate of 

hepatic FA uptake and DNL is balanced by FA oxidation rates and the transportation of VLDL-TAG out 

of the liver (Bhutia et al., 2021; Alves-Bezerra et al., 2017; Kohlmeier, 2015). When TAG levels in the 

liver drop, adipocyte FA lipolysis and metabolism increase to liberate FA for energy production  

(Bhutia et al., 2021; Alves-Bezerra et al., 2017; Kohlmeier, 2015).  

As discussed in more detail in Chapter 1 Section, 1.8 and 1.10, the liver is capable of synthesizing TAG 

from dietary and endogenous sources of MAG, DAG and FFA by acyl transferases. Fatty acyl CoA is 

used in these reactions which is derived from the breakdown of the dietary LCFA by Acyl CoA 

synthetase activity. TAG is synthesised by the liver as a means of long- term lipid storage for the body 

(Stryer et al., 2019). An excess of hepatic TAG accumulation is associated with obesity, T2DM, 

dyslipidaemia, and IR and can result in chronic liver disease (Caussy, Aubin and Loomba, 2021; 

Birkenfeld and Shulman, 2014). As discussed in more detail in Chapter 1 section 1.11, the liver also 

plays the predominant role in cholesterol biosynthesis, storage, and secretion. To form cholesterol, 

acetyl CoA undergo a complex 37 step process involving SREBP-2, SCAP, 3-hydroxy-3-methyl-glutaryl 

CoA reductase and squalene monooxygenase (Craig, Yarrarapu and Dimri, 2021; Nemes et al., 2016).  
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While a small quantity of TAG is stored in the liver and localized to cytoplasmic lipid droplets (LDs), 

the majority of hepatic VLDL-TAG and CE are secreted into the bloodstream from the ER lipid bilayer 

and transported to peripheral tissues (Parry et al., 2021; Roumans et al., 2021; Alves-Bezerra and 

Cohen, 2017; Martinez-Lopez and Singh, 2015; Bansal et al., 2007; Barrows and Parks, 2006). Highly 

insoluble cholesterol is excreted into circulation either in the form of bile acids, CE or converted to 

VLDL for efficient cholesterol transport through the blood stream (Freeman and Remaley, 2016; 

Chien, 2004). VLDL in the liver is assembled from cholesterol, CE, TAG, PPL, and the lipoprotein 

apolipoprotein B-100 (apo B-100) (Craig, Yarrarapu and Dimri, 2021; Nemes et al., 2016; Hussain, 

2014). Secreted circulating TAG and CEs are predominantly stored in adipocytes to provide a localized 

energy supply from β-oxidation. During fasting states, plasma insulin levels drop and signal to tissues, 

especially the liver and adipocytes, to begin lipolysis through the catecholaminergic stimulation of 

the β-adrenergic receptors. TAG molecules are β-oxidized to release DAG, MAG, FFA and glycerol 

molecules and can either be used locally for energy production or secreted into circulating plasma in 

the form of bound-albumin FA, unbound LCFA and as part of HDL particles largely comprised of PPL, 

TAG and CE-bound FA (Nemes et al. 2016; Hussain 2014; Kamp and Hamilton 2006; Massey, Bick and 

Pownall 1997). These are transported back to the liver (Alves-Bezerra et al., 2017; Samuel and 

Shulman, 2016). Cholesterol in the form of CE also is sequestered into HDL particles and transported 

back to the liver (Nemes et al., 2016; Hussain, 2014). CE can then be exchanged for TAG or other 

lipoproteins for recirculation (Nakamura et al., 2004). HDL spheres returning to the liver release the 

transported CE either by the action of hepatic scavenger receptor B1, or by LDL receptors in the liver 

after HDL CE are transferred to apo B-100-containing lipoproteins such as VLDL, IDL, and LDL by the 

cholesterol-ester transfer proteins (Nemes et al., 2016; Hussain, 2014). Circulating FA are transported 

into the hepatocyte by diffusion if in an unbound state (Kamp and Hamilton, 2006; Massey, Bick and 

Pownall, 1997), or by a variety of plasma membrane-associated proteins in bound to albumin 

including: plasma membrane FABPs, FATPs, CAV-1, FAT/CD36, and ACSVL (Huang, Zhu and Shi, 2021; 

Ma et al., 2021; Amiri et al., 2018; Glatz and Luiken, 2018; Schwenk et al., 2010; Hamilton, 2007). 

PPARα/γ receptors are responsible for triggering gene transcription of lipid metabolism mediators 

involved in β-oxidation. PPAR expression is ubiquitous but is predominantly expressed in tissues that 

underdo high rates of fatty acid catabolism, including the liver, as well as muscle and brain tissues 

(Tahri-Joutey et al., 2021).  

As discussed in previous chapters, a HFD is a dietary risk factor for multiple diseases including 

hypertension, vascular diseases, insulin resistance, metabolic syndrome, T2DM, obesity and Non-
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alcoholic fatty liver disease (NAFLD) (Kumar et al. 2021; Malesza et al. 2021; Wang, Hwang et al. 2021; 

Gao et al. 2020; von Frankenberg et al. 2017; Besten et al. 2015; Abu-Elheiga et al. 2012; Inoue et al. 

2012; Holloway et al. 2011; Hariri 2010; Hancock et al. 2008; Buettner, Schölmerich and Bollheimer 

2007;  Yang et al. 2007). NAFLD may be considered an indicator of metabolic syndrome in the liver as 

it is associated with inflammation, OS, IR, disrupted FA metabolism and mitochondrial dysfunction 

(Katsiki, Mikhailidis and Mantzoros 2016; Hebbard and George 2011; Jou, Choi and Diehl 2008). 

NAFLD is associated with several liver pathologies including dysregulated cytokines including 

elevated TNF-α (Greco et al., 2008; Crespo et al., 2001), hepatic steatosis and fibrosis, advanced non-

alcoholic steatohepatitis (NASH), and cirrhosis (Katsiki et al., 2016).  

Dietary fats are involved in hepatic lipogenesis and the inducement and study of NAFLD in animal 

models often focuses on dietary causes of NAFLD predominantly in the form of either a HFD, high-

carbohydrate/fructose or high-cholesterol diet or a combination of either (Radhakrishnan et al., 

2022; Lian et al., 2020; Aydos et al., 2019; Jensen et al., 2018; Mells et al., 2015; Eccleston et al., 

2011; Alkhouri, Dixon and Feldstein, 2009). Jensen and colleagues (2018) found in Sprague-Dawley 

rats, the development of NAFLD is driven more by a HFD than high fructose, with the later effecting 

the circulating lipid pool more (Jensen et al., 2018). The balance between n-3 and n-6 PUFAs are 

important in NAFLD as a higher n-6/n-3 ratio is associated with a pro-inflammatory state, hepatic 

lipid metabolism dysregulation, increased liver fat percentage and insulin homeostasis (Mäkelä et al., 

2022; Cui et al., 2021; Luo et al., 2021; Bogl, Kaprio and Pietiläinen, 2020; van Name et al., 2020; da 

Silva et al., 2014; Valenzuela and Videla, 2011; Pachikian et al., 2008; Araya et al., 2004; Videla et al., 

2004) 

As detailed in Section 1.14, hormones play a key role in liver function and energy homeostasis. When 

there is excess energy intake, pancreatic insulin promotes DNL and the uptake and storage of excess 

glucose in the form of TAG to be transported to adipocytes for storage (Vegiopoulos, Rohm and 

Herzig, 2017). When adipocytes become overburdened and dysfunction, ATGL increases the 

conversion of TAG to DAG (Reid et al., 2008), which is further converted to toxic ceramides. See 

Section 1.14. for more detail. Ceramides block insulin signalling and decrease adiponectin levels 

(Sharma and Holland, 2017). Adiponectin is a key systemic insulin sensitizing hormone that helps 

regulate lipid and glucose metabolism in the liver, pancreas, muscle and adipocyte. Adiponectin 

increases hepatic FA oxidation while decreasing hepatic gluconeogenesis. Adiponectin also increasing 

fatty oxidation and glucose uptake in skeletal muscle and WAT (Wang and Scherer, 2016). 

Adiponectin expression and circulating levels are inversely proportional to adiposity levels. Increased 
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VAT in overweight and obese subjects is associated with decreased total adiponectin levels, while 

weight loss is associated with improved adiponectin levels and significantly reduced inflammation 

(Gariballa et al., 2019; Kishida et al., 2011). Previously work has found that adiponectin gene 

expression decreased in retroperitoneal WAT of mice fed a HFD enriched with either soybean oil, fish 

oil, coconut oil, or lard (Bueno et al., 2008).  

In keeping with previous RET and MES chapter this chapter liver tissue lipid profiles following NFD 

and HFD fed male Wistar rats will be discussed. The effect of 14 days of GbE phytotherapy on total 

lipid profiles, neutral lipid classes (TAG, DAG, MAG, FFA, CE) and total PPL lipid FA will also be 

discussed. 

 

4.2 Liver total fatty acids 

Adipocytes respond to changes in the nutritional state, undergoing remodelling as necessary (Choe 

et al., 2016). When obesity occur, adipocytes continue to expand in size through hypertrophy to 

accommodate additional TAG molecules transported from the liver. Hypertrophic cells secrete 

adipokines that recruit adipose progenitor cells (pre-adipocytes) that mature into adipocytes, 

increasing the number of adipocytes available for TAG storage (hyperphasia) (Pyrina et al., 2020). In 

chronic adipose tissue expansion, due to the limitations of hypertrophy and hyperphasia, changes in 

the quantity and quality of adipose tissue-resident cells may occur, such as increased macrophage 

influx in response to IR (Chait et al., 2020; Alves-Bezerra et al., 2017; Choe et al., 2016). Metabolic 

changes including changes in adipokine secretion in overloaded or dysfunctional adipocytes is often 

associated with IR-related lipolysis, FA oxidation and the generation of lipotoxic DAG and ceramides 

(Chait and den Hartigh, 2020). Changes in adipokines with a HFD include lowered adiponectin, and 

higher leptin levels (covered in section 1.14) and contribute to systemic metabolic deterioration in 

the liver (Vegiopoulos, Rohm and Herzig, 2017).  

Total sample fatty acid profiles were subjected to acid-catalysed esterification to methyl esters and 

analysed by GC-FID. Several changes were seen in total fatty acids profiles between the NFD and HFD-

S groups when comparing baseline effects of each diet. This data is summarised in Table 10 and Table 

11 as mean±SEM of fatty acid percentages. Despite the significant increase in SFA in the HFD rat chow 

(p<0.001) no significant changes in total SFA percentage (%) levels were seen between the NFD (38%) 

and HFD (35%) groups (p=0.62). An increase of nearly 11% was seen in total MUFA levels between 

the NFD (9.9%) and HFD (20.8%) group (p=0.002), predominantly in the form of oleic acid (C18:1n9) 

(NFD 6.8%; HFD 18.5%, p=0.002) (Table 10). Oleic acid is also associated with the promotion of 
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steatosis in an in vitro model (Li et al., 2021; Rafiei, Omidian and Bandy, 2019; Samovski and 

Abumrad, 2019; Liao et al., 2014; Ziamajidi et al., 2013; Cui, Chen and Hu, 2010) with high circulating 

plasma levels of oleic acid associated with NAFLD and NASH (Araya et al., 2004).  In a cell model, oleic 

acid steatosis is associated with lipid peroxidation via decreased SOD-1, apoptosis via increase 

caspase-9, and decreased proliferation via increased production of p27 with unchanged alanine 

transaminase (ALT) levels (Cui, Chen and Hu, 2010). Oleic acid is also reported to induce the 

expression of mRNA lipogenesis and FA oxidation enzymes (FAS and CPT1A) and is associated with 

impaired indices of aerobic energy metabolism including PPARγ mRNA expression, mitochondrial 

membrane potential (MMP), and galactose-supported ATP production (Rafiei, Omidian and Bandy, 

2019). Cui and colleagues (2010) also reported that oleic acid-induced steatosis is associated with 

increased lipid peroxidation via decreased SOD-1, apoptosis via increase caspase-9, and decreased 

proliferation via increased production of p27 with unchanged alanine transaminase (ALT) levels (Cui, 

Chen and Hu, 2010).  

Total PUFA % levels decreased by 8.2% from 58.9% in NFD and 42.7% in HFD (p=<0.0001), while total 

UFA levels remained at similar levels between the groups at 60.8% in NFD and 63.4% in HFD (p=0.66), 

balanced by the increase in total MUFA (Table 10). This change in PUFA and MUFA is seen in the 

significant change in the MUFA/PUFA ratios (Table 11) that increased from 0.2 in NFD, to 0.49 in HFD 

(p=0.003). Total n-6 PUFA decreased significantly by nearly 7% in the HFD group (38.8%) compared 

to NFD (45.6%) (p=0.0001), predominantly in the form of the AA (C20:4n6) that dropped 10.4% from 

24.1% in NFD to 13.7% in the HFD group (p=0.01). Total n-3 PUFA also decreased by 1.4%, from 5.3% 

in NFD to 3.9% in HFD (p=0.01) the equivalent of a 25% decrease in total n-3 PUFA. This was largely 

associated with the 33% decrease in C22:6n-3 from 3.8% in NFD, to 2.6% in HFD. As previously 

mentioned in earlier sections, n-3 FA are associated more with anti-inflammatory eicosanoids and 

inflammation mitigation while n-6 PUFAs, such (Table 10) as C20:4n-6 are associated more with 

proinflammatory eicosanoid mitigation (Hussey, Lindley & Sarabjit and Mastana, 2017; Monteiro et 

al., 2014). The significant decrease in C20:4n-6 could suggest its utilization in pro-inflammatory 

mitigation, but this would need to be further investigated. For example, liquid chromatography mass 

spectrometry LC-MS could be used to measure oxylipin levels in tissues and in circulation (Fu, Yin, 

Wu, et al., 2022; Liakh, Pakiet, Sledzinski, et al., 2020; Tans, Bande, van Rooij, et al., 2020; Wang, 

Yutuc and Griffiths, 2020; Hinz, Liggi, Mocciaro, et al., 2019; Hewawasam, Liu, Jeffery, et al., 2018). 

n-3 FA have been shown to positively affect inflammation and steatosis induced by a HFD through 

the upregulation of PPAR-α and preventing NF-κβ binding (Tapia et al., 2014). n-3 FA have also been 
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shown to limit hepatic TAG storage (Ferramosca and Zara, 2014). The decrease in n-3 FA may 

negatively affect the inflammatory process associated with steatosis. The balance between n-3 and 

n-6 PUFAs are important in NAFLD as a higher n-6/n-3 ratio is associated with a pro-inflammatory 

state, hepatic lipid metabolism dysregulation, increased liver fat percentage and insulin homeostasis 

(Mäkelä et al., 2022; Cui et al., 2021; Luo et al., 2021; Bogl, Kaprio and Pietiläinen, 2020; van Name 

et al., 2020; da Silva et al., 2014; Valenzuela and Videla, 2011; Pachikian et al., 2008; Araya et al., 

2004; Videla et al., 2004). Despite the decrease in n-6 and n-3 in the HFD, the n-6/n-3 was relatively 

consistent between both the NFD (8.7) and HFD groups (10) (p=0.66) (Table 11). As high levels of oleic 

acid can induce lipid peroxidation, this may contribute to the decrease in total PUFA levels seen here 

as higher unsaturation index PUFA are more susceptible to peroxidation, particularly those PUFA with 

a higher unsaturation index such as C20:4n-6 and C22:6n-3 (Hulbert et al., 2007). This is also reflected 

in the decrease seen in the unsaturation index that decreased from 178.8 in NFD to 146.9 in HFD 

(p=0.001) (Table 11), due to the changes in the MUFA and PUFA ratios, it indicates an overall decrease 

in the fluidity of liver-derived FA following the 2-month HFD-induced obesity stage.  

Interestingly, treatment with HFD-GbE or pair feeding (HFD-PF) did not significantly alter the total 

fatty acid profiles of the liver compared to a HFD alone (HFD-S) (Table 12 and Table 13). This is like 

that seen in RET and MES total fatty acids profiles in this study, as well as findings from a recent study 

from our group looking at HFD and induced menopause and their influence on RET adipose tissue 

(Boldarine et al., 2021), where any changes in lipid class profiles were masked when analysing total 

lipid profiles only. Next, Liver samples were separated into TAG, CE, MAG+DAG and PPL and analysed 

further. 
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Table 10.Liver total lipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) (N=10 per 
group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

  NFD HFD-S  

 MEAN %   SEM MEAN %   SEM  p value 

C14:0 0.16 ± 0.02 0.20 ± 0.00 0.98 

C16:0 20.44 ± 0.38 22.47 ± 0.28 0.03 

C18:0 15.94 ± 1.11 11.36 ± 0.80 0.21 

C20:0 0.05 ± 0.02 0.04 ± 0.02 >0.99 

C22:0 0.14 ± 0.02 0.11 ± 0.01 >0.99 

C24:0 0.28 ± 0.01 0.27 ± 0.15 >0.99 

∑SFA.DMA 0.48 ± 0.05 0.40 ± 0.03 >0.99 

∑SFA 38.04 ± 0.89 35.13 ± 0.65 0.62 

C16:1n7 0.41 ± 0.09 0.37 ± 0.03 >0.99 

C18:1n7 2.08 ± 0.14 1.32 ± 0.05 0.01 

C18:1n9 6.76 ± 1.76 18.45 ± 0.92 0.002 

C20:1n9 0.13 ± 0.02 0.22 ± 0.01 0.14 

C24:1n9 0.10 ± 0.01 0.05 ± 0.02 0.84 

DMA18:1 0.26 ± 0.02 0.15 ± 0.02 0.06 

∑C18:1 2.18 ± 0.14 1.43 ± 0.06 0.01 

∑ω7 0.48 ± 0.09 0.40 ± 0.04 >0.99 

∑ω9 7.03 ± 1.76 18.82 ± 0.92 0.001 

∑MUFA 9.87 ± 1.67 20.75 ± 0.98 0.002 

C18:2n6 19.69 ± 1.26 23.00 ± 0.77 0.84 

C18:3n6 0.16 ± 0.02 0.18 ± 0.01 >0.99 

C20:2n6 0.40 ± 0.02 0.31 ± 0.01 0.08 

C20:3n6 0.29 ± 0.03 0.38 ± 0.01 0.62 

C20:4n6 24.10 ± 1.87 13.72 ± 0.87 0.01 

C22:2n6 0.03 ± 0.02 0.01 ± 0.01 >0.99 

C22:4n6 0.77 ± 0.10 1.27 ± 0.06 0.04 

∑n-6 PUFA 45.56 ± 0.76 38.77 ± 0.59 0.0001 

∑n-6 metabolites 25.76 ± 1.76 15.74 ± 0.89 0.01 

C18:3n3 0.46 ± 0.04 0.47 ± 0.03 >0.99 

C20:3n3 0.30 ± 0.04 0.28 ± 0.05 >0.99 

C20:5n3 0.17 ± 0.02 0.10 ± 0.00 0.23 

C22:5n3 0.72 ± 0.03 0.72 ± 0.03 >0.99 

C22:6n3 3.78 ± 0.26 2.55 ± 0.15 >0.05 

∑n-3 PUFA 5.32 ± 0.22 3.92 ± 0.15 0.01 

∑n-3 metabolites 4.85 ± 0.26 3.46 ± 0.17 0.02 

∑PUFA 50.86 ± 0.89 42.69 ± 0.63 <0.0001 

∑UFA 60.74 ± 0.84 63.42 ± 0.65 0.66 
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Table 11. Liver total lipid fatty acid methyl esters (FAME) ratios between normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Results presented as mean and standard error of the mean (SEM), and statistically analysed by 
Students t-test. The level of statistical significance was set at *p < 0.05.   

  NFD HFD-S t test 

 MEAN   SEM MEAN   SEM  p value 

∑MUFA/∑PUFA 0.20 ± 0.05 0.49 ± 0.02 0.003 

∑MUFA/∑SFA 4.51 ± 0.46 1.75 ± 0.12 0.002 

∑PUFA/∑SFA 1.33 ± 0.02 1.22 ± 0.02 0.21 

∑UFA/∑SFA 1.61 ± 0.07 1.81 ± 0.05 0.82 

C18:0/C16:0 0.78 ± 0.07 0.50 ± 0.04 0.12 

C16:1n7/C16:0 0.01 ± 0.01 0.00 ± 0.00 >0.99 

C18:1n9/C16:0 0.33 ± 0.08 0.81 ± 0.03 0.002 

C18:1n9/C16:1n7 19.03 ± 4.42 53.43 ± 3.93 0.002 

C18:1n7/C18:0 0.12 ± 0.01 0.13 ± 0.02 >0.99 

C18:1/C18:0 0.13 ± 0.02 0.14 ± 0.02 >0.99 

n-6/n-3 8.70 ± 0.34 9.99 ± 0.38 0.66 

n-6/n-3 metabolites 5.28 ± 0.23 4.54 ± 0.18 0.64 

C18:2n6/C18:3n3 43.96 ± 2.67 51.47 ± 2.25 0.88 

C20:4n6/C20:3n6 85.05 ± 9.99 37.75 ± 3.07 0.02 

C20:4n6/C22:6n3 6.33 ± 0.27 5.43 ± 0.22 0.64 

C20:4n6/C20:5n3 144.77 ± 16.72 152.01 ± 14.78 >0.99 

C20:4n6/C18:2n6 1.32 ± 0.17 0.60 ± 0.05 0.046 

C20:4n6/C18:3n3 60.53 ± 11.22 32.05 ± 3.88 0.75 

C20:3n3/C18:3n3 0.44 ± 0.15 0.27 ± 0.12 >0.99 

C20:5n3/C18:3n3 0.41 ± 0.05 0.21 ± 0.02 0.10 

C22:5n3/C18:3n3 1.69 ± 0.24 1.65 ± 0.13 >0.99 

C22:6n3/C18:3n3 9.51 ± 1.82 5.91 ± 0.69 0.97 

C22:6n3/C22:5n3 5.38 ± 0.43 3.50 ± 0.19 0.06 

C18:2n6/C16:0 0.94 ± 0.05 1.04 ± 0.03 0.99 

C18:3n6/C18:2n6 0.01 ± 0.00 0.01 ± 0.00 >0.99 

C20:3n6/C18:3n6 2.23 ± 0.33 2.23 ± 0.20 >0.99 

C22:5n3/C20:5n3 4.27 ± 0.32 8.09 ± 0.64 0.004 

C22:4n6/C20:4n6 35.49 ± 3.99 11.22 ± 1.09 0.003 

1 (% monoenoics) 8.00 ± 1.47 17.23 ± 0.89 0.004 

2 (% dienoics)  40.40 ± 2.51 46.70 ± 1.56 0.88 

3 (% trienoics) 3.77 ± 0.27 4.09 ± 0.14 >0.99 

4 (% tetraenoics) 99.53 ± 7.09 59.49 ± 3.61 0.01 

5 (% pentaenoics) 4.46 ± 0.21 4.11 ± 0.11 >0.99 

6 (% hexaenoics) 22.63 ± 1.54 15.25 ± 0.90 0.046 

Unsaturation Index 178.78 ± 4.52 146.85 ± 2.32 0.001 
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Table 12. Total Liver extract fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline (HFD-S), 
High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group).Fatty acid results are 
presented  as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs PF S Vs GbE 

 MEAN  SEM MEAN  SEM MEAN  SEM p value p value p value 

C14:0 0.20 ± 0.00 0.17 ± 0.02 0.21 ± 0.01 0.81 0.51 0.86 

C16:0 22.47 ± 0.28 22.09 ± 0.43 22.57 ± 0.37 0.68 0.98 0.98 

C18:0 11.36 ± 0.80 11.06 ± 1.36 10.63 ± 0.92 0.60 0.94 0.80 

C20:0 0.04 ± 0.02 0.02 ± 0.01 0.01 ± 0.01 0.38 0.86 0.16 

C22:0 0.11 ± 0.01 0.09 ± 0.02 0.10 ± 0.02 0.34 0.57 0.94 

C24:0 0.27 ± 0.15 0.34 ± 0.20 0.13 ± 0.02 0.96 0.58 0.72 

DMA 16:0 0.01 ± 0.01 0.03 ± 0.02 0.01 ± 0.01 0.93 0.60 0.79 

DMA18:0 0.38 ± 0.03 0.41 ± 0.07 0.31 ± 0.05 >0.99 0.45 0.45 

∑SFA.DMA 0.40 ± 0.03 0.42 ± 0.07 0.34 ± 0.06 >0.99 0.60 0.60 

∑SFA 35.13 ± 0.65 31.14 ± 3.58 34.22 ± 0.74 0.28 0.53 0.91 

C16:1n7 0.37 ± 0.03 0.36 ± 0.04 0.32 ± 0.03 0.93 0.34 0.52 

C16:1n9  0.02 ± 0.02 0.05 ± 0.02 0.03 ± 0.02 0.52 0.98 0.63 

C18:1n7 1.32 ± 0.05 1.50 ± 0.08 1.37 ± 0.03 0.42 0.36 0.99 

C18:1n9 18.45 ± 0.92 18.23 ± 2.10 19.63 ± 0.78 0.75 0.94 0.54 

C20:1n9 0.22 ± 0.01 0.27 ± 0.03 0.28 ± 0.01 0.17 >0.99 0.17 

C24:1n9 0.05 ± 0.02 0.03 ± 0.02 0.03 ± 0.02 0.31 0.94 0.48 

∑DMA18:1 0.15 ± 0.02 0.17 ± 0.04 0.17 ± 0.02 0.99 0.99 0.99 

∑C18:1 1.43 ± 0.06 1.43 ± 0.17 1.46 ± 0.03 0.92 0.99 0.98 

∑ω7 0.40 ± 0.04 0.34 ± 0.05 0.40 ± 0.03 0.93 0.99 0.97 

∑ω9 18.82 ± 0.92 16.73 ± 2.65 19.99 ± 0.76 >0.99 0.60 0.66 

∑MUFA 20.75 ± 0.98 18.67 ± 2.79 21.96 ± 0.80 0.99 0.62 0.68 

C18:2n6 23.00 ± 0.77 23.23 ± 1.06 23.69 ± 0.88 0.53 0.98 0.63 

C18:3n6 0.18 ± 0.01 0.20 ± 0.02 0.18 ± 0.02 0.50 0.44 0.99 

C20:2n6 0.31 ± 0.01 0.31 ± 0.03 0.31 ± 0.02 0.97 0.58 0.43 

C20:3n6 0.38 ± 0.01 0.34 ± 0.02 0.36 ± 0.03 0.50 0.78 0.90 

C20:4n6 13.72 ± 0.87 13.97 ± 1.92 12.44 ± 0.92 0.67 0.98 0.55 

C22:4n6 1.27 ± 0.06 1.10 ± 0.09 1.37 ± 0.06 0.19 0.07 0.80 

∑n-6 PUFA 38.77 ± 0.59 35.16 ± 4.00 38.36 ± 0.22 0.42 0.59 0.96 

∑n-6 metabolites 15.74 ± 0.89 14.25 ± 2.30 14.67 ± 0.84 0.33 0.85 0.67 

C18:3n3 0.47 ± 0.03 0.47 ± 0.04 0.43 ± 0.05 0.84 0.15 0.35 

C20:3n3 0.28 ± 0.05 0.27 ± 0.03 0.26 ± 0.03 0.77 0.97 0.86 

C20:5n3 0.10 ± 0.00 0.11 ± 0.01 0.10 ± 0.00 0.42 0.44 >0.99 

C22:5n3 0.72 ± 0.03 0.64 ± 0.04 0.69 ± 0.04 0.52 0.97 0.39 

C22:6n3 2.55 ± 0.15 2.62 ± 0.26 2.52 ± 0.13 0.73 0.99 0.80 

∑n-3 PUFA 3.92 ± 0.15 3.65 ± 0.50 4.01 ± 0.13 0.57 0.78 0.94 

∑n-3 metabolites 3.46 ± 0.17 3.24 ± 0.47 3.54 ± 0.14 0.58 0.76 0.96 

∑PUFA 42.69 ± 0.63 38.81 ± 4.45 42.34 ± 0.20 0.42 0.61 0.96 

∑UFA 63.42 ± 0.65 57.46 ± 6.44 64.28 ± 0.77 0.61 0.49 0.97 
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Table 13.Total liver fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-saline (HFD-S), High 
fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE)(N=10 per group).Results presented as mean an 
(SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance was 
set at *p < 0.05.   

  HFD-S HFD-PF HFD-GbE S Vs PF S Vs PF S Vs GbE 

 MEAN  SEM MEAN  SEM MEAN  SEM 
p value p value P  

Value 

∑MUFA/∑PUFA 0.49 ± 0.02 0.51 ± 0.06 0.51 ± 0.03 0.60 0.98 0.71 

∑MUFA/∑SFA 1.75 ± 0.12 1.97 ± 0.41 1.59 ± 0.10 0.85 0.81 0.48 

∑PUFA/∑SFA 1.22 ± 0.02 1.24 ± 0.02 1.26 ± 0.03 0.76 0.95 0.56 

∑UFA/∑SFA 1.81 ± 0.05 1.86 ± 0.08 1.90 ± 0.06 0.48 0.99 0.41 

C18:0/C16:0 0.50 ± 0.04 0.52 ± 0.07 0.48 ± 0.04 0.80 0.99 0.87 

C18:1n9/C16:0 0.81 ± 0.03 0.81 ± 0.09 0.88 ± 0.03 0.74 0.78 0.34 

C18:1n9/C16:1n7 53.43 ± 3.93 54.76 ± 5.96 61.49 ± 4.63 0.99 0.21 0.14 

C18:1n7/C18:0 0.13 ± 0.02 0.16 ± 0.02 0.13 ± 0.02 0.59 0.43 0.95 

C18:1/C18:0 0.14 ± 0.02 0.17 ± 0.02 0.13 ± 0.02 0.15 0.09 0.95 

n-6/n-3 9.99 ± 0.38 9.96 ± 0.50 9.64 ± 0.31 0.90 0.98 0.97 

n-6/n-3 metabolite 4.54 ± 0.18 4.34 ± 0.24 4.10 ± 0.18 0.35 >0.99 0.39 

C18:2n6/C18:3n3 51.47 ± 2.25 54.02 ± 4.76 56.73 ± 3.86 0.96 0.11 0.06 

C20:4n6/C20:3n6 37.75 ± 3.07 40.46 ± 6.36 38.84 ± 4.94 0.77 >0.99 0.80 

C20:4n6/C22:6n3 5.43 ± 0.22 5.23 ± 0.27 4.94 ± 0.28 0.67 0.95 0.48 

C20:4n6/C20:5n3 152.0 ± 14.8 144.73 ± 24.3 167.68 ± 24.9 0.68 0.24 0.67 

C20:4n6/C18:2n6 0.60 ± 0.05 0.63 ± 0.11 0.54 ± 0.07 0.72 0.97 0.58 

C20:4n6/C18:3n3 32.05 ± 3.88 35.18 ± 7.03 32.60 ± 6.04 0.85 0.86 >0.99 

C20:3n3/C18:3n3 0.27 ± 0.12 0.46 ± 0.13 0.66 ± 0.13 0.32 0.83 0.11 

C20:5n3/C18:3n3 0.21 ± 0.02 0.23 ± 0.02 0.19 ± 0.01 0.99 0.35 0.38 

C22:5n3/C18:3n3 1.65 ± 0.13 1.58 ± 0.20 1.76 ± 0.20 0.88 0.53 0.80 

C22:6n3/C18:3n3 5.91 ± 0.69 6.48 ± 1.14 6.46 ± 1.13 0.90 0.68 0.91 

C22:6n3/C22:5n3 3.50 ± 0.19 3.93 ± 0.27 3.60 ± 0.23 0.87 0.85 >0.99 

C18:2n6/C16:0 1.04 ± 0.03 1.06 ± 0.03 1.07 ± 0.03 0.44 >0.99 0.44 

C20:3n6/C18:3n6 2.23 ± 0.20 1.97 ± 0.16 2.08 ± 0.18 0.60 0.82 0.94 

C22:5n3/C20:5n3 8.09 ± 0.64 6.80 ± 0.69 9.03 ± 0.72 0.72 0.10 0.34 

C22:4n6/C20:4n6 11.22 ± 1.09 14.76 ± 3.39 9.34 ± 0.98 0.97 0.62 0.47 

1 (% monoenoics) 17.23 ± 0.89 15.30 ± 2.32 18.37 ± 0.74 0.99 0.58 0.64 

2 (% dienoics) 46.70 ± 1.56 42.41 ± 5.09 48.01 ± 1.78 0.91 0.66 0.89 

3 (% trienoics) 4.09 ± 0.14 3.99 ± 0.51 4.37 ± 0.24 0.96 0.99 0.91 

4 (% tetraenoics) 59.49 ± 3.61 53.88 ± 9.08 55.28 ± 3.48 0.35 0.86 0.68 

5 (% pentaenoics) 4.11 ± 0.11 3.45 ± 0.44 3.98 ± 0.19 0.41 0.86 0.74 

6 (% hexaenoics) 15.25 ± 0.90 14.13 ± 2.13 15.13 ± 0.81 0.39 0.71 0.86 

Unsaturation Index 146.85 ± 2.32 133.15 ± 15.60 145.13 ± 1.53 0.35 0.58 0.93 
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4.3 Liver TAG 

Next TAG fatty acid profiles were examined. As previously mentioned in earlier sections excess TAG 

accumulation associated with obesity, T2DM, dyslipidaemia, and IR and can result in chronic liver 

disease (Caussy, Aubin and Loomba, 2021; Birkenfeld and Shulman, 2014).  

When comparing the effects of 2 months of HFD-induced obesity to that of a NFD TAG FA levels, no 

significant changes were seen in total SFA % levels between the either group (p=0.44) (Table 14). 

When compared to liver total fatty acid profiles (SFA, NFD, 38%; HFD 35.1%), TAG percentage levels 

are nearly 10% lower in TAG SFA for both NFD and HFD groups (NFD 28%; HFD 25.7%) compared to 

total liver FAME (NFD, 38%; HFD 35.1%) (Table 14). This is an interesting finding and shows that total 

fatty profiles do not necessarily represent TAG profiles in the liver. There is a significant increase in 

HFD total MUFA (28.5%) compared to NFD (21.1%; p=0.001). Like that seen in total fatty acid profiles, 

this is largely due to C18:1n-9 (NFD 17.5%, HFD 28.5%; p<0.0001) (Table 14). 

 In contrast to the 10% decrease in SFA levels seen between total FA profiles and that of TAG, an 

approximate inverse increase in MUFA % levels were seen for both NFD and HFD-S group, compared 

to TAG levels. Similarly, again to total FAME, n-6 PUFA decreased from 45.6% in NFD to 28.8% in HFD 

(p=0.0001), largely due to the decreased in C20:4n-6 from 24.1% in NFD to 13.7% in HFD (p=0.01). n-

3 PUFA % levels also decreased by 1.5% between the groups (NFD 3.2%; HFD 1.7%, p<0.0001), largely 

due to a decrease in C18:3n-3 (Table 14). Overall total PUFA decreased from 48.9% in NFD to 33.6% 

in HFD (p-0.001), but overall UFA levels remained comparable (p=0.27) (Table 14). As was seen in the 

total FAMES, the MUFA/PUFA ratio doubled from 0.4 in NFD to 0.8 in HFD (p<0.0001) while the 

MUFA/SFA decreased from 1.4 in NFD to 0.9 in HFD (p<0.0001) (Table 15). This was accompanied by 

a decrease in the unsaturation index from 134.1 in NFD to 105.5 in HFD (p=0.03). The n-6/n-3 ratio 

increased from 14.3 in NFD to 18.5 in HFD (p<0.0001) (Table 15) which was not observed when 

analysing total liver extract FAMES. The changes seen between NFD and HFD in TAG are largely similar 

to total FA profiles for the same reasons outlined in the previous section, including the effects of oleic 

acid on liver inflammation. What differs most between total FAME and TAG is that the n-6/n-3 ratio 

increased, mostly due to the decrease in n-3, which may be a result from the decrease found in the 

rat chow diet, or from the potential use of n-3 in inflammation mitigation. 

Similar to that seen in Total fatty acid profiles, little changes in the FA profiles arose following 

phytotherapy (HFD-GbE) or caloric restriction (HFD-PF) compared to the HFD-S group as shown in 

Table 16 and Table 17. Treatment with GbE did lead to a significant increase in n-3 metabolites from 

1.1% in the HFD-S group to 1.7% in HFD-GbE group (p=0.04), which is comparable to the levels in the 
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NFD group (1.8%) (Table 16). Caloric restriction in the form of pairfeeding (HFD-PF) partially 

ameliorated the decrease in n-3 metabolites that arose from an HFD, with levels increasing to 1.4%. 

The change in n-3 metabolites was largely seen in the levels of C22:6n3 that increased significantly 

from 0.5% in HFD-S, to 0.7% in HFD-PF (p=0.004) and 1% in HFD-GbE (p=0.0001 (Table 16). As the rat 

chow does not contain C22:6n3, this change indicates either DNL of VLCFA in the liver or the delivery 

of C22:6n3 to the liver from peripheral tissues may be occurring due to caloric restriction (HFD-PF) 

and increased further with GbE treatment. These changes were also reflected in the change of the n-

6/n-3 ratio that significantly decreased to 13.9 in HFD-GbE compared to 18.5 in HFD-S (p=0.001). 

Caloric restriction (HFD-PF) did not sufficiently alter the n-6/n-3 ratio which remained comparable to 

HFD-S at 17 (p=0.34) (Table 17). An increase in n-3 FA may positively affect the inflammatory process 

associated with steatosis and help mitigate the pro-inflammatory state in the liver associated with a 

HFD, that can lead to hepatic lipid metabolism and insulin dysregulation (Mäkelä et al., 2022; Cui et 

al., 2021; Luo et al., 2021; Bogl, Kaprio and Pietiläinen, 2020; van Name et al., 2020; da Silva et al., 

2014; Valenzuela and Videla, 2011; Pachikian et al., 2008; Araya et al., 2004; Videla et al., 2004).  

Overall, similar changes in TAG profiles were seen as those in the total fatty acid profiles. Most 

changes occurred in MUFA and PUFA. MUFA increased with HFD feeding and remained elevated 

despite caloric restriction and GbE treatment. PUFA levels decreased following an HFD, in both n-6 

and n-3 PUFA compared to a NFD. Both caloric restriction (HFD-PF) and GbE treatment resulted in a 

significant increase in C22:6n-3, more so with GbE. Overall PUFA levels however remained similar in 

all three HFD groups.   
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Table 14.Liver triglyceride fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) (N=10 per 
group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

  NFD HFD-S  

 MEAN  SEM MEAN  SEM  p value 

C14:0 0.2 ± 0.02 0.3 ± 0.04 0.12 
C16:0 25.5 ± 0.41 25.4 ± 0.34 0.91 

C18:0 1.6 ± 0.16 2.3 ± 0.10 0.01 

C20:0 0.1 ± 0.02 0.0 ± 0.03 0.57 

DMA18:0 0.1 ± 0.01 0.2 ± 0.03 0.02 

∑S.DMA 0.1 ± 0.01 0.2 ± 0.03 0.02 

∑SFA 28.0 ± 0.45 25.7 ± 2.87 0.44 

C16:1n7 0.9 ± 0.20 0.6 ± 0.17 0.43 

C17:1 0.03 ± 0.02 0.1 ± 0.02 0.049 

C18:1n7 trans 0.01 ± 0.01 0.0 ± 0.01 0.88 

C18:1n7 1.9 ± 0.10 1.7 ± 0.13 0.49 

C18:1n9 17.5 ± 1.21 28.5 ± 0.44 <0.0001 

C20:1n9 0.3 ± 0.03 0.4 ± 0.02 0.32 

C22:1n9 0.1  0.02 0.1  0.02 0.69 

∑DMA18:1 0.3 ± 0.03 0.2 ± 0.04 0.27 

∑C18:1 2.0 ± 0.11 1.7 ± 0.23 0.34 

∑ω7 0.9 ± 0.20 0.7 ± 0.17 0.34 

∑ω9 17.9 ± 1.21 26.1 ± 2.92 0.02 

∑MUFA 21.1 ± 1.20 28.5 ± 3.20 0.04 

C18:2n6 39.4 ± 1.07 29.6 ± 0.60 <0.0001 

C18:3n6 0.3 ± 0.01 0.3 ± 0.04 0.78 

C20:2n6 0.3 ± 0.01 0.4 ± 0.03 0.01 

C20:3n6 0.3 ± 0.03 0.3 ± 0.01 0.30 

C20:4n6 4.2 ± 0.17 3.2 ± 0.09 0.0001 

∑n-6 PUFA 45.7 ± 1.14 31.9 ± 3.58 0.002 

∑n-6 metabolites 6.3 ± 0.19 5.2 ± 0.59 0.08 

C18:3n3 1.5 ± 0.10 0.7 ± 0.04 <0.0001 

C20:3n3 0.1 ± 0.01 0.1 ± 0.03 0.30 

C20:5n3 0.3 ± 0.03 0.1 ± 0.01 0.0003 

C22:5n3 0.5 ± 0.04 0.5 ± 0.03 0.86 

C22:6n3 0.9 ± 0.06 0.5 ± 0.04 <0.0001 

∑n-3 PUFA 3.2 ± 0.11 1.7 ± 0.20 <0.0001 

∑n-3 metabolites 1.8 ± 0.08 1.1 ± 0.14 0.001 

∑PUFA 48.9 ± 1.16 33.6 ± 3.78 0.001 

∑UFA 69.9 ± 0.41 62.1 ± 6.91 0.27 
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Table 15 Liver triglyceride fatty acid methyl esters (FAME) ratios between normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Results presented as mean and standard error of the mean (SEM), and statistically analysed by 
Students t-test. The level of statistical significance was set at *p < 0.05.   

  NFD HFD-S  

 MEAN  SEM MEAN  SEM  p value 

∑MUFA/∑PUFA 0.4 ± 0.03 0.8 ± 0.03 <0.0001 

∑MUFA/∑SFA 1.4 ± 0.08 0.9 ± 0.01 <0.0001 

∑PUFA/∑SFA 1.7 ± 0.06 1.3 ± 0.02 <0.0001 

∑UFA/∑SFA 2.5 ± 0.05 2.4 ± 0.03 0.15 

C18:0/C16:0 0.1 ± 0.02 0.1 ± 0.01 0.08 

C16:1n7/C16:0 0.0 ± 0.01 0.0 ± 0.01 0.94 

C18:1n9/C16:0 0.7 ± 0.05 1.1 ± 0.03 <0.0001 

C18:1n9/C16:1n7 27.1 ± 4.67 57.0 ± 7.49 0.003 

C18:1n7/C18:0 1.3 ± 0.19 0.8 ± 0.07 0.03 

C18:1/C18:0 1.3 ± 0.20 0.8 ± 0.07 0.04 

n-6/n-3 14.3 ± 0.52 18.5 ± 0.60 <0.0001 

n-6/n-3 metabolites 3.6 ± 0.20 4.7 ± 0.24 0.003 

C18:2n6/C18:3n3 28.4 ± 2.33 44.8 ± 2.55 0.0002 

C20:4n6/C20:3n6 16.5 ± 1.57 10.3 ± 0.84 0.01 

C20:4n6/C22:6n3 4.9 ± 0.30 6.1 ± 0.39 0.02 

C20:4n6/C20:5n3 16.9 ± 1.82 44.2 ± 9.08 0.005 

C20:4n6/C18:2n6 0.1 ± 0.01 0.1 ± 0.01 >0.99 

C20:4n6/C18:3n3 3.1 ± 0.30 4.9 ± 0.35 0.001 

C20:3n3/C18:3n3 0.1 ± 0.02 0.2 ± 0.04 0.01 

C20:5n3/C18:3n3 0.2 ± 0.01 0.1 ± 0.03 0.01 

C22:5n3/C18:3n3 0.4 ± 0.08 0.8 ± 0.04 0.001 

C22:6n3/C18:3n3 0.7 ± 0.09 0.8 ± 0.06 0.14 

C22:6n3/C22:5n3 1.7 ± 0.10 1.1 ± 0.04 <0.0001 

C18:2n6/C16:0 1.6 ± 0.06 1.2 ± 0.04 <0.0001 

C18:3n3/C16:0 0.1 ± 0.01 0.01 ± 0.01 <0.0001 

C18:3n6/C18:2n6 0.0 ± 0.01 0.0 ± 0.01 0.31 

C20:3n6/C18:3n6 0.9 ± 0.12 1.0 ± 0.16 0.72 

C22:5n3/C20:5n3 2.2 ± 0.42 7.2 ± 1.45 0.002 

C22:4n6/C20:4n6 3.6 ± 0.20 2.1 ± 0.04 <0.0001 

1 (% monoenoics) 16.4 ± 1.24 24.0 ± 2.68 0.02 

2 (% dienoics)  79.4 ± 2.13 54.1 ± 6.10 0.001 

3 (% trienoics) 7.4 ± 0.31 4.7 ± 0.60 0.001 

4 (% tetraenoics) 21.6 ± 0.74 17.1 ± 1.96 0.05 

5 (% pentaenoics) 4.0 ± 0.23 2.7 ± 0.34 0.004 

6 (% hexaenoics) 5.3 ± 0.30 2.9 ± 0.37 <0.0001 

Unsaturation Index 134.1 ± 1.32 105.5 ± 11.77 0.03 
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Table 16. Liver triglyceride (TAG) fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline (HFD-
S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group).Fatty acid results are 
presented  as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05. 

 

HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE 

MEAN %  SEM MEAN %  SEM MEAN %  SEM p value p value p value 

C14:0 0.3 ± 0.04 0.2 ± 0.02 0.3 ± 0.02 0.50 0.96 0.68 

C16:0 25.4 ± 0.34 24.6 ± 0.38 24.3 ± 0.39 0.51 0.29 0.29 

C17:0 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.02 0.45 0.78 0.82 

C18:0 2.3 ± 0.10 3.0 ± 0.38 3.8 ± 0.55 0.36 0.02 0.35 

C20:0 0.0 ± 0.03 0.2 ± 0.12 0.1 ± 0.02 0.19 0.92 0.36 

C21:0 0.1 ± 0.01 0.1 ± 0.02 0.2 ± 0.02 0.64 0.13 0.53 

C24:0 1.6 ± 0.05 1.4 ± 0.11 1.7 ± 0.07 0.23 0.27 0.01 

DMA18:0 0.2 ± 0.03 0.4 ± 0.07 0.5 ± 0.09 0.03 0.01 0.88 

∑SFA 25.7 ± 2.87 28.8 ± 0.54 26.5 ± 2.98 0.67 0.97 0.79 

C16:1n7 0.6 ± 0.17 0.6 ± 0.07 0.5 ± 0.05 0.87 0.51 0.83 

C17:1 0.1 ± 0.02 0.1 ± 0.01 0.1 ± 0.02 0.58 0.71 0.24 

C18:1n7 1.7 ± 0.13 0.1 ± 0.02 1.9 ± 0.07 <0.0001 0.50 <0.0001 

C18:1n9 trans 0.0 ± 0.02 1.9 ± 0.19 0.1 ± 0.02 <0.0001 0.99 <0.0001 

C18:1n9 28.5 ± 0.44 28.0 ± 1.54 27.1 ± 0.76 0.95 0.60 0.79 

C20:1n9 0.4 ± 0.02 0.4 ± 0.01 0.4 ± 0.03 0.79 0.33 0.74 

DMA18:1 0.2 ± 0.04 0.4 ± 0.10 0.5 ± 0.10 0.38 0.03 0.38 

∑C18:1 1.7 ± 0.23 2.0 ± 0.19 1.8 ± 0.21 0.30 0.06 0.68 

∑ω7 0.7 ± 0.17 0.6 ± 0.09 0.4 ± 0.07 0.68 0.96 0.83 

∑ω9 26.1 ± 2.92 30.3 ± 1.45 24.8 ± 2.84 0.89 0.41 0.71 

∑MUFA 28.5 ± 3.20 31.3 ± 1.32 27.4 ± 3.14 0.49 0.93 0.31 

C18:2n6 29.6 ± 0.60 29.5 ± 1.24 27.6 ± 0.59 0.77 0.95 0.60 

C18:3n6 0.3 ± 0.04 0.3 ± 0.04 0.2 ± 0.03 >0.99 0.24 0.27 

C20:2n6 0.4 ± 0.03 0.4 ± 0.03 0.4 ± 0.02 0.89 0.38 0.64 

C20:3n6 0.3 ± 0.01 0.3 ± 0.02 0.3 ± 0.02 0.60 0.60 0.15 

C20:4n6 3.2 ± 0.09 3.5 ± 0.22 5.0 ± 0.64 0.93 0.45 0.66 

∑n-6 PUFA 31.9 ± 3.58 35.4 ± 1.26 31.8 ± 3.55 0.71 >0.99 0.70 

∑n-6 metabolites 5.2 ± 0.59 5.8 ± 0.33 7.0 ± 0.94 0.79 0.18 0.51 

C18:3n3 0.7 ± 0.04 0.8 ± 0.11 0.7 ± 0.03 0.54 0.99 0.48 

C20:3n3 0.1 ± 0.03 0.2 ± 0.02 0.2 ± 0.03 0.26 0.15 0.94 

C20:5n3 0.1 ± 0.01 0.1 ± 0.03 0.1 ± 0.01 0.90 0.89 >0.99 

C22:5n3 0.5 ± 0.03 0.5 ± 0.04 0.6 ± 0.04 0.68 0.16 0.03 

C22:6n3 0.5 ± 0.04 0.7 ± 0.07 1.0 ± 0.09 0.27 0.0001 0.004 

∑n-3 PUFA 1.7 ± 0.20 2.2 ± 0.20 2.3 ± 0.29 0.43 0.19 0.87 

∑n-3 metabolites 1.1 ± 0.14 1.4 ± 0.11 1.7 ± 0.23 0.60 0.04 0.29 

∑PUFA 33.6 ± 3.78 37.5 ± 1.44 34.1 ± 3.82 0.69 0.99 0.75 

∑UFA 62.1 ± 6.91 68.8 ± 0.68 61.6 ± 6.86 0.71 >0.99 0.67 
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Table 17.Liver triglyceride (TAG)  fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE)(N=10 per group).Results presented 
as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical 
significance was set at *p < 0.05.   

 

HFD-S HFD-PF HFD-GbE 
S Vs PF 

S Vs 
GbE PF Vs GbE 

MEAN 
%  SEM 

MEAN 
%  SEM 

MEAN 
%  SEM p value 

p 
value p value 

∑MUFA/∑PUFA 0.8 ± 0.03 0.8 ± 0.06 0.8 ± 0.03 >0.99 0.84 0.84 

∑MUFA/∑SFA 0.9 ± 0.01 1.0 ± 0.06 1.0 ± 0.05 0.87 0.78 0.98 

∑PUFA/∑SFA 1.3 ± 0.02 1.3 ± 0.06 1.3 ± 0.03 0.93 0.98 0.84 

∑UFA/∑SFA 2.4 ± 0.03 2.4 ± 0.06 2.3 ± 0.06 0.99 0.53 0.62 

C18:0/C16:0 0.1 ± 0.01 0.1 ± 0.01 0.2 ± 0.03 0.90 0.04 0.09 

C16:1n7/C16:0 0.0 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.45 0.45 >0.99 

C18:1n9/C16:0 1.1 ± 0.03 1.2 ± 0.08 1.1 ± 0.03 0.89 >0.99 0.89 

C18:1n9/C16:1n7 57.0 ± 7.49 56.5 ± 8.31 66.3 ± 6.74 >0.99 0.65 0.64 

C18:1n7/C18:0 0.8 ± 0.07 0.01 ± 0.01 0.6 ± 0.07 <0.0001 0.03 <0.0001 

C18:1/C18:0 0.8 ± 0.07 0.7 ± 0.14 0.6 ± 0.08 0.72 0.23 0.63 

n-6/n-3 18.5 ± 0.60 17.0 ± 0.96 13.9 ± 0.64 0.34 0.001 0.02 

n-6/n-3 metabolites 4.7 ± 0.24 4.4 ± 0.27 4.0 ± 0.14 0.58 0.11 0.51 

C18:2n6/C18:3n3 44.8 ± 2.55 41.6 ± 3.82 42.2 ± 1.74 0.72 0.80 0.99 

C20:4n6/C20:3n6 10.3 ± 0.84 11.0 ± 0.94 14.9 ± 2.29 0.94 0.12 0.19 

C20:4n6/C22:6n3 6.1 ± 0.39 5.4 ± 0.43 4.7 ± 0.24 0.37 0.02 0.33 

C20:4n6/C20:5n3 44.2 ± 9.08 48.6 ± 9.75 66.3 ± 10.1 0.95 0.26 0.41 

C20:4n6/C18:2n6 0.1 ± 0.01 0.1 ± 0.01 0.2 ± 0.03 0.90 0.04 0.09 

C20:4n6/C18:3n3 4.9 ± 0.35 4.9 ± 0.52 7.8 ± 1.25 >0.99 0.046 0.048 

C20:3n3/C18:3n3 0.2 ± 0.04 0.2 ± 0.06 0.3 ± 0.07 0.85 0.24 0.52 

C20:5n3/C18:3n3 0.1 ± 0.03 0.1 ± 0.02 0.1 ± 0.01 >0.99 0.92 0.92 

C22:5n3/C18:3n3 0.8 ± 0.04 0.6 ± 0.07 0.9 ± 0.06 0.37 0.10 0.005 

C22:6n3/C18:3n3 0.8 ± 0.06 0.9 ± 0.12 1.6 ± 0.19 0.80 0.001 0.004 

C22:6n3/C22:5n3 1.1 ± 0.04 1.5 ± 0.06 1.7 ± 0.11 0.003 <0.0001 0.09 

C18:2n6/C16:0 1.2 ± 0.04 1.2 ± 0.05 1.1 ± 0.03 0.70 0.70 0.26 

C20:3n6/C18:3n6 1.0 ± 0.16 1.1 ± 0.12 1.5 ± 0.10 0.82 0.04 0.15 

C22:5n3/C20:5n3 7.2 ± 1.45 6.5 ± >0.99 8.1 ± 0.71 0.89 0.84 0.56 

C22:4n6/C20:4n6 2.1 ± 0.04 2.6 ± 0.21 2.9 ± 0.45 0.39 0.10 0.70 

1 (% monoenoics) 24.0 ± 2.68 26.4 ± 0.72 22.2 ± 2.54 0.73 0.84 0.41 

2 (% dienoics)  54.1 ± 6.10 59.8 ± 2.48 50.4 ± 5.71 0.73 0.87 0.43 

3 (% trienoics) 4.7 ± 0.60 5.8 ± 0.26 5.0 ± 0.58 0.32 0.90 0.55 

4 (% tetraenoics) 17.1 ± 1.96 19.4 ± 1.20 24.1 ± 3.48 0.81 0.12 0.38 

5 (% pentaenoics) 2.7 ± 0.34 2.7 ± 0.30 3.1 ± 0.39 0.98 0.61 0.73 

6 (% hexaenoics) 2.9 ± 0.37 4.0 ± 0.40 5.7 ± 0.81 0.39 0.005 0.12 

Unsaturation Index 105.5 ± 11.77 118.1 ± 2.87 110.6 ± 12.4 0.67 0.93 0.87 
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4.4 Liver CE 

 

As mentioned in the previous RET section 4.3, CE may be reflective of FA from dietary sources, or a 

reflection of PPL FA liberated for CE production in the cell.  When comparing a NFD and HFD CE FA 

profiles, total SFA increased to 25.6% of the CE HFD FA sample compared to 16.9% in NFD (p<0.0001) 

(Table 18). This contrasts with the decrease seen in that of the HFD-TAG fraction. The increase in CE 

SFA levels in the HFD is predominantly caused by the increase of C16:0 from 12% in NFD to 19% in 

HFD (p=0.03), and to a lesser degree C18:0 (p=0.0001) (Table 18).  

In keeping with changes seen in TAG-MUFA, total CE-MUFA also increased from 11% in NFD to 15.5% 

in the HFD (p<0.0001) group compared to the NFD control group, again largely due to the increase in 

C18:1n-9 which increased from 7% in NFD to 13.8% in HFD (p<0.0001).  

Like that of TAG profiles, CE-n-6 PUFA decreased from 51.5% in NFD to 48.4% in HFD (p=0.03), 

represented mostly from the 3% decrease in C18:2n-6 (p=0.001). n-3 PUFA also decreased from 

15.7% in NFD to 10.5% in HFD (p<0.0001), largely represented by the 2% decrease in C18:3n-3 

(p<0.0001) and the 2% decrease in C22:6n-3 (p<0.0001). The n-6/n-3 ratio also increased from 3.3 in 

NFD to 4.6 in HFD (p<0.0001), largely due to the decrease in n-3 % levels (Table 19). These CE n-6/n-

3 ratios are much lower to the ratios seen in of TAG that had a n-6/n-3 ratio of 14.3 in NFD and 18.5 

in the HFD group. This indicates that more n-3 PUFA are being utilized for CE production then n-6 

PUFA. The increase in the n-6/n-3 ratio from 3.3 in NFD to 4.6 in the HFD group may indicate that less 

n-3 PUFA is available from either the diet or endogenous stores for the esterification of cholesterol 

for transportation. This is possibly due to the decrease in n-3 PUFA found in the HFD chow compared 

to the NFD. HFD rat chow consists of 21.4% C18:2n-6 compared to 51% in the NFD chow (p<0.001), 

and while C18:3n-3 levels in NFD are 4.3% compared to 1.3% in the HFD chow (Table 18). This 

indicates that both C18:2n-6 and C18:3n-3 are either being preferentially esterified to CE from the 

diet or are being liberated from the plasma membrane. As discussed in earlier chapters, esterification 

of Chol to CE in the liver occurs in the endoplasmic reticulum, catalysed by an ACAT where a LCFA, 

liberated from the PPL PC, is esterified to CHOL to form CE (Nakamura et al., 2004). These changes 

resulted in an overall 8% decrease in total PUFA dropping from 67.1% in NFD, to 58.9% in HFD 

(P<0.0001) (Table 18). This is also reflected in the MUFA/PUFA ratio that increase from 0.17 in NFD 

to 0.26 in HFD (p+0.0009) and the PUFA/SFA ratio that decreased from 4.7 in NFD to 2.7 in HFD 

(p<0.0001) (Table 19). The UFA also significantly decreased from by 3.7% from 78.2% in NFD to 

74.45% in HFD (p=0.0002) (Table 18). These changes were reflected in the decrease of the 
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unsaturation index from 202 in NFD to 185 in HFD (p=0.0002). Together these changes in FA % levels 

indicate that less n-3 is available either from the diet or from within the PPL membrane or less is 

being transported from adipose tissues back to the liver and is being replaced with more SFA within 

the CE fraction.  

When comparing the HFD groups, while no changes were seen in total SFA, total MUFA levels 

increased significantly to 23.1% in GbE treatment compared to 15.5% in NFD (p=0.0001) and to 17.2% 

in caloric restriction (HFD-S vs HFD-PF, p=0.002) indicating a direct response to GbE treatment (Table 

20). This is largely attributable to the increase seen in C18:1n-9 to 19.1% in the GbE group compared 

to the 13.8% in HFD-S (p=0.01) and 14.1% in HFD-PF (p=0.01) groups. n-6 PUFA also decreased 

significantly from 48.4% in NFD to 44.7% in HFD-PF (p=0.12) and 40.2% in GbE (p=0.0003) (Table 20). 

This is largely attributable to the decrease in both C18:2n-6 (p=0.01) and C20:4n-6 (p=0.001) in the 

GbE group compared to HFD-S (Table 20). The decrease in GbE n-6 PUFA levels was also significantly 

decreased compared to HFD-PF (p=0.02), again indicating the GbE treatment is likely responsible for 

this change. In contrast, n-3 PUFA continued to decrease from 10.5% in the NFD group to 6.4% in the 

GbE group (p=0.01), which was not seen in the HFD-PF group (9.9% which was comparable to the 

HFD-S group (p=0.87) and significantly higher than that in the GbE group (p=0.03). This was reflected 

in the n-6/n-3 ratio that doubled to 8.2 in the HFD-GbE group compared to 4.6 (p=0.01) in the HFD-S 

group and 4.6 (p=0.01) in the HFD-PF group (Table 21). Despite the increase in MUFA, the decrease 

in PUFA resulted in a decrease of UFA % levels from 74.5% in the HFD-S group down to 69.7% in the 

HFD-GbE group (p=0.05). This resulted in a decrease in the unsaturation index from 184.7 to 143.7 in 

the HFD-GbE group (p=0.0003) (Table 20). Again, this indicates that either less n-3 is available either 

from the diet or from within the PPL membrane or less is being transported from adipose tissues back 

to the liver with more MUFA being used in the GbE group to form CE. 
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Table 18.Liver cholesteryl ester fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) (N=10 
per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

  NFD HFD-S  
  MEAN   SEM MEAN   SEM p value  

C14:0 0.08 ± 0.02 0.26 ± 0.02 <0.0001 

C15:0 0.10 ± 0.03 0.10 ± 0.00 >0.99 

C16:0 12.00 ± 0.46 18.97 ± 0.40 <0.0001 

C17:0 0.14 ± 0.02 0.10 ± 0.00 0.03 

C18:0 1.29 ± 0.13 1.98 ± 0.10 0.001 

C20:0 0.24 ± 0.04 0.15 ± 0.02 0.054 

C24:0 2.59 ± 0.22 3.89 ± 0.18 0.0003 

DMA18:0 0.10 ± 0.00 0.11 ± 0.02 0.61 

∑SFA 16.9 ± 0.5 25.6 ± 0.4 <0.0001 

C16:1n7 0.59 ± 0.15 0.45 ± 0.03 0.35 

C18:1n7 0.71 ± 0.09 0.83 ± 0.03 0.19 

C18:1n9 7.12 ± 0.72 13.77 ± 0.42 <0.0001 

C20:1n9 0.82 ± 0.07 0.17 ± 0.02 <0.0001 

C22:1n9 0.07 ± 0.02 0.05 ± 0.02 0.43 

∑DMA18:1 1.03 ± 0.09 0.19 ± 0.03 <0.0001 

∑C18:1 0.77 ± 0.08 0.88 ± 0.02 0.20 

∑ω7 0.59 ± 0.15 0.46 ± 0.03 0.38 

∑ω9 8.01 ± 0.68 14.04 ± 0.42 <0.0001 

∑MUFA 11.03 ± 0.66 15.51 ± 0.44 <0.0001 

C18:2n6 38.90 ± 0.90 35.03 ± 0.51 0.001 

C18:3n6 0.74 ± 0.03 0.73 ± 0.04 0.78 

C20:2n6 0.26 ± 0.02 0.30 ± 0.03 0.18 

C20:3n6 0.86 ± 0.05 1.14 ± 0.05 0.001 

C20:4n6 8.18 ± 0.32 7.31 ± 0.27 0.054 

∑n-6 PUFA 51.50 ± 1.11 48.43 ± 0.67 0.03 

∑n-6 metabolites 12.60 ± 0.44 13.40 ± 0.47 0.23 

C18:3n3 4.91 ± 0.29 3.10 ± 0.12 <0.0001 

C20:3n3 0.17 ± 0.02 0.17 ± 0.02 >0.99 

C20:5n3 1.72 ± 0.17 0.64 ± 0.04 <0.0001 

C22:5n3 2.81 ± 0.17 2.70 ± 0.11 0.58 

C22:6n3 6.08 ± 0.33 3.92 ± 0.15 <0.0001 

∑n-3 PUFA 15.66 ± 0.48 10.50 ± 0.31 <0.0001 

∑n-3 metabolites 10.77 ± 0.48 7.42 ± 0.24 <0.0001 

∑PUFA 67.14 ± 1.04 58.92 ± 0.75 <0.0001 

∑UFA 78.16 ± 0.69 74.45 ± 0.40 0.0002 
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Table 19 Liver cholesteryl ester fatty acid methyl esters (FAME) ratios between normal fat diet (NFD) and high fat diet 
(HFD-S) (N=10 per group). Results presented as mean and standard error of the mean (SEM), and statistically analysed 
by Students t-test. The level of statistical significance was set at *p < 0.05.   

  NFD HFD-S  
  MEAN   SEM MEAN   SEM p value  

∑MUFA/∑PUFA 0.17 ± 0.02 0.26 ± 0.02 0.0009 

∑MUFA/∑SFA 1.32 ± 0.06 1.40 ± 0.04 0.27 

∑PUFA/∑SFA 4.73 ± 0.17 2.71 ± 0.08 <0.0001 

∑UFA/∑SFA 5.49 ± 0.16 3.45 ± 0.08 <0.0001 

C18:0/C16:0 0.11 ± 0.01 0.10 ± <0.01 0.31 

C16:1n7/C16:0 0.03 ± 0.02 <0.01 ± <0.01 0.0495 

C18:1n9/C16:0 0.59 ± 0.04 0.71 ± 0.03 0.03 

C18:1n9/C16:1n7 15.61 ± 3.09 31.75 ± 1.89 0.0003 

C18:1n7/C18:0 0.62 ± 0.10 0.43 ± 0.03 0.07 

C18:1/C18:0 0.64 ± 0.10 0.47 ± 0.03 0.09 

n-6/n-3 3.32 ± 0.14 4.63 ± 0.14 <0.0001 

n-6/n-3 metabolites 1.19 ± 0.07 1.83 ± 0.09 <0.0001 

C18:2n6/C18:3n3 8.22 ± 0.59 11.47 ± 0.45 0.0004 

C20:4n6/C20:3n6 9.96 ± 0.86 6.52 ± 0.35 0.001 

C20:4n6/C22:6n3 1.37 ± 0.11 1.89 ± 0.10 0.002 

C20:4n6/C20:5n3 5.22 ± 0.60 11.90 ± 1.03 <0.0001 

C20:4n6/C18:2n6 0.20 ± <0.01 0.21 ± 0.01 0.36 

C20:4n6/C18:3n3 1.74 ± 0.16 2.40 ± 0.12 0.005 

C20:3n3/C18:3n3 0.02 ± 0.01 0.04 ± 0.02 0.43 

C20:5n3/C18:3n3 0.36 ± 0.03 0.21 ± 0.02 0.001 

C22:5n3/C18:3n3 0.61 ± 0.09 0.90 ± 0.04 0.01 

C22:6n3/C18:3n3 1.30 ± 0.13 1.29 ± 0.05 0.94 

C22:6n3/C22:5n3 2.22 ± 0.15 1.48 ± 0.07 0.0003 

C18:2n6/C16:0 3.27 ± 0.16 1.84 ± 0.05 <0.0001 

C18:3n3/C16:0 0.42 ± 0.03 0.18 ± 0.01 <0.0001 

C18:3n6/C18:2n6 0.02 ± <0.01 0.02 ± <0.01 >0.99 

C20:3n6/C18:3n6 1.16 ± 0.07 1.56 ± 0.08 0.002 

C22:5n3/C20:5n3 1.77 ± 0.25 4.33 ± 0.25 <0.0001 

C22:4n6/C20:4n6 3.28 ± 0.21 1.88 ± 0.04 <0.0001 

1 (% monoenoics) -0.34 ± 1.39 12.99 ± 0.38 <0.0001 

2 (% dienoics)  78.26 ± 1.80 70.67 ± 1.03 0.002 

3 (% trienoics) 22.43 ± 1.04 15.89 ± 0.39 <0.0001 

4 (% tetraenoics) 43.08 ± 1.76 44.79 ± 1.78 0.50 

5 (% pentaenoics) 22.56 ± 1.25 16.73 ± 0.64 0.001 

6 (% hexaenoics) 36.47 ± 2.02 23.59 ± 0.91 <0.0001 

Unsaturation Index 202.41 ± 3.21 184.67 ± 2.18 0.0002 
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Table 20. Liver cholesteryl ester (CE) fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results 
are presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

  HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE 

  MEAN %  SEM MEAN %  SEM MEAN %  SEM p value p value p value 

C14:0 0.26 ± 0.02 0.29 ± 0.03 0.30 ± 0.02 0.51 0.33 0.93 

C16:0 18.97 ± 0.40 17.79 ± 0.54 19.90 ± 1.05 0.27 0.51 0.51 

C17:0 0.10 ± <0.01 0.12 ± 0.01 0.19 ± 0.01 0.30 <0.0001 0.001 

C18:0 1.98 ± 0.10 2.58 ± 0.57 2.05 ± 0.16 0.41 0.99 0.50 

C20:0 0.15 ± 0.02 0.14 ± 0.04 0.18 ± 0.09 0.99 0.88 0.85 

C21:0 0.00 ± <0.01 0.02 ± 0.02 0.10 ± <0.01 0.71 0.0007 0.0001 

C22:0 0.13 ± 0.06 0.14 ± 0.02 0.05 ± 0.03 0.97 0.42 0.39 

C24:0 3.89 ± 0.18 3.19 ± 0.24 2.92 ± 0.29 0.13 0.02 0.72 

DMA18:0 0.11 ± 0.02 0.51 ± 0.07 0.37 ± 0.04 <0.0001 0.001 0.10 

∑SFA 25.6 ± 0.4 24.9 ± 0.8 26.0 ± 1.0 >0.99 0.52 0.54 

C16:1n7 0.45 ± 0.03 0.47 ± 0.06 0.44 ± 0.04 0.96 >0.99 0.94 

C18:1n7 0.83 ± 0.03 1.26 ± 0.05 1.32 ± 0.10 0.0003 0.0001 0.77 

C18:1n9 trans 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.01 0.96 0.99 0.92 

C18:1n9 13.77 ± 0.42 14.07 ± 1.06 19.12 ± 1.63 0.98 0.01 0.01 

C20:1n9 0.17 ± 0.02 0.30 ± 0.03 0.75 ± 0.20 0.75 0.01 0.04 

C22:1n9 0.05 ± 0.02 0.11 ± 0.01 0.10 ± 0.03 0.06 0.19 0.89 

DMA18:1 0.19 ± 0.03 0.66 ± 0.13 1.08 ± 0.33 0.28 0.01 0.35 

∑C18:1 0.88 ± 0.02 1.32 ± 0.04 1.25 ± 0.16 0.01 0.03 0.86 

∑ω7 0.46 ± 0.03 0.48 ± 0.05 0.45 ± 0.07 0.97 0.99 0.93 

∑ω9 14.04 ± 0.42 14.51 ± 1.06 19.94 ± 1.55 0.95 0.002 0.01 

∑MUFA 15.51 ± 0.44 17.16 ± 0.99 23.08 ± 1.49 0.54 0.0001 0.002 

C18:2n6 35.03 ± 0.51 32.70 ± 1.49 30.72 ± 0.89 0.25 0.01 0.37 

C18:3n6 0.73 ± 0.04 0.91 ± 0.12 0.48 ± 0.06 0.23 0.07 0.002 

C20:2n6 0.30 ± 0.03 0.33 ± 0.04 0.36 ± 0.03 0.833 0.31 0.69 

C20:3n6 1.14 ± 0.05 0.73 ± 0.04 0.51 ± 0.06 0.0001 <0.0001 0.02 

C20:4n6 7.31 ± 0.27 6.88 ± 0.33 5.09 ± 0.51 0.72 0.001 0.01 

∑n-6 PUFA 48.43 ± 0.67 44.70 ± 1.49 40.19 ± 1.54 0.12 0.0003 0.05 

∑n-6 metabolites 13.40 ± 0.47 11.98 ± 0.56 9.32 ± 0.87 0.31 0.0004 0.02 

C18:3n3 3.10 ± 0.12 2.83 ± 0.37 1.62 ± 0.23 0.74 0.0008 0.01 

C20:3n3 0.17 ± 0.02 0.29 ± 0.03 0.20 ± 0.02 0.003 0.48 0.03 

C20:5n3 0.64 ± 0.04 0.72 ± 0.18 0.31 ± 0.08 0.87 0.12 0.049 

C22:5n3 2.70 ± 0.11 2.08 ± 0.18 1.60 ± 0.27 0.09 0.001 0.23 

C22:6n3 3.92 ± 0.15 4.00 ± 0.44 2.77 ± 0.65 0.99 0.19 0.17 

∑n-3 PUFA 10.50 ± 0.31 9.87 ± 0.94 6.42 ± 1.19 0.87 0.01 0.03 

∑n-3 metabolites 7.42 ± 0.24 7.02 ± 0.77 4.82 ± 0.97 0.92 0.04 0.10 

∑PUFA 58.92 ± 0.75 54.56 ± 2.01 46.63 ± 2.56 0.27 0.0003 0.02 

∑UFA 74.45 ± 0.40 71.71 ± 1.67 69.68 ± 1.66 0.35 0.047 0.55 
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Table 21. Liver cholesteryl esters (CE) fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-
saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results 
presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of 
statistical significance was set at *p < 0.05.   

  HFD-S HFD-PF HFD-GbE S Vs PF 
S Vs 
GbE 

PF Vs 
GbE 

  
MEAN 

%  

SE
M 

MEAN 
%  

SE
M 

MEAN 
%  

SE
M p value 

p 
value p value 

∑MUFA/∑PUFA 0.26 ± 0.02 0.32 ± 0.02 0.52 ± 0.06 0.54 0.0003 0.01 

∑MUFA/∑SFA 1.40 ± 0.04 1.31 ± 0.10 1.01 ± 0.04 0.60 0.001 0.01 

∑PUFA/∑SFA 2.71 ± 0.08 2.56 ± 0.17 2.09 ± 0.20 0.78 0.03 0.12 

∑UFA/∑SFA 3.45 ± 0.08 3.37 ± 0.18 3.11 ± 0.21 0.94 0.33 0.54 

C18:0/C16:0 0.10 ± 0.01 0.14 ± 0.03 0.10 ± 0.01 0.22 >0.99 0.22 

C18:1n9/C16:0 0.71 ± 0.03 0.81 ± 0.06 0.96 ± 0.05 0.30 0.002 0.08 

C18:1n9/C16:1n7 31.75 ± 1.89 35.08 ± 5.43 47.27 ± 6.06 0.87 0.06 0.19 

C18:1/C18:0 0.47 ± 0.03 0.60 ± 0.06 0.61 ± 0.07 0.24 0.18 0.99 

n-6/n-3 4.63 ± 0.14 4.83 ± 0.45 8.23 ± 1.21 0.98 0.01 0.01 

n-6/n-3 metabolites 1.83 ± 0.09 1.87 ± 0.18 2.41 ± 0.29 0.99 0.12 0.17 

C18:2n6/C18:3n3 11.47 ± 0.45 12.96 ± 1.52 22.80 ± 2.80 0.85 0.001 0.003 

C20:4n6/C20:3n6 6.52 ± 0.35 9.62 ± 0.48 10.55 ± 1.09 0.02 0.002 0.65 

C20:4n6/C22:6n3 1.89 ± 0.10 1.89 ± 0.21 2.56 ± 0.36 >0.99 0.16 0.17 

C20:4n6/C20:5n3 11.90 ± 1.03 13.03 ± 2.01 20.97 ± 3.05 0.92 0.01 0.04 

C20:4n6/C18:2n6 0.21 ± 0.01 0.23 ± 0.02 0.15 ± 0.02 0.61 0.047 0.01 

C20:4n6/C18:3n3 2.40 ± 0.12 2.70 ± 0.30 3.39 ± 0.19 0.58 0.01 0.07 

C20:3n3/C18:3n3 0.04 ± 0.02 0.08 ± 0.01 0.14 ± 0.02 0.24 0.0003 0.03 

C20:5n3/C18:3n3 0.21 ± 0.02 0.24 ± 0.03 0.17 ± 0.03 0.60 0.48 0.11 

C22:5n3/C18:3n3 0.90 ± 0.04 0.79 ± 0.08 0.96 ± 0.04 0.35 0.72 0.10 

C22:6n3/C18:3n3 1.29 ± 0.05 1.53 ± 0.19 1.55 ± 0.18 0.50 0.43 >0.99 

C22:6n3/C22:5n3 1.48 ± 0.07 1.92 ± 0.09 1.56 ± 0.13 0.01 0.84 0.049 

C18:2n6/C16:0 1.84 ± 0.05 1.84 ± 0.12 1.57 ± 0.11 >0.99 0.12 0.13 

C18:3n3/C16:0 0.18 ± 0.01 0.14 ± 0.02 0.06 ± 0.02 0.44 0.001 0.02 

C18:3n6/C18:2n6 0.02 ± 0.01 0.03 ± 0.01 0.01 ± 0.01 0.40 >0.99 0.40 

C20:3n6/C18:3n6 1.56 ± 0.08 0.88 ± 0.09 1.13 ± 0.07 <0.0001 0.004 0.11 

C22:5n3/C20:5n3 4.33 ± 0.25 3.60 ± 0.34 5.50 ± 0.51 0.36 0.09 0.005 

C22:4n6/C20:4n6 1.88 ± 0.04 2.21 ± 0.15 1.76 ± 0.05 0.04 0.60 0.004 

1 (% monoenoics) 12.99 ± 0.38 13.09 ± 1.07 12.81 ± 3.36 >0.99 >0.99 >0.99 

2 (% dienoics)  70.67 ± 1.03 66.00 ± 3.01 62.48 ± 1.77 0.26 0.02 0.45 

3 (% trienoics) 15.89 ± 0.39 14.98 ± 1.47 10.37 ± 1.17 0.83 0.003 0.02 

4 (% tetraenoics) 44.79 ± 1.78 40.26 ± 2.13 32.02 ± 3.19 0.41 0.003 0.07 

5 (% pentaenoics) 16.73 ± 0.64 13.92 ± 1.67 9.34 ± 1.59 0.33 0.002 0.07 

6 (% hexaenoics) 23.59 ± 0.91 24.07 ± 2.65 16.64 ± 3.83 0.99 0.18 0.16 

Unsaturation Index 184.67 ± 2.18 172.29 ± 6.66 143.66 ± 8.73 0.39 0.0003 0.01 
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4.5 Liver MAG and DAG 

 

In the MAG and DAG fraction, as shown in Table 22 and Table 23 total SFA increased from 37.8% in 

NFD to 40.8% in HFD (p=0.02) (Table 22). Total MUFA also increase from 16.1% in NFD to 21.5% in 

HFD (p=0.0002), again largely attributable to the increase in C18:1n-9 (p=0.001). n-6 PUFA decreased 

from 39% in NFD to 29.3% in HFD (p<0.0001), a drop of 10%, again largely attributable to decreased 

C18:2n-6 levels (p<0.0001) (Table 22). In contrast to the other neutral lipid fractions, n-3PUFA 

increased from 5.2% in NFD to 6.9% in HFD (p=0.003) (Table 22). This is reflected in the change in the 

n-6/n-3 ratio that decreased from 7.5 in NFD, to 4.5 in HFD (p<0.0001), although the opposite was 

noted in the n-6/n-3 metabolite ratio that increased from 3.4 in NFD to 4.4 in HFD (p=0.008) (Table 

23. These changes resulted in a decrease of total PUFA from 44.2% in NFD to 36.2% in HFD (p<0.0001), 

which resulted in a decrease in the total UFA from 60.2% in NFD to 57.7% in HFD (p=0.04). This was 

reflected in the decreased unsaturation index that dropped from 134.7 in NFD to 118.8 in HFD 

(p=0.0002) (Table 22).  

When comparing the HFD group, as shown in Table 24 and Table 25, the total SFA levels return to 

NFD levels with both HFD-PF (36.2%, p=0.01) and HFD-GbE (35.6%, p=0.003) treatment. In contrast, 

MUFA levels continued to increase from 21.5% in HFD-S to 26.1% in HFD-PF (p=0.01) and HFD-GbE 

(27%, p=0.001 (Table 24). While overall n-6 PUFA level did not change between either of the groups, 

n-6 metabolites did decrease further from 10.6% in HFD-S to 8.1% in HFD-PF (p=0.01) and 7.1% in 

HFD-GbE (p=0.0003) (Table 24), indicating that less n-6 may be available from dietary sources, or that 

it is being utilized in pro-inflammation. In contrast, n-3 metabolites did not change, but n-3 PUFA did 

decrease from 6.9% in HFD-S to 4.5% in HFD-PF (p=0.003) and 4.2% in HFD-GbE (p=0.001) (Table 24). 

Overall UFA % levels increase from 57.7% in HFD-S to 63.4% in HFD-PF (p=0.004) and 63.5% in HFD-

GbE (p=0.003) (Table 24). Overall, as most significant changes occurred in both the HFD-PF and HFD-

GbE groups, this might indicate that this was more attributable to caloric restriction which occurred 

in both groups, rather that treatment with GbE. 
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Table 22.Liver monoglyceride and diglyceride fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet 
(HFD-S) (N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the mean 
(SEM), and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

  NFD HFD     p value 

  MEAN   SEM MEAN   SEM   

C14:0 0.2 ± 0.02 0.5 ± 0.03 <0.0001 

C15:0 0.2 ± 0.02 0.1 ± 0.02 0.02 

C16:0 26.5 ± 0.53 26.4 ± 0.32 0.84 

C17:0 0.3 ± 0.01 0.3 ± 0.01 0.62 

C18:0 9.7 ± 0.28 11.6 ± 0.57 0.01 

C20:0 0.3 ± 0.03 0.8 ± 0.11 0.0003 

C22:0 0.2 ± 0.02 0.1 ± 0.01 0.15 

C23:0 0.1 ± 0.02 0.2 ± 0.02 0.25 

C24:0 1.4 ± 0.19 1.4 ± 0.19 >0.99 

∑DMA18:0 0.3 ± 0.03 0.6 ± 0.05 0.0001 

∑S.DMA 0.3 ± 0.03 0.7 ± 0.07 0.0001 

∑SFA 37.8 ± 0.89 40.8 ± 0.66 0.02 

C16:1n7 0.5 ± 0.10 0.4 ± 0.03 0.23 

C18:1n7 1.9 ± 0.10 1.4 ± 0.10 0.006 

C18:1n9 11.7 ± 0.92 16.2 ± 0.62 0.001 

C20:1n9 0.3 ± 0.04 0.5 ± 0.10 0.02 

C22:1n9 1.1 ± 0.10 2.1 ± 0.36 0.01 

C24:1n9 0.1 ± 0.02 0.2 ± 0.05 0.20 

∑DMA18:1 0.3 ± 0.04 0.5 ± 0.15 0.26 

∑C18:1 2.0 ± 0.10 1.6 ± 0.10 0.01 

∑ω7 0.6 ± 0.10 0.4 ± 0.04 0.29 

∑ω9 13.3 ± 0.92 19.1 ± 0.71 0.0001 

∑MUFA 16.1 ± 0.87 21.5 ± 0.67 0.0002 

C18:2n6 27.7 ± 0.93 18.8 ± 0.83 <0.0001 

C18:3n6 0.3 ± 0.02 0.5 ± 0.05 0.005 

C20:2n6 0.3 ± 0.05 0.3 ± 0.01 0.86 

C20:3n6 1.0 ± 0.06 1.9 ± 0.20 0.0001 

C20:4n6 8.2 ± 0.37 5.9 ± 0.24 0.0001 

C22:2n6 0.1 ± 0.01 0.1 ± 0.02 0.61 

∑n-6 PUFA 39.0 ± 1.10 29.3 ± 0.81 <0.0001 

∑n-6 metabolites 11.2 ± 0.38 10.6 ± 0.26 0.20 

C18:3n3 1.9 ± 0.12 4.4 ± 0.54 0.0002 

C20:3n3 0.2 ± 0.02 0.2 ± 0.03 0.03 

C20:5n3 0.3 ± 0.03 0.1 ± 0.02 <0.0001 

C22:5n3 0.8 ± 0.03 0.7 ± 0.10 0.72 

C22:6n3 1.9 ± 0.08 1.5 ± 0.08 0.0009 

∑n-3 PUFA 5.2 ± 0.13 6.9 ± 0.50 0.003 

∑n-3 metabolites 3.3 ± 0.08 2.5 ± 0.18 0.0005 

∑PUFA 44.2 ± 1.14 36.2 ± 0.66 <0.0001 

∑UFA 60.2 ± 0.83 57.7 ± 0.78 0.04 
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Table 23 Liver monoglyceride and diglyceride fatty acid methyl esters (FAME) ratios between normal fat diet (NFD) and 
high fat diet (HFD-S) (N=10 per group). Results presented as mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

  NFD HFD  p value 

  MEAN   SEM MEAN   SEM   

∑MUFA/∑PUFA 0.4 ± 0.03 0.6 ± 0.03 <0.0001 

∑MUFA/∑SFA 2.4 ± 0.12 1.9 ± 0.09 0.01 

∑PUFA/∑SFA 1.2 ± 0.05 0.9 ± 0.03 0.0002 

∑UFA/∑SFA 1.6 ± 0.06 1.4 ± 0.04 0.02 

C18:0/C16:0 0.4 ± 0.01 0.4 ± 0.02 0.01 

C18:1n9/C16:0 0.5 ± 0.04 0.6 ± 0.03 0.003 

C18:1n9/C16:1n7 27.6 ± 4.50 44.3 ± 4.30 0.02 

C18:1n7/C18:0 0.2 ± 0.01 0.1 ± 0.02 0.01 

C18:1/C18:0 0.2 ± 0.01 0.1 ± 0.02 0.03 

n-6/n-3 7.5 ± 0.23 4.5 ± 0.37 <0.0001 

n-6/n-3 metabolites 3.4 ± 0.09 4.4 ± 0.34 0.008 

C18:2n6/C18:3n3 15.1 ± 1.05 4.8 ± 0.57 <0.0001 

C20:4n6/C20:3n6 8.8 ± 0.81 3.3 ± 0.31 <0.0001 

C20:4n6/C22:6n3 4.2 ± 0.13 4.0 ± 0.25 0.51 

C20:4n6/C20:5n3 25.4 ± 3.38 49.4 ± 6.09 0.002 

C20:4n6/C18:2n6 0.3 ± 0.01 0.3 ± 0.01 0.49 

C20:4n6/C18:3n3 4.5 ± 0.37 1.5 ± 0.15 <0.0001 

C20:3n3/C18:3n3 0.1 ± 0.02 0.0 ± 0.01 <0.0001 

C20:5n3/C18:3n3 0.2 ± 0.02 0.0 ± 0.01 <0.0001 

C22:5n3/C18:3n3 0.4 ± 0.03 0.2 ± 0.02 <0.0001 

C22:6n3/C18:3n3 1.1 ± 0.10 0.4 ± 0.03 <0.0001 

C22:6n3/C22:5n3 2.6 ± 0.16 1.8 ± 0.06 0.001 

C20:3n6/C18:3n6 3.1 ± 0.11 4.2 ± 0.28 0.003 

C22:5n3/C20:5n3 2.6 ± 0.55 5.6 ± 1.08 0.02 

C22:4n6/C20:4n6 5.6 ± 0.52 3.2 ± 0.16 0.0004 

1 (% monoenoics) 11.8 ± 0.94 13.8 ± 1.84 0.34 

2 (% dienoics)  56.2 ± 1.85 38.4 ± 1.66 <0.0001 

3 (% trienoics) 11.2 ± 0.63 22.4 ± 2.44 0.0002 

4 (% tetraenoics) 38.2 ± 1.60 31.0 ± 1.20 0.002 

5 (% pentaenoics) 5.7 ± 0.21 4.3 ± 0.54 0.02 

6 (% hexaenoics) 11.7 ± 0.48 8.9 ± 0.51 0.001 

Unsaturation Index 134.7 ± 2.63 118.8 ± 2.03 0.0002 
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Table 24. Liver monoglycerides and diglycerides (MAG+DAG) fatty acid methyl esters (FAME) for high fat diet groups; High 
fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). 
Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and statistically 
analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

  HFD-S HFD-PF HFD-GbE S Vs PF 
S Vs 
GbE 

PF Vs 
GbE 

  MEAN %  SEM 
MEAN 
%  SEM 

MEAN 
%  SEM p value p value p value 

C14:0 0.53 ± 0.03 0.27 ± 0.03 0.29 ± 0.02 <0.0001 <0.0001 0.87 

C16:0 26.41 ± 0.32 23.99 ± 0.28 24.33 ± 0.39 0.88 0.0001 0.75 

C17:0 0.29 ± 0.01 0.22 ± 0.01 0.23 ± 0.02 0.004 0.01 0.86 

C18:0 11.63 ± 0.57 8.30 ± 1.21 7.32 ± 0.83 0.048 0.01 0.73 

C20:0 0.76 ± 0.11 0.31 ± 0.10 0.25 ± 0.05 0.01 0.002 0.88 

C22:0 0.11 ± 0.01 0.11 ± 0.01 0.17 ± 0.03 >0.99 0.16 0.14 

C24:0 1.38 ± 0.19 1.88 ± 0.09 2.19 ± 0.33 0.56 0.22 0.76 

DMA 16:0 0.09 ± 0.02 0.09 ± 0.05 0.05 ± 0.02 >0.99 0.72 0.69 

DMA18:0 0.61 ± 0.05 0.58 ± 0.09 0.53 ± 0.06 0.95 0.71 0.87 

∑DMA C16:0+C18:0 0.70 ± 0.07 0.67 ± 0.13 0.56 ± 0.07 0.97 0.57 0.69 

∑SFA 40.78 ± 0.66 36.24 ± 1.11 35.63 ± 1.03 0.01 0.003 0.89 

C16:1n7 0.39 ± 0.03 0.40 ± 0.04 0.34 ± 0.03 0.80 0.91 0.54 

C17:1 0.02 ± 0.01 0.01 ± 0.01 0.03 ± 0.02 0.58 0.41 0.95 

C18:1n9 trans 0.09 ± 0.01 0.10 ± 0.01 0.06 ± 0.02 0.85 0.36 0.14 

C18:1n9 16.19 ± 0.62 21.04 ± 1.76 22.82 ± 0.72 0.02 0.002 0.53 

C20:1n9 0.54 ± 0.10 0.83 ± 0.17 0.48 ± 0.04 0.22 0.92 0.10 

C22:1n9 2.14 ± 0.36 1.14 ± 0.35 0.94 ± 0.19 0.07 0.03 0.89 

C24:1n9 0.18 ± 0.05 0.08 ± 0.02 0.17 ± 0.03 0.11 0.99 0.14 

DMA18:1 0.48 ± 0.15 0.96 ± 0.25 0.57 ± 0.07 0.15 0.93 0.27 

∑C18:1 1.56 ± 0.10 1.66 ± 0.11 1.68 ± 0.05 0.71 0.61 0.99 

∑ω7 0.43 ± 0.04 0.40 ± 0.04 0.37 ± 0.03 0.83 0.52 0.85 

∑ω9 19.12 ± 0.71 23.17 ± 1.47 24.45 ± 0.58 0.03 0.003 0.64 

∑MUFA 21.47 ± 0.67 26.08 ± 1.38 27.02 ± 0.61 0.01 0.001 0.77 

C18:2n6 18.79 ± 0.83 24.62 ± 1.61 25.15 ± 0.87 0.01 0.002 0.94 

C18:3n6 0.47 ± 0.05 1.07 ± 0.23 0.61 ± 0.11 0.03 0.80 0.11 

C20:2n6 0.30 ± 0.01 0.34 ± 0.02 0.37 ± 0.02 0.21 0.01 0.39 

C20:3n6 1.93 ± 0.20 1.56 ± 0.34 0.40 ± 0.04 0.50 0.0002 0.004 

C20:4n6 5.87 ± 0.24 5.53 ± 0.68 5.42 ± 0.20 0.85 0.73 0.98 

C22:2n6 0.10 ± 0.02 0.02 ± 0.01 0.04 ± 0.02 0.003 0.03 0.63 

∑n-6 PUFA 29.33 ± 0.81 32.77 ± 1.33 32.28 ± 0.82 0.07 0.13 0.94 

∑n-6 metabolites 10.58 ± 0.26 8.13 ± 0.82 7.07 ± 0.27 0.01 0.0003 0.34 

C18:3n3 4.38 ± 0.54 2.39 ± 0.57 1.81 ± 0.24 0.02 0.002 0.65 

C20:3n3 0.16 ± 0.03 0.18 ± 0.02 0.18 ± 0.02 0.77 0.77 >0.99 

C20:5n3 0.12 ± 0.02 0.16 ± 0.04 0.14 ± 0.02 0.65 0.91 0.88 

C22:5n3 0.73 ± 0.10 0.45 ± 0.04 0.56 ± 0.05 0.02 0.18 0.47 

C22:6n3 1.48 ± 0.08 1.35 ± 0.13 1.51 ± 0.09 0.66 0.97 0.51 

∑n-3 PUFA 6.89 ± 0.50 4.54 ± 0.53 4.17 ± 0.24 0.003 0.001 0.82 

∑n-3 metabolites 2.49 ± 0.18 2.16 ± 0.20 2.38 ± 0.13 0.38 0.90 0.63 

∑PUFA 36.23 ± 0.66 37.34 ± 1.21 36.45 ± 0.73 0.68 0.99 0.77 

∑UFA 57.69 ± 0.78 63.42 ± 1.24 63.46 ± 1.21 0.004 0.003 >0.99 
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Table 25. Liver monoglyceride and diglycerides (MAG+DAG) fatty acid methyl esters (FAME) ratios for high fat diet groups; 
High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per 
group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. 
The level of statistical significance was set at *p < 0.05. 

  HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE 
PF Vs 
GbE 

  
MEAN 
%  SEM 

MEAN 
%  SEM 

MEAN 
%  SEM p value p value p value 

∑MUFA/∑PUFA 0.59 ± 0.03 0.70 ± 0.05 0.72 ± 0.01 0.07 0.03 0.90 

∑MUFA/∑SFA 1.93 ± 0.09 1.44 ± 0.13 1.33 ± 0.07 0.01 0.001 0.72 

∑PUFA/∑SFA 0.90 ± 0.03 1.05 ± 0.05 1.04 ± 0.06 0.10 0.13 0.99 

∑UFA/∑SFA 1.42 ± 0.04 1.77 ± 0.08 1.80 ± 0.09 0.01 0.004 0.96 

C18:0/C16:0 0.44 ± 0.02 0.33 ± 0.06 0.31 ± 0.04 0.16 0.09 0.94 

C18:1n9/C16:0 0.62 ± 0.03 0.88 ± 0.07 0.95 ± 0.03 0.003 0.0003 0.57 

C18:1n9/C16:1n7 44.27 ± 4.30 60.92 ± 7.43 68.73 ± 4.09 0.11 0.01 0.58 

C18:1n7/C18:0 0.13 ± 0.02 0.24 ± 0.03 0.23 ± 0.03 0.03 0.049 0.96 

C18:1/C18:0 0.14 ± 0.02 0.26 ± 0.03 0.24 ± 0.03 0.03 0.09 0.88 

n-6/n-3 4.47 ± 0.37 8.05 ± 0.84 8.06 ± 0.60 0.002 0.002 >0.99 

n-6/n-3 metabolites 4.41 ± 0.34 4.01 ± 0.56 3.03 ± 0.18 0.76 0.06 0.20 

C18:2n6/C18:3n3 4.81 ± 0.57 15.33 ± 2.88 16.70 ± 2.36 0.01 0.003 0.90 

C20:4n6/C20:3n6 3.30 ± 0.31 4.16 ± 0.83 14.72 ± 1.68 0.86 <0.0001 <0.0001 

C20:4n6/C22:6n3 4.02 ± 0.25 3.58 ± 0.48 3.70 ± 0.20 0.64 0.79 0.97 

C20:4n6/C20:5n3 49.41 ± 6.09 34.16 ± 6.61 40.44 ± 3.89 0.16 0.50 0.69 

C20:4n6/C18:2n6 0.32 ± 0.01 0.22 ± 0.04 0.22 ± 0.01 0.04 0.04 >0.99 

C20:4n6/C18:3n3 1.48 ± 0.15 2.87 ± 0.62 3.51 ± 0.48 0.12 0.02 0.60 

C20:3n3/C18:3n3 0.02 ± 0.01 0.09 ± 0.02 0.11 ± 0.02 0.03 0.004 0.68 

C20:5n3/C18:3n3 0.01 ± 0.01 0.09 ± 0.02 0.08 ± 0.01 0.002 0.01 0.88 

C22:5n3/C18:3n3 0.17 ± 0.02 0.27 ± 0.06 0.36 ± 0.06 0.36 0.04 0.44 

C22:6n3/C18:3n3 0.37 ± 0.03 0.80 ± 0.13 0.98 ± 0.13 0.03 0.002 0.50 

C22:6n3/C22:5n3 1.81 ± 0.06 3.13 ± 0.29 2.85 ± 0.23 0.002 0.01 0.66 

C18:2n6/C16:0 0.71 ± 0.03 1.03 ± 0.06 1.03 ± 0.04 0.0001 0.0001 >0.99 

C18:3n3/C16:0 0.14 ± 0.02 0.10 ± 0.03 0.09 ± 0.01 0.32 0.19 0.94 

C18:3n6/C18:2n6 0.03 ± <0.01 0.05 ± 0.02 0.03 ± 0.01 0.19 0.64 0.63 

C20:3n6/C18:3n6 4.16 ± 0.28 1.52 ± 0.07 0.93 ± 0.18 <0.0001 <0.0001 0.08 

C22:5n3/C20:5n3 5.60 ± 1.08 3.08 ± 0.43 3.90 ± 0.17 0.02 0.15 0.60 

1 (% monoenoics) 13.78 ± 1.84 14.35 ± 3.01 20.31 ± 0.87 0.98 0.10 0.13 

2 (% dienoics)  38.41 ± 1.66 50.02 ± 3.25 51.26 ± 1.77 0.01 0.002 0.93 

3 (% trienoics) 22.44 ± 2.44 18.07 ± 3.95 10.38 ± 1.16 0.52 0.01 0.14 

4 (% tetraenoics) 30.96 ± 1.20 20.66 ± 2.86 22.62 ± 1.13 0.003 0.02 0.75 

5 (% pentaenoics) 4.29 ± 0.54 3.08 ± 0.38 3.43 ± 0.25 0.10 0.30 0.80 

6 (% hexaenoics) 8.92 ± 0.51 8.14 ± 0.73 9.00 ± 0.53 0.64 >0.99 0.57 

Unsaturation Index 118.80 ± 2.03 114.31 ± 4.10 116.9 ± 2.34 0.56 0.91 0.80 
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4.6 Liver PPL 

Phospholipids are synthesised and metabolised predominantly in hepatic tissue via 

glycolysis/glyceroneogenesis or glycerol phosphorylation (Nguyen et al., 2008). Phospholipid FA 

profiles are influenced by many factors, including dietary intake, availability of FA and oxidative 

stress. PPL FA modulate membrane flexibility and fluidity and affect protein signalling and trafficking 

such as GLUT transportation (Ranković et al., 2017; Popović et al., 2014). 

When comparing the effect of a HFD on PPL total fatty acid profiles compared to a NFD (Table 26 and 

Table 27, total SFA levels increased from 43% in NFD to 66% in HFD (p=0.01) an increase of 23% of 

the sample percentage total (Table 26). Though not significant different, total MUFA levels decreased 

by 1% from 5.2% in NFD to 4.1% in HFD (p=0.06). n-6 PUFA decreased from 44.1% in NFD to just 

14.4% in HFD (p<0.0001), a decrease of 30%. This was attributable to a 7.5% decrease in C18:2n-6 

from 12% in NFD to 4.5% in HFD (p<0.0001) and a 21% decrease in C20:4n-6 that decreased from 

30.1% in NFD to 9.3% in HFD (p<0.0001) (Table 26). In contrast, C18:3n-3 increased from 0.35% in 

NFD to 2.2% in HFD (p=0.01), however C22:6n-3 decreased from 4.3% in NFD to 1.2% in HFD 

(p<0.0001). This resulted in a 1.8 % overall decrease in n-3PUFA from 5.7% in NFD to 3.9% in HFD 

(p=0.02) (Table 26). Combined, this resulted in a decrease in the n-6/n-3 ratio from 8% in NFD to 3.3% 

in HFD (p<0.0001), while the decreased n-6/n-3 metabolite ratio trending towards significance 

(p=0.07), decreased from 6.2% to 4.8% (p<0.0001) (Table 27). Overall total PUFA levels decreased by 

31.5% in the PPL fraction dropping from 49.8% in NFD to 18.3% in HFD (p<0.0001). This decrease in 

PUFA levels was reflected in the MUFA/PUFA ratios that increased from 0.1 in NFD to 0.3 in HFD 

(p=0.03), while PUFA/SFA decreased from 1.2 in NFD to 0.3 in HFD (p<0.0001) (Table 27). This drop 

in PUFA affected the total UFA levels which also decreased by 32.6% from 55% in NFD to 22.4% in 

HFD (p<0.0001). These changes also resulted in a near 3-fold decrease in the unsaturation index of 

the PPL fraction which dropped from 185 in NFD to 67 in the HFD (p<0.0001) (Table 27). 

In the HFD groups (Table 28 and Table 29), compared to HFD-S, both HFD-PF (p<0.0001) and HFD-

GbE (p<0.0001) total SFA levels decreased from 66% to 40% and 41% respectively, comparable those 

seen in the NFD (43%) (Table 28). No changes occurred in total MUFA levels between the groups. The 

largest change occurred in n-6 PUFA levels, that increased to 37.9% in HFD-PF and 37.3% in HFD-GbE 

compared to the 14.4% observed in HFD-S, indicating a partial amelioration of n-6 PUFA levels 

compared to the 49% levels seen in NFD. This is attributable to the 5.4% and 5.7% increase in C18:2n-

6 in both HFD-PF (9.9%, p=<0.0001) and HFD-GbE (10.2%, p=<0.0001) compared to the 4.5% in the 

HFD-S (Table 26). Similarly, C20:4n-6 also increased from 9.3% in HFD-S to 26.6% (p<0.0001) and 
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25.5% (p<0.0001). Similarly, n-3 PUFA levels also increased from 3.9% in HFD-S to 6.4% in both HFD-

PF (p<0.0001) and HFD-GbE (p<0.0001) (Table 26). This increase in n-3PUFA was seen in the major n-

3 FA found along the n-3PUFA pathway including C20:3n-3, C22:5n-3 but largely due to the increase 

of C22:6n-3 that increased 3-fold from 1.2% in HFD-S to 4.6% in HFD-PF (p<0.0001) and 4.7% in HFD-

GbE (p<0.0001) (Table 28). This increase in n-3 metabolites was accompanied by a decrease in 

C18:3n-3 from the elevated 2.3% seen in HFD-S down to 0.7% and in HFD-PF (p<0.0001) and 0.8% in 

HFD-GbE (p<0.0001). The n-6/n-3 ratios increased from 3.3 in HFD-S to 5.4 in HFD-PF (p=0.01), and 

5.3 in HFD-GbE (p=0.01) (Table 28). This change was not seen however in the n-6/n-3 metabolites 

ratio, which were comparable ranging from 4.5-4.8 (Table 29). Overall, total PUFA levels increase 

from 18.3% in HFD-S to 44.4% in HFD-PF (p<0.0001) and 43.7% in HFD-GbE (p<0.0001), with a similar 

increase in in overall UFA levels (Table 28). This was reflected in the unsaturation index that increased 

from 67 in HFD-S to 167.5 in HFD-PF (p<0.0001) and 164.4 in HFD-GbE (p<0.0001), moving back 

towards the unsaturation of 185 seen in NFD (Table 29). The changes in levels between C18:2n-6 and 

C18:3n-3 compared to the increase in n-6 and n-3 metabolites, do not equal each other, suggesting 

that an alternative source of n-6 and n-3 metabolites is occurring in the liver. This could be from 

either from DNL, or alternatively from n-6 and n-3 PUFA transported from peripheral adipose tissues 

back to the liver. As most changes seen between the PPL HFD groups occurred in both the HFD-PF 

and HFD-GbE groups, this suggests changes may have occurred more so due to caloric restriction 

rather than GbE treatment.  
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Table 26.Liver phospholipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) (N=10 per 
group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

 NFD HFD-S p value 

 MEAN  SEM MEAN  SEM  

C14:0 0.02 ± 0.01 0.10 ± 0.01 0.0008 

C16:0 17.34 ± 0.58 23.68 ± 3.09 0.06 

C18:0 23.99 ± 1.08 39.72 ± 4.96 0.01 

C20:0 0.15 ± 0.02 0.48 ± 0.14 0.04 

C22:0 0.21 ± 0.01 0.25 ± 0.03 0.28 

C24:0 0.40 ± 0.05 0.59 ± 0.11 0.12 

DMA 16:0 0.01 ± 0.01 0.02 ± 0.01 0.56 

DMA18:0 0.28 ± 0.05 0.67 ± 0.21 0.09 

∑SFA.DMA 0.29 ± 0.05 0.69 ± 0.21 0.08 

∑SFA 43.02 ± 0.80 66.12 ± 8.28 0.01 

C16:1n7 0.21 ± 0.08 0.12 ± 0.02 0.29 

C16:1n9  0.01 ± 0.01 <0.01 ± <0.01 0.33 

C18:1n7 2.02 ± 0.19 0.89 ± 0.10 <0.0001 

C18:1n9 trans 0.01 ± 0.01 0.08 ± 0.02 0.01 

C18:1n9 2.05 ± 0.06 2.36 ± 0.29 0.31 

C20:1n9 0.20 ± 0.02 0.08 ± 0.01 0.0001 

C22:1n9 0.05 ± 0.02 0.23 ± 0.06 0.02 

C24:1n9 0.20 ± <0.01 0.20 ± 0.03 0.99 

DMA18:1 0.35 ± 0.05 0.13 ± 0.03 0.0008 

∑C18:1 2.12 ± 0.20 0.97 ± 0.11 <0.0001 

∑ω7 0.26 ± 0.09 0.13 ± 0.02 0.16 

∑ω9 2.54 ± 0.05 2.93 ± 0.37 0.30 

∑MUFA 5.19 ± 0.26 4.07 ± 0.49 0.06 

C18:2n6 12.05 ± 0.46 4.53 ± 1.15 <0.0001 

C18:3n6 0.11 ± 0.01 0.12 ± 0.05 0.84 

C20:2n6 0.38 ± 0.01 0.11 ± 0.03 <0.0001 

C20:3n6 0.32 ± 0.04 0.29 ± 0.05 0.65 

C20:4n6 30.72 ± 0.58 9.29 ± 2.95 <0.0001 

C22:4n6 0.42 ± 0.05 0.06 ± 0.06 0.001 

∑n-6 PUFA 44.10 ± 0.77 14.39 ± 4.11 <0.0001 

∑n-6 metabolites 31.93 ± 0.58 9.85 ± 2.98 <0.0001 

C18:3n3 0.35 ± 0.05 2.23 ± 0.62 0.01 

C20:3n3 0.29 ± 0.03 0.16 ± 0.04 0.02 

C20:5n3 0.08 ± 0.01 <0.01 ± <0.01 <0.0001 

C22:5n3 0.63 ± 0.04 0.26 ± 0.08 0.0005 

C22:6n3 4.28 ± 0.23 1.23 ± 0.37 <0.0001 

∑n-3 PUFA 5.67 ± 0.26 3.90 ± 0.66 0.02 

∑n-3 metabolites 5.30 ± 0.28 1.66 ± 0.48 <0.0001 

∑PUFA 49.76 ± 0.80 18.29 ± 4.46 <0.0001 

∑UFA 54.95 ± 0.86 22.35 ± 4.63 <0.0001 
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Table 27 Liver phospholipid fatty acid methyl esters (FAME) ratios between normal fat diet (NFD) and high fat diet (HFD-
S) (N=10 per group). Results presented as mean and standard error of the mean (SEM), and statistically analysed by 
Students t-test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S p value 

 MEAN  SEM MEAN  SEM  

∑MUFA/∑PUFA 0.10 ± <0.01 0.32 ± 0.10 0.03 

∑MUFA/∑SFA 8.52 ± 0.54 14.85 ± 1.95 0.006 

∑PUFA/∑SFA 1.16 ± 0.04 0.29 ± 0.08 <0.0001 

∑UFA/∑SFA 1.28 ± 0.04 0.35 ± 0.08 <0.0001 

C18:0/C16:0 1.41 ± 0.12 1.53 ± 0.18 0.59 

C18:1n9/C16:0 0.10 ± <0.01 0.09 ± 0.01 0.33 

C18:1n9/C16:1n7 13.70 ± 2.10 17.51 ± 2.67 0.29 

C18:1n7/C18:0 0.10 ± 0.01 <0.01 ± <0.01 <0.0001 

C18:1/C18:0 0.10 ± 0.01 <0.01 ± <0.01 <0.0001 

n-6/n-3 7.96 ± 0.41 3.25 ± 0.78 <0.0001 

n-6/n-3 metabolites 6.17 ± 0.31 4.81 ± 0.66 0.07 

C18:2n6/C18:3n3 42.38 ± 7.09 2.86 ± 0.93 <0.0001 

C20:4n6/C20:3n6 107.40 ± 12.00 27.59 ± 7.55 <0.0001 

C20:4n6/C22:6n3 7.32 ± 0.38 6.26 ± 0.86 0.26 

C20:4n6/C18:2n6 2.58 ± 0.11 1.58 ± 0.25 0.002 

C20:4n6/C18:3n3 108.43 ± 18.25 6.12 ± 2.33 <0.0001 

C20:3n3/C18:3n3 1.01 ± 0.17 0.11 ± 0.03 <0.0001 

C20:5n3/C18:3n3 0.24 ± 0.07 <0.01 ± <0.01 0.004 

C22:5n3/C18:3n3 2.41 ± 0.58 0.19 ± 0.06 0.001 

C22:6n3/C18:3n3 15.34 ± 2.74 0.81 ± 0.28 <0.0001 

C22:6n3/C22:5n3 6.69 ± 0.25 3.82 ± 0.54 0.0001 

C18:2n6/C16:0 0.70 ± 0.03 0.20 ± 0.06 <0.0001 

C18:3n3/C16:0 <0.01 ± <0.01 0.10 ± 0.03 0.001 

C18:3n6/C18:2n6 0.01 ± <0.01 0.14 ± 0.13 0.32 

C20:3n6/C18:3n6 3.51 ± 0.66 2.13 ± 0.55 0.15 

C22:4n6/C20:4n6 69.07 ± 3.87 2.15 ± 2.15 <0.0001 

1 (% monoenoics) 2.54 ± 0.45 3.00 ± 0.35 0.43 

2 (% dienoics)  25.14 ± 0.96 9.28 ± 2.34 <0.0001 

3 (% trienoics) 3.79 ± 0.27 8.67 ± 2.04 0.03 

4 (% tetraenoics) 124.45 ± 2.28 37.40 ± 11.73 <0.0001 

5 (% pentaenoics) 3.56 ± 0.22 1.33 ± 0.37 <0.0001 

6 (% hexaenoics) 25.77 ± 1.34 7.39 ± 2.24 <0.0001 

Unsaturation Index 185.23 ± 3.17 67.03 ± 16.47 <0.0001 
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Table 28. Liver phospholipid fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline (HFD-S), 
High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results are 
presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE 
PF Vs 
GbE 

  MEAN   SEM MEAN   SEM p value   SEM p value p value 
p 

value 

C16:0 23.68 ± 3.09 14.85 ± 1.70 14.22 ± 1.61 <0.0001 <0.0001 1.0 

C18:0 39.72 ± 4.96 23.49 ± 2.67 24.88 ± 2.77 <0.0001 <0.0001 0.75 

C20:0 0.48 ± 0.14 0.17 ± 0.03 0.21 ± 0.04 0.06 0.07 0.99 

C22:0 0.25 ± 0.03 0.22 ± 0.03 0.22 ± 0.03 0.45 0.45 >0.99 

C24:0 0.59 ± 0.11 <0.01 ± <0.01 <0.01 ± <0.01 0.02 0.001 0.54 

DMA 16:0  0.02 ± 0.01 0.01 ± 0.01 0.05 ± 0.02 0.52 0.89 0.64 

DMA18:0 0.67 ± 0.21 0.95 ± 0.13 0.50 ± 0.07 0.26 0.60 0.04 

∑SFA.DMA 0.69 ± 0.21 0.96 ± 0.13 0.53 ± 0.07 0.28 0.63 0.05 

∑SFA 66.12 ± 8.28 40.11 ± 4.46 40.49 ± 4.52 <0.0001 <0.0001 0.99 

C16:1n7 0.12 ± 0.02 0.10 ± 0.01 0.09 ± 0.01 0.38 0.12 0.78 

C18:1n7 0.89 ± 0.10 0.90 ± 0.15 0.88 ± 0.11 0.99 0.99 0.98 

C18:1n9 trans 0.08 ± 0.02 0.07 ± 0.02 0.02 ± 0.01 0.84 0.005 0.02 

C18:1n9 2.36 ± 0.29 2.24 ± 0.28 2.23 ± 0.25 0.73 0.69 >0.99 

C20:1n9 0.08 ± 0.01 0.20 ± 0.03 0.21 ± 0.03 0.002 0.001 0.93 

C22:1n9 0.23 ± 0.06 0.08 ± 0.04 0.02 ± 0.02 0.79 0.01 0.13 

C24:1n9 0.20 ± 0.03 0.11 ± 0.02 0.17 ± 0.03 0.001 0.35 0.02 

∑DMA18:1 0.13 ± 0.03 0.31 ± 0.05 0.31 ± 0.05 0.001 0.001 >0.99 

∑C18:1 0.97 ± 0.11 0.94 ± 0.15 0.92 ± 0.12 0.95 0.88 0.98 

∑ω7 0.13 ± 0.02 0.10 ± 0.01 0.09 ± 0.01 0.14 0.04 0.79 

∑ω9 2.93 ± 0.37 2.69 ± 0.34 2.65 ± 0.30 0.44 0.34 0.98 

∑MUFA 4.07 ± 0.49 4.09 ± 0.48 4.08 ± 0.46 >0.99 >0.99 >0.99 

C18:2n6 4.53 ± 1.15 9.91 ± 1.14 10.22 ± 1.27 <0.0001 <0.0001 0.95 

C18:3n6 0.12 ± 0.05 0.10 ± 0.03 0.10 ± 0.02 0.52 0.31 0.93 

C20:2n6 0.11 ± 0.03 0.18 ± 0.03 0.24 ± 0.04 0.49 0.02 0.15 

C20:3n6 0.29 ± 0.05 0.32 ± 0.04 0.40 ± 0.06 0.83 0.11 0.29 

C20:4n6 9.29 ± 2.95 26.62 ± 2.97 25.54 ± 2.85 <0.0001 <0.0001 0.89 

C22:4n6 0.06 ± 0.06 0.79 ± 0.09 0.84 ± 0.10 <0.0001 <0.0001 0.92 

∑n-6 PUFA 14.39 ± 4.11 37.95 ± 4.24 37.34 ± 4.18 <0.0001 <0.0001 0.98 

∑n-6 metabolites 9.85 ± 2.98 28.01 ± 3.13 27.09 ± 3.02 <0.0001 <0.0001 0.92 

C18:3n3 2.23 ± 0.62 0.74 ± 0.11 0.81 ± 0.16 0.01 0.02 0.99 

C20:3n3 0.16 ± 0.04 0.40 ± 0.08 0.22 ± 0.03 0.003 0.78 0.01 

C22:5n3 0.26 ± 0.08 0.59 ± 0.07 0.64 ± 0.08 0.001 0.0001 0.73 

C22:6n3 1.23 ± 0.37 4.64 ± 0.58 4.71 ± 0.60 <0.0001 <0.0001 0.99 

∑n-3 PUFA 3.90 ± 0.66 6.40 ± 0.75 6.40 ± 0.75 0.0001 0.0001 >0.99 

∑n-3 metabolites 1.66 ± 0.48 5.65 ± 0.69 5.60 ± 0.69 <0.0001 <0.0001 0.99 

∑PUFA 18.29 ± 4.46 44.36 ± 4.94 43.74 ± 4.89 <0.0001 <0.0001 0.98 

∑UFA 22.35 ± 4.63 48.46 ± 5.40 47.84 ± 5.34 <0.0001 <0.0001 0.98 
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Table 29. Liver phospholipid (PPL) fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results presented 
as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical 
significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE 
PF Vs 
GbE 

  MEAN SEM MEAN   SEM MEAN   SEM p value p value p value 

∑MUFA/∑PUFA 0.32 ± 0.10 0.09 ± 0.01 0.09 ± 0.01 0.01 0.01 >0.99 

∑MUFA/∑SFA 14.9 ± 1.95 8.90 ± 1.05 8.98 ± 1.02 <0.0001 <0.0001 >0.99 

∑PUFA/∑SFA 0.29 ± 0.08 >0.99 ± 0.11 0.97 ± 0.11 <0.0001 <0.0001 0.89 

∑UFA/∑SFA 0.35 ± 0.08 1.09 ± 0.12 1.06 ± 0.12 <0.0001 <0.0001 0.89 

C18:0/C16:0 1.53 ± 0.18 1.44 ± 0.17 1.58 ± 0.18 0.51 0.81 0.21 

C18:1n9/C16:0 0.09 ± 0.01 0.13 ± 0.02 0.15 ± 0.02 0.08 0.01 0.51 

C18:1n9/C16:1n7 17.5 ± 2.67 24.9 ± 4.03 21.7 ± 2.67 0.05 0.36 0.54 

C18:1n7/C18:0 <0.01 ± <0.01 0.01 ± 0.01 <0.01 ± <0.01 0.45 >0.99 0.45 

C18:1/C18:0 <0.01 ± <0.01 0.01 ± 0.01 0.01 ± 0.01 0.67 0.67 >0.99 

n-6/n-3 3.25 ± 0.78 5.41 ± 0.65 5.30 ± 0.62 0.01 0.01 0.98 

n-6/n-3 metabolites 4.81 ± 0.66 4.55 ± 0.55 4.49 ± 0.58 0.45 0.36 0.99 

C18:2n6/C18:3n3 2.86 ± 0.93 12.66 ± 1.79 13.71 ± 2.73 0.0004 0.0001 0.88 

C18:3n6/C18:2n6 0.14 ± 0.13 0.01 ± <0.01 0.01 ± <0.01 0.45 0.45 >0.99 

C20:3n6/C18:3n6 2.13 ± 0.55 2.39 ± 0.50 4.18 ± 0.76 0.95 0.03 0.04 

C20:4n6/C20:3n6 27.6 ± 7.55 76.6 ± 9.88 63.1 ± 9.03 <0.0001 0.0009 0.27 

C20:4n6/C22:6n3 6.26 ± 0.86 5.32 ± 0.67 5.09 ± 0.68 0.13 0.05 0.88 

C20:4n6/C18:2n6 1.58 ± 0.25 2.43 ± 0.28 2.32 ± 0.29 0.0005 0.002 0.84 

C20:4n6/C18:3n3 6.12 ± 2.33 34.32 ± 4.96 32.94 ± 5.31 <0.0001 <0.0001 0.95 

C20:3n3/C18:3n3 0.11 ± 0.03 0.50 ± 0.08 0.27 ± 0.04 <0.0001 0.02 0.001 

C20:5n3/C18:3n3 <0.01 ± <0.01 0.01 ± 0.01 0.01 ± 0.01 0.67 0.67 >0.99 

C22:5n3/C18:3n3 0.19 ± 0.06 0.78 ± 0.13 0.85 ± 0.15 0.0004 0.0001 0.85 

C22:6n3/C18:3n3 0.81 ± 0.28 6.11 ± 1.04 6.30 ± 1.17 0.0001 0.0001 0.98 

C22:6n3/C22:5n3 3.82 ± 0.54 7.14 ± 0.91 6.64 ± 0.79 <0.0001 <0.0001 0.56 

C18:2n6/C16:0 0.20 ± 0.06 0.61 ± 0.07 0.65 ± 0.09 <0.0001 <0.0001 0.81 

C18:3n3/C16:0 0.10 ± 0.03 0.03 ± 0.02 0.04 ± 0.02 0.03 0.08 0.92 

1 (% monoenoics) 3.00 ± 0.35 1.41 ± 0.35 1.34 ± 0.33 0.0007 0.0004 0.98 

2 (% dienoics)  9.28 ± 2.34 20.25 ± 2.33 21.0 ± 2.63 0.0001 <0.0001 0.93 

3 (% trienoics) 8.67 ± 2.04 5.31 ± 0.69 5.17 ± 0.79 0.10 0.09 >0.99 

4 (% tetraenoics) 37.4 ± 11.73 109.6 ± 12.24 105.44 ± 11.77 <0.0001 <0.0001 0.89 

5 (% pentaenoics) 1.33 ± 0.37 3.07 ± 0.39 3.32 ± 0.40 0.0001 <0.0001 0.76 

6 (% hexaenoics) 7.39 ± 2.24 27.90 ± 3.51 28.18 ± 3.59 <0.0001 <0.0001 0.99 

Unsaturation Index 67.1 ± 16.47 167.5 ± 18.69 164.42 ± 18.35 <0.0001 <0.0001 0.97 
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4.7 Discussion 

As discussed in Chapter 3 high fat caloric restriction (HFCR) which occurred in both the HFD-PF and 

HFD-GbE group can affect a variety of metabolites known to be altered in inflammation and OS 

caused by obesity. To quickly recap, in a 30% HFD model, 12 weeks of caloric restriction has a vast 

influence on gene regulation involved in lipid metabolism and mitochondrial functioning 

(Duivenvoorde et al., 2011). Significant upregulation of all genes occurred related to cholesterol 

synthesis (Cyp51, Fdps, Hmgcr, Insig1, Lss, Mvd, Sqle, and Tm7sf2), fatty acid synthesis and 

elongation (Acaca, Acly, Elovl3, Elovl6, and Pecr). Stard4 and Stard5, encoding for cholesterol 

transfer proteins that regulate transfer between different cellular compartments (e.g., endoplasmic 

reticulum, Golgi apparatus) were also upregulated, as was NADPH-producing Me1 that plays a central 

role in adipose metabolism, linking gluconeogenesis and fatty acid metabolism (Duivenvoorde et al., 

2011). Rdh11 and Sorl1 which help reduce short-chain (fatty) aldehydes and limit the uptake of 

proteases and lipoproteins were also upregulated. BC005764, involved in triglycerides formation was 

also downregulated. The transcription of Ppara and Pparγ, key regulators of lipid metabolism, were 

not altered  (Duivenvoorde et al., 2011). Lowered hepatic triglyceride levels and total cholesterol 

levels have been reported in HFCR by Parks et al. (2021) along with a return to normal plasma 

leptin/adiponectin ratio levels. HFCR also improved glucose tolerance and normalized adipocyte size 

and morphology, suggesting that adipocyte TAG storage was mobilised out of the adipose tissue and 

utilized. Parks et al (2021) also found that lipid peroxidation was reduced in HFCR along with a 

decrease in inducible NOS, OS, Nrf2 and heme oxygenase-1 expression in the liver (Park et al., 2012). 

Similarly, previous work from our group comparing NFD and HFD diet and GbE supplementation in 

rats has shown that adipocyte volume was significantly larger in the HFD-S group (increased by 114%, 

p=0.01) compared to the NFD group. With GbE supplementation, adipocyte volume reduced by 

42.5% (p=0.03) to a statistically similar volume to that seen in the NFD (Hirata et al., 2019). Perilipin 

(Plin 1), fatty acid synthase (FASN) mRNA and FAS protein levels were also reduced in the adipocyte 

following GbE treatment (Hirata, Cruz et al., 2019). An increase in C18:1n-9 was also observed in total 

FAME, TAG, CE, MAG+DAG and PPL fractions of the HFD-S groups. Previously reported s, there was a 

130% higher oleic acid incorporation (p=0.01) in HFD adipocyte cells compared to NFD, while GbE 

treatment trended towards a 43% (p=0.06) reduction in oleic acid incorporation into adipocyte lipids 

compared to HFD-S alone (Hirata, Cruz et al., 2019). In contrast to this, in the liver samples, oleic acid 

did not change in the liver TAG fraction, remaining similar between HFD-S, HFD-PF and HFD-GbE 

groups at 27-28% of the sample. Similarly, it also did not change in the PPL fraction, remaining 
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comparable between 2.2 - 2.4% between all HFD groups. Changes were seen however in the CE 

fraction, where GbE treatment resulted in a further significant increase in oleic acid (19%, p=0.01) 

compared to HFD-S (13.8%) and HFD-PF (14.1%), while C16:0 levels remaining the same. Similarly, 

oleic acid also increased in the MAG+DAG fraction, increasing from 16.2% in HFD-S to 21% in HFD-PF 

(p=0.02), and 22.8% in HFD-GbE (p=0.002), while C16:0 levels remaining the same. In Chapter 5, 

regarding retroperitoneal lipids, oleic acid is also shown to decrease in the TAG fraction of HFD-PF 

(p=0.004) and HFD-GbE (p=0.0002) compared to HFD-S. It also decreased significantly in the CE 

fraction in both HFD-PF (p=<0.0001) and HFD-GbE (p=0.0006), as well as decreasing in the PPL 

fraction (HFD-PG, p<0.0001; HFD-GbE, p=0.01, Vs HFD-S). Taken together, as GbE has been shown to 

reduce in oleic acid incorporation into adipocyte lipids (Hirata, Cruz, de Sá, et al., 2019), this may 

explain the increases in oleic acid seen in the liver CE and MAG+DAG fraction following GbE 

treatment, and the decrease in oleic acid in retroperitoneal lipids.  

As outlined in chapter 1, section 1.8 animals undergo DNL to form fatty acids from Acetyl CoA and 

NADPH to palmitic acid (C16:0) within the cytosol of the cell, more abundantly in the liver, adipose 

tissues, mammary glands (Ogunbona et al., 2019; Stryer et al., 2019; Palmieri et al., 2015; Palmieri, 

2004). C16:0 can be converted into either C16:1n-7 or C18:1n-7 → C18:1n-9 using the enzymes 

ELOVL6 and SCD1 (Delta-9-Desaturase) (Minville-Walz et al., 2012). Oleic acid is also more abundant 

in the HFD rat chow, accounting for 35% of total lipids in HFD compared to 22% in the NFD.  

Research shows that rats treated with a diet rich in saturated fat develop hyperinsulinaemia and 

hypothalamic insulin resistance (Dornellas et al., 2015a). Insulin levels within the plasma activate the 

endoplasmic reticulum (ER) membrane-bound transcription factor sterol regulatory element binding 

protein 1C (SREBP1c), the N-terminus of which translocates to the nucleus and upregulates all genes 

in the FA biosynthetic pathway (Song et al., 2018). Oleic acid has been shown to induce liver X-

receptor alpha mRNA synthesis and SREBP1c expression as well as decreased intracellular lipid levels 

and inflammation markers in human neutrophils (Reyes-Quiroz et al., 2014). Oleic acid has also been 

shown in an in vitro hepatic cell model to protect against palmitic acid induced ER stress that 

increased expression of inflammasome marker NLRP3, Caspase-1 and IL-1beta which resulted in 

pyroptosis and cell death due to inflammation and proinflammatory signalling (Zeng et al., 2020). 

Oleic acid is associated with TAG accumulation, and shuttling palmitic acid, normally poorly 

incorporated, into TAG, protecting from palmitic acid induced apoptosis (Listenberger et al., 2003). 

Palmitic acid has also been negatively shown to be impact the expression of the insulin signalling 

pathway, and low-level inflammation resulting from IR is associated with the activation of key signal 
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transducers such as tumour necrosis factor-alpha (TNF-a), IKKβ and c-Jun N-terminal kinase (JNK) 

(Lackey et al., 2016). In contrast however, oleic acid has been shown to protect against IR in 

adipocytes by regulating fatty acid-induced regulation of genes related to the IRS1/PI3K pathway 

(López-Gómez et al., 2020). Work from our group have shown that GbE has been shown to modulate 

lipid metabolism, adipogenesis, inflammation and OS and improve insulin signalling and sensitivity 

(Hirata, Cruz et al., 2019, Hirata, Pedroso et al., 2019, Hirata et al., 2015, Banin et al., 2014).  

 The increase in oleic acid after both caloric restriction and GbE found in the liver CE and MAG+DAG 

fractions, may contribute to this. In a 90-day clinical trial, patients with metabolic syndrome already 

on metformin were given GbE (120 mg capsule/day) or placebo. In patients with metabolic syndrome, 

it was found that Ginkgo biloba significantly decreased HbA1c, fasting serum glucose, insulin levels 

and insulin resistance. BMI, waist circumference and visceral adiposity index were all improved. 

Serum leptin and lipid profiles and the inflammatory markers (hsCRP), (TNF-α), and IL-6 all improved 

compared to baseline values (Aziz et al., 2018). Similarly, Isorhamnetin a bioactive compound found 

in Ginkgo biloba has been shown to improve insulin levels, glucose tolerance and energy expenditure 

in HFD-fed obese mice. It also reduced adipocyte size and increased hepatic IRS1 tyr-608 and S6 K 

thr-389 phosphorylation and diminished hepatic lipid content and mRNA expression of lipogenic 

enzymes and ER stress markers while increasing mRNA expression of β-oxidation related genes. An 

increase in glucose transporter 2 (GLUT2) and PPARγ mRNA content was also reported (Rodríguez-

Rodríguez et al., 2015). Lipolysis is regulated by cyclic AMP (cAMP) levels through the inhibition of 

Phosphodiesterase (PDE) or by the by activation of adenylate cyclase (Saponara et al., 1998).  

In contrast to this, however, are reports that chronic oleic acid treatment is associated with the 

promotion of steatosis in an in vitro model (Li et al., 2021; Rafiei, Omidian and Bandy, 2019; Samovski 

and Abumrad, 2019; Liao et al., 2014; Ziamajidi et al., 2013; Cui, Chen and Hu, 2010). Oleic acid is 

reported to induce the expression of mRNA lipogenesis and fatty acid oxidation enzymes 

(FAS and CPT1A), and impaired indices of aerobic energy metabolism PPARγ mRNA expression, MMP, 

and galactose-supported ATP production (Rafiei, Omidian and Bandy, 2019). In a cell model, oleic 

acid steatosis is associated with lipid peroxidation via decreased SOD-1, increased apoptosis via 

increased caspase-9, and decreased proliferation via increased production of p27 with unchanged 

alanine transaminase (ALT) levels (Cui, Chen and Hu, 2010). High circulating plasma levels of oleic 

acid is also associated with NAFLD and NASH (Araya et al., 2004). In future studies, a longer treatment 

period than 2 weeks with GbE may be required to fully explore the impact on oleic acid levels in the 

liver.  
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With regards to PUFA, while no significant changes occurred in the total sample levels of PUFA for n-

6 PUFA or n-3 PUFA, a slight increase in DHA was seen in TAG following GbE treatment, while both n-

6 PUFA and n-3 PUFA decreased in the CE and MAG+DAG fractions after GbE treatment while they 

significantly increased in the PPL fraction for both HFD-PF and HFD-GBE treatment. This may suggest 

an influence of GbE on PUFA inflammation mitigation or the liberation of PUFA from adipocytes back 

to the liver. This is supported by the findings that show while n-6 PUFA increase by approximately 5-

6% in HFD-PF and HFD-GbE, n-6 metabolites increase by over 20% in both groups, compared to HFD-

S alone.  

While C18:3n-3 decreased in HFD-HF and HFD-GbE liver PPL fractions, n-3 metabolites increased 

significantly by approximately 4%.  As HFD rat chow does not contain decreased amounts of both n-

6 and n-3 PUFA, any may not account for the increases seen here, the liver PPL data suggests an 

additional source of PUFA are being transported to the liver from peripheral tissues or being 

manufactured in situ by DNL. This is supported by the decrease in PUFA in the retroperitoneal and 

mesenteric PPL fractions of both HFD-PF and HFD-GbE groups shown in chapter 5. n-3 FA have been 

shown to positively affect inflammation and steatosis induced by a HFD through the upregulation of 

PPAR-α and preventing NF-κβ binding (Tapia et al., 2014). n-3 FA have also been shown to limit 

hepatic TAG storage (Ferramosca and Zara, 2014). As previously mentioned in earlier sections, n-3 FA 

are associated more with anti-inflammatory eicosanoids and inflammation mitigation while n-6 

PUFAs are associated more with proinflammatory eicosanoid mitigation (Hussey, Lindley & Sarabjit 

and Mastana, 2017; Monteiro et al., 2014). The balance between n-3 and n-6 PUFAs are important in 

NAFLD as a higher n-6/n-3 ratio is associated with a pro-inflammatory state, hepatic lipid metabolism 

dysregulation, increased liver fat percentage and insulin homeostasis (Mäkelä et al., 2022; Cui et al., 

2021; Luo et al., 2021; Bogl, Kaprio and Pietiläinen, 2020; van Name et al., 2020; da Silva et al., 2014; 

Valenzuela and Videla, 2011; Pachikian et al., 2008; Araya et al., 2004; Videla et al., 2004). 

Interestingly, while the n-6/n-3 ratio increased following GbE treatment in the CE, MAG+DAG and 

PPL fractions, it decreased in the TAG fraction, indicating a better n-6/n-3 profile for long term lipid 

storage in TAG and PPL that are higher in PUFA that can be utilized for LDL transport of TAG, that can 

then be transported and sequestered into adipose tissues. This is important as PPL metabolism and 

maintenance is essential for the formation of lipoproteins such as VLDL that are involved in the 

transportation of lipids around that body (van der Veen et al., 2017). They are also important in the 

formation of lipid droplets, whereby excess FA are converted to TAG and sequestered into cytosolic 

lipid droplets to protects against lipotoxicity (Listenberger et al., 2003). They are also a supply of FA 
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for cholesterol esterification to cholesteryl esters for transportation out of the cell around the body 

and a source of FA for PUFA oxylipin production and inflammation mitigation.  Due to this a continual 

replacement of phospholipids is necessary for the membrane. As discussed in more detail in Chapter 

1, under 1.12 phospholipids, cell membrane function is influenced by the fluidity and stability of the 

cell membrane which is dependent of the type of fatty acids incorporated into the phospholipid 

structure, and the amount of cholesterol-rich microdomains (Di Miceli et al. 2020). The membrane 

serves as a barrier and facilitator of ionic exchange and molecular transport in and out of the cell 

(Hulbert et al., 2005, 2007).  If the membrane is rich in saturated fatty acid, the bilayer will become 

a more rigid gel-like structure, while a membrane rich in cis-unsaturated fatty acids will be more 

flexible and protective against inflammation.  

 

 

4.8 Summary 

Following a HFD consumption to induce obesity, the most notable change was a decrease in n-6 and 

n-3 PUFA compared to a NFD. This decrease was quite dramatic in the PPL fraction which experienced 

a 30% decrease in PUFA levels (14.4%) following a HFD compared to the NFD group (41.1%). MUFA 

levels also significantly increased in total FA profiles compared to a NFD. This was largely due to 

increase in oleic acid (C18:1n-9). MUFA also remained elevated in the total FA and TAG profiles, 

remained elevated despite caloric restriction and GbE treatment. GbE treatment increased MUFA 

levels further in the CE fraction compared to the pair-fed and Saline only HFD groups. This may have 

a positive effect on IR, DNL and protection from palmate inflammation. 

Both caloric restriction (HFD-PF) and GbE treatment resulted in a significant increase in n-3 PUFA in 

total FA, TAG and PPL profiles. In contrast, n-3 PUFA decreased in the CE fraction following GbE 

treatment. This finding may indicate the mobilization of PUFA from peripheral tissues back towards 

the liver, or some additional protection again PUFA utilization for inflammation mitigation.  
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Chapter 5 – Retroperitoneal (RET) and 
Mesenteric (MES) Adipose Tissue 
 

5.1 Introduction 

As outlined in the Chapter 1 and chapter 4, a HFD, typical of a WSD, can lead to a higher caloric intake 

and increased levels of saturated fat and cholesterol (EFSA Panel on Dietetic Products and Allergies, 

2010) which have been widely identified as a major contributor to increased energy intake weight 

gain and obesity (Bray and Popkin, 1998). Adipose tissue is a key endocrine organ, maintaining energy 

homeostasis through excess fatty acid storage and secretion. Through the secretion of bioactive 

peptides and proteins known as adipokines, adipose tissues function as an endocrine organ 

influencing a host of other organs including the brain, liver, skeletal muscle, kidneys, and pancreas. 

While three types of adipose tissues exist, namely white, beige, and brown, WAT is most linked to 

metabolic disturbances particularly when combined with a high fat diet (Hung et al., 2014; Jialal, Kaur 

and Devaraj, 2014; Abete et al., 2011; Costa et al., 2011; Mittendorfer, 2011; Fang et al., 2008; 

Furukawa et al., 2004). Obesity is caused by hypertrophy and hyperplasia when of adipocytes. 

Obesity is closely linked to many metabolic disturbances including to WAT functioning that include 

hyperglycaemia, IR, metabolic syndrome, T2DM, atherogenic dyslipidaemia, OS, and low-grade 

inflammation (Wali et al., 2020; Hochberg, 2018). WAT is sub-divided into either sub-cutaneous (SAT) 

or visceral adipose tissue (VAT), with VAT considering more pathogenic and metabolically disturbing 

with greater risk of disease (Gealekman et al., 2011).  

The composition of adipose tissues is considered a reflection of previous food intake and metabolic 

health, with adipose tissue reflecting the long-term intake of dietary lipids while blood lipids may 

reflect short term intake. The analysis and profiling of lipids offers the potential to understanding 

obesity, T2DM and metabolic disturbances (Al-Sari et al., 2020). Of particular interest is the study of 

VAT, the fat that surrounds the internal organs, which when in excess are considered risk factors and 

indicators of metabolic disease and mortality (Koster et al., 2015; Kuk et al., 2006). From puberty, sex 

differences occur between males and females in fat accumulation, with women more prone to SAT 

accumulation pre-menopause, while men tend to acquire more VAT depots (Liu et al., 2021; A. M. 

Nauli and Matin, 2019; Rask-Andersen et al., 2019). Both Retroperitoneal (RET) and Mesenteric (MES) 

adipose tissue is categorised as visceral white adipose tissue (VAT). It is reported that around 6% and 

21% of dietary fat is store in RET and MES tissue of men respectively, while only 5% is stored in RET 
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tissue of women, favouring subcutaneous depots (Votruba et al., 2007; Votruba and Jensen, 2006; 

Mårin et al., 1996). This thesis focuses will look at both MES and RET VAT, as they both contribute to 

abdominal VAT (Hung et al., 2014; Wolk, Furuheim and Vessby, 2001).  

This chapter focuses on both on RET VAT and MES VAT. In more recent years, the mesentery has 

been renamed as a standalone organ in the gastrointestinal system, with its continuous collection of 

tissues that includes the greater omentum, lesser omentum, mesentery proper, and mesocolon 

(Nauli and Matin, 2019). The mesentery connects and is continuous with the gastrointestinal organs 

located within the abdominal cavity predominantly to the posterior wall of the abdominal cavity and 

is host to nervous tissue, blood vessels, and lymphatic vessels of the GI tract (Byrnes et al., 2021; 

Calvin Coffey et al., 2020). It not only stores energy as TAG to be later released as free fatty acids, but 

also secretes a variety of endocrine molecules including adiponectin, leptin, and resistin. Due to the 

intricate nature of the mesentery with the GI tract, it is an organ of interest in many GI diseases 

associated with inflammation including obesity, Crohn’s disease, insulin resistance, T2DM and 

cardiovascular disease (Lam et al., 2012; Foster et al., 2011; Catalano, Stefanovski and Bergman, 

2010; Schäffler and Schölmerich, 2010; Schäffler, Schölmerich and Büchler, 2005; Bjorntorp, 1990). 

Intraperitoneal/mesenteric fat depots are made up of VAT depots of the mesentery organ (Nauli and 

Matin, 2019; Hung et al., 2014), with up to 21% of dietary fat stored in mesenteric tissue (Votruba 

and Jensen, 2006; Mårin et al., 1996). Increased large-sized mesenteric adipocytes have been 

reported in obesity (Lam et al., 2012; Wueest et al., 2012). An increase in mesenteric fat depots is 

also associated with increased risk of metabolic syndrome, inflammation, and oxidative damage in 

vascular tissue (Booth, Magnuson and Foster, 2014; Hung et al., 2014; Konrad and Wueest, 2014; 

Foster and Pagliassotti, 2012; Lam et al., 2012; Catalano, Stefanovski and Bergman, 2010; 

Panagiotakos et al., 2005). The mesentery connects gastrointestinal organs located on the anterior 

side of the abdominal cavity (Lee, Wu and Fried, 2013), as shown in the Figure 14 below. RET organs 

are located to the posterior of the abdominal cavity and include the pancreas, duodenum, ascending 

and descending colon and kidneys. RET VAT surrounds the RET organs, while intraperitoneal fat 

depots are made up of VAT depots of the mesentery organs, which include greater omentum, lesser 

omentum, mesentery proper, and mesocolon (Nauli and Matin, 2019).  

As outlined in the introductory sections 1.7, 1.8, 1.10, 1.11, 1.11, 1.12, dietary sources of lipids, are 

hydrolysed in the intestinal lumen and absorbed by GI enterocytes either by diffusion (FFA) for 

smaller molecules or protein-mediated facilitated transport for larger molecules. Once absorbed, 

FFA, TAG, CE and PPL are packed into chylomicrons, secreted into the lymphatic system, and 
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transported to the liver for further processing and then onto peripheral tissues such as adipose tissue 

and muscle (Stryer et al., 2019; Bhutia and Ganapathy, 2015).  

The lymph fluid containing absorbed dietary fats drains first through smaller mesenteric lymph   

vessels   before   entering   the   larger   lymphatic system including the retroperitoneal cisterna chyli, 

and finally entering the blood circulation via the portal vein (Williams and Rabbani, 2011). Once 

drained into the portal vein for circulation, fatty acid and mesenteric cytokines can act locally or 

systemically, with circulating cytokines shown to stimulate inflammation and impair insulin signalling 

and steatohepatitis in the liver especially(Booth, Magnuson and Foster, 2014; Hung et al., 2014; 

Foster and Pagliassotti, 2012; Stanton et al., 2011). As the lymphatics from the GI tract are present 

in both the mesentery and the retroperitoneum, both RET and MES VAT receive the same supply of 

dietary lipids. As mentioned earlier, men tend to accumulate more visceral depots than women. This 

is in part related to hormones with pre-menopausal women tending to carry more SAT as a source of 

energy for pregnancy (Gavin et al., 2013; Terry et al., 1991). It is thought that postprandially, as 

chylomicrons tend to be larger in size and quantity in males than in females (Knuth and Horowitz, 

2006), they may congest the lamina propria and low-pressure lymphatics in males. This may allow 

the enzyme LPL an opportunity to hydrolyse TAG in the chylomicrons, with liberated fatty acids stored 

in nearby abdominal VAT (Nauli and Matin, 2019; Palmisano et al., 2018; Escobedo et al., 2016; Wang, 

Magkos and Mittendorfer, 2011; Knuth and Horowitz, 2006; Staprans et al., 1990).  

 

 

 

Figure 14. Mesenteric and retroperitoneal adipose tissue depot (Adapted from Lee, Wu and Fried, 2013). 
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VAT levels are higher in overweight and obese individuals and linked to a HFD (Bueno et al., 2011; 

Caricilli et al., 2008). The increase in visceral depots is accompanied by hyperinsulinemia and IR and 

additional metabolic changes such as dyslipidemia and atherosclerosis associated with metabolic 

syndrome (Koenen et al., 2021; Lopes et al., 2016). These metabolic changes are termed 

metabolically unhealthy obesity (MUO) (Iacobini et al., 2019) and include impaired insulin signalling, 

immune cell infiltration, increased inflammation, cytokine production (e.g., CRP, IL-6, and TNF-alpha) 

and vasoconstriction (Li et al., 2015, 2016; Wali et al., 2020). Furthermore, cytokines from 

macrophages inhibit insulin signalling by phosphorylating serine residues of insulin receptor 

substrate (IRS) proteins (Wali et al., 2020). This leads to increased lipolysis and liberation of FA from 

adipose tissue into circulation (Samuel and Shulman, 2016). It has been observed that thigh 

subcutaneous adipose tissue has a different lipid profile compared to back, abdomen and breast 

tissues, that largely contain similar lipid profiles to each other (Al-Sari et al., 2020). This is interesting 

as SAT is supplied by circulated dietary and hepatic lipids, facilitated by lipoprotein lipase expressed 

on the luminal surfaces of capillary endothelial cells of peripheral tissues facilitating breakdown and 

absorption of the circulating lipids. Tissue lipid profiles can therefore differ due to supply and 

availability and proximity of the tissue to the origin of the circulating lipids, namely the intestines and 

liver.  

In this present study, Male Wistar rats were fed from two to 4-months-old with a high-fat lard 

enriched diet (HFD) (28% lard) to induce obesity. The rats were randomly divided into groups of 10 

and by daily oral gavage received either: 500 mg/kg of GbE (HFD-GbE) diluted in 2mL of 0.9% saline 

(vehicle) (n=10); Saline (NaCl) vehicle only (HFD-S) (n=10); or NaCl vehicle only with rats’ pair-fed to 

that of the GbE supplemented group (HFD-PF) (n=10) to control for changes in food intake. A control 

group fed a normal fed diet (NFD) rats was also used. Following 14 days of supplementation the rats 

were euthanized and RET and MES WAT were collected. Tissue lipids were extracted as previously 

described (Schreiner, 2006). Total sample fatty acid profiles were subjected to acid-catalysed 

esterification to methyl esters and analysed by GC-FID. As demonstrated in Al-Sari (2020), in 

subcutaneous adipose tissue, lipid classes consist of around 65% TAG, around 32% are PPL and the 

rest represented by MAG, DAG, CE and other lipid-based molecules. Firstly, the total lipid profile of 

the collected samples was analysed. The samples were then separated into TAG, CE, MAG+DAG and 

PPL lipid classes as previously described (Boldarine, Joyce et al., 2021). Data was presented as FA 

percentages (mean FA% ±SEM) or as ratio means (mean±SEM).  
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5.2 RET and MES total fatty acids 

 

5.2.1 RET Total Fatty Acids – NFD vs HFD 

Both NFD and HFD-S groups were compared for baseline effects of each corresponding diet (NFD and 

HFD). To review, the NFD and HFD chow consisted of 4.5% and 31.6% lipids, respectively, with the 

HFD providing 57% of calories from fat, nearly double the recommended daily intake of SFA by the 

world health organisation (WHO). In Table 30 and Table 31, the effect of NFD and HFD on the total 

RET fatty acid profiles is summarised as mean±SEM of fatty acid percentages. A significant increase 

of 16% in total SFA (∑SFA) was seen in HFD (28.4±0.27%), compared to NFD (24.1±0.6%) (p=0.0004) 

most notably in C18:0 (NFD 3.1±0.03%; HFD 6.3±0.2%, (p<0.0001)) (See Table 30). Total 

monounsaturated fatty acids (∑MUFA) significantly increased by 60% in HFD (47.28±0.32%) 

compared to NFD (29.59±0.44%; p<0.0001), most notably in C18:1n9 (NFD 24.9±0.1%; HFD 

42.6±0.3%, (p<0.0001)). Total polyunsaturated fatty acids ∑PUFA decreased by 48% in HFD 

(23.51±0.12%) compared to NFD (45.2±1%; p<0.0001) which can be further divided into a 46% 

decrease of ∑n-6 PUFA (22.9±0.1%) compared to NFD (42.7±1%; p<0.0001) and a 74% decrease in a 

∑n-3 PUFA HFD levels (0.66±0.01%) compared to NFD (2.5 ±0.04%; p<0.0001). These results are in 

keeping with other studies that show that a HFD changes fatty acid composition (Boldarine et al., 

2021; Hirata, Cruz, et al., 2019; Hirata, Pedroso, et al., 2019; Hirata et al., 2015; Banin et al., 2014; 

Fujiwara and Amisaki, 2013). Meanwhile nearly a 2-fold decrease of total PUFA is seen in HFD-RET-

VAT compared to NFD-RET VAT (23.5% and 45.2%, respectively), with the 2-fold difference largely 

due to C18:2n-6, which is significantly decreased in HFD-RET-VAT. The n-6/n-3 ratio of the NFD-RET-

VAT tissues is 17:1, the n-6/n-3 ratio in HFD-RET-VAT is double this at 34:1. (Table 31). The changes 

in MUFA and PUFA levels in both groups also significantly affected the unsaturation index of the 

tissues. The overall NFD-RET-VAT unsaturation index decreased by 31% in HFD-RET-VAT (Table 31), 

indicating a higher degree of unsaturation present in lipids stored in NFD-RET-VAT, which may 

influence the availability of PUFA to PPLs to maintain membrane fluidity. This will be explored in more 

detail under PPL.  
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5.2.2 MES total fatty acids – NFD vs HFD 

Similar differences in MES total FA profiles compared to RET total FA profiles.  A significant increase 

of 28% in total SFA (∑SFA; NFD, 22.10±0.49%; HFD-S, 28.23±0.20%, p<0.001), represented largely by 

the 15% increase in C16:0 (C16:0 ; NFD, 17.58±0.46%; HFD-S, 20.21±0.12%, P=0.001) and the 128% 

increase in C18:0 (C18:0; NFD, 2.94±0.04%; HFD-S, 6.57±0.16 %, p<0.001) (Table 32). Total 

monounsaturated fatty acids (∑MUFA) in the HFD-S group significantly increased by 60% in HFD 

(∑MUFA; NFD,29.59±0.39%;HFD-S,47.27±0.35%,p<0.001), most notably from the 69% increase in 

C18:1n-9 (C18:1n-9; NFD, 25.28±0.09%; HFD-S, 42.71±0.31 %, p<0.001) (Table 32).  

Total polyunsaturated fatty acids ∑PUFA in the HFD-S group decreased by 48% in HFD (∑PUFA; 

NFD,46.89±0.84%; HFD-S,23.66±0.18%, p<0.001), largely by the changes in n-6 PUFA C18:2n-6 which 

decreased by 48% (C18:2n-6; NFD,43.01±0.84%; HFD-S,22.45±0.16%, p<0.001) (Table 32). C20:4n-6 

also decreased by 69% (C20:4n-6; NFD,0.65±0.04%; HFD-S,0.20±0.01%, p<0.001), while C22:4n-6 

decreased by 64% (C22:4n-6; NFD,0.23±0.03%; HFD-S,0.08±0.01%, P=0.003). Levels of C18:3n-3 

decreased by 70%. This was reflected in the n-6/n-3 ratio that doubled from ~18.5 to ~36.8 in the 

HFD (n-6/n-3; NFD, 18.51±0.36; HFD-S 36.76±1.07, p<0.001) higher than that seen in RET tissue. 

Overall UFA levels in the HFD-S group decreased by 7% (∑UFA; NFD,76.48±0.48%; HFD-

S,70.93±0.22%, p<0.001) (Table 32). Changes between the SFA, PFA and MUFA percentage levels 

were also reflected in their respective ratios (Table 33) where MUFA/PUFA ratio increased by 215%; 

MUFA/SFA ratio increased by 152%, PUFA/SFA ratio decreased by 68% and UFA/SFA decreased by 

28%. These overall changes between saturated and unsaturated FA are reflected in the unsaturation 

index of the total FA sample which decreased by 25% (Unsaturation Index; NFD,128.52±1.33%; HFD-

S,95.88±0.22%, p<0.001)., less than the 28% decreased seen in RET tissue (Table 33).  

Leng and colleagues (2017) have demonstrated that when a diet with a high n-6/n-3-ratio of 

approximate 18:1 LA/ALA, as seen in this study in the HFD-chow, this resulted in an increase in n-6/n-

3 oxylipins in the liver compared to a lower ratio diet (approx. 8:1) (Leng et al. 2017). A high n-6 PUFA 

intake increases the levels of LA, DGLA and AA derived oxylipins which are predominantly pro-

inflammatory (Caligiuri et al., 2013), while a n-3 PUFA oxylipins from ALA, EPA and DHA are 

predominantly anti-inflammatory (Hussey et al., 2017). 
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Table 30. Retroperitoneal total lipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), 
and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

Name NFD HFD-S 

p value   Mean  SEM Mean  SEM 

C10:0 0.02 ± 0.01 0.01 ± 0.01 0.13 
C12:0 0.07 ± 0.01 0.04 ± 0.01 0.009 
C14:0 0.75 ± 0.05 0.67 ± 0.01 0.807 
C15:0 0.26 ± 0.01 0.11 ± 0.01 <0.0001 
C16:0 19.42 ± 0.55 20.74 ± 0.12 0.47 
C17:0 0.30 ± 0.01 0.32 ± 0.01 0.03 
C18:0 3.12 ± 0.03 6.33 ± 0.17 <0.0001 
C20:0 0.08 ± 0.01 0.08 ± 0.01 0.97 
C21:0 0.07 ± 0.01 0.10 ± 0.01 0.006 
C22:0 0.02 ± 0.01 0.01 ± 0.01 0.70 
∑SFA 24.09 ± 0.61 28.42 ± 0.27 0.0004 
C14:1n7 0.02 ± 0.01 0.01 ± 0.01 0.06 
C15:1 0.05 ± 0.01 0.02 ± 0.01 0.001 
C16:1n7 1.85 ± 0.26 1.54 ± 0.07 0.91 
C17:1 0.14 ± 0.01 0.21 ± 0.01 0.001 
C18:1n7 2.38 ± 0.11 2.44 ± 0.02 0.97 
C18:1n9 trans 0.05 ± 0.01 0.09 ± 0.01 0.13 
C18:1n9 24.90 ± 0.14 42.64 ± 0.27 <0.0001 
C20:1n9 0.23 ± 0.01 0.34 ± 0.01 <0.0001 
∑C18:1 27.32 ± 0.21 45.17 ± 0.28 <0.0001 
∑n-7 2.53 ± 0.12 2.46 ± 0.02 0.97 
∑n-9 25.15 ± 0.14 42.98 ± 0.27 <0.0001 
∑MUFA 29.59 ± 0.44 47.28 ± 0.32 <0.0001 
C18:2n6 trans 0.03 ± 0.01 0.05 ± 0.01 0.54 
C18:2n6 41.32 ± 0.01 22.27 ± 0.14 <0.0001 
C18:3n6 0.09 ± 0.01 0.01 ± 0.01 <0.0001 
C20:2n6 0.28 ± 0.01 0.21 ± 0.01 <0.0001 
C20:3n6 0.12 ± 0.01 0.06 ± 0.01 0.001 
C20:4n6 0.63 ± 0.03 0.22 ± 0.02 <0.0001 
C22:4n6 0.24 ± 0.02 0.07 ± 0.01 <0.0001 
∑n-6 PUFA 42.69 ± 0.99 22.85 ± 0.12 <0.0001 
∑n-6 metabolites 1.36 ± 0.04 0.57 ± 0.03 <0.0001 
C18:3n3 2.23 ± 0.03 0.64 ± 0.01 <0.0001 
C22:5n3 0.12 ± 0.01 0.02 ± 0.01 0.0002 
C22:6n3 0.15 ± 0.01 0.02 ± 0.01 0.002 
∑n-3 PUFA 2.51 ± 0.04 0.66 ± 0.01 <0.0001 
∑n-3 metabolites 0.28 ± 0.02 0.02 ± 0.01 <0.0001 
∑PUFA 45.20 ± 0.99 23.51 ± 0.12 <0.0001 
∑UFA 74.79 ± 0.58 70.79 ± 0.27 0.76 
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Table 31 Retroperitoneal total lipid fatty acid methyl esters (FAME) ratios between normal fat diet (NFD) and high fat 
diet (HFD-S) (N=10 per group). Results presented as mean and standard error of the mean (SEM), and statistically 
analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

Name NFD HFD-S 

p value   Mean  SEM Mean  SEM 

∑MUFA/∑PUFA 0.66 ± 0.03 2.01 ± 0.02 <0.0001 
 MUFA/SFA  1.19 ± 0.02 1.63 ± 0.03 <0.0001 
∑PUFA/∑SFA 1.90 ± 0.09 0.83 ± 0.01 <0.0001 
∑UFA/∑SFA 3.13 ± 0.10 2.49 ± 0.03 0.001 
C18:0/C16:0 0.16 ± 0.01 0.30 ± 0.01 <0.0001 
C16:1n-7/C16:0 0.09 ± 0.01 0.07 ± 0.01 0.76 
C18:1n-9/C16:0 1.29 ± 0.03 2.06 ± 0.02 <0.0001 
C18:1n-9/C16:1n-7 16.05 ± 2.19 28.06 ± 1.14 0.007 
C18:1n-7/C18:0 0.76 ± 0.03 0.39 ± 0.01 <0.0001 
C18:1/C18:0 8.75 ± 0.07 7.19 ± 0.23 0.0002 
n-6/n-3 17.02 ± 0.44 34.67 ± 0.45 <0.0001 
C20:4n-6/C22:6n-3 4.42 ± 0.22 15.74 ± 1.39 <0.0001 
C22:4n-6/C20:4n-6 2.74 ± 0.17 3.65 ± 0.45 0.5 
C20:4n-6/C20:3n-6 5.67 ± 0.35 3.80 ± 0.29 0.02 
C20:4n-6/C18:2n-6 0.02 ± 0.01 0.01 ± 0.01 0.009 
C20:4n-6/C18:3n-3 0.28 ± 0.01 0.34 ± 0.03 0.650 
C20:3n-3/C18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.97 
C20:5n-3/C18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.02 
C22:5n-3/C18:3n-3 0.05 ± 0.01 0.02 ± 0.01 0.003 
C22:6n-3/C18:3n-3 0.07 ± 0.01 0.01 ± 0.01 <0.0001 
C22:6n-3/C22:5n-3 1.27 ± 0.07 0.51 ± 0.22 0.03 
C18:3n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 <0.0001 
C20:3n-6/C18:3n-6 1.44 ± 0.26 4.60 ± 0.33 <0.0001 
1 (% monoenoics) 29.61 ± 0.42 42.56 ± 4.49 0.21 
2 (% dienoics)  83.23 ± 1.90 40.49 ± 4.27 <0.0001 
3 (% trienoics) 7.31 ± 0.10 1.93 ± 0.21 <0.0001 
4 (% tetraenoics) 3.48 ± 0.14 1.04 ± 0.14 <0.0001 
5 (% pentaenoics) 0.65 ± 0.04 0.05 ± 0.02 <0.0001 
6 (% hexaenoics) 0.88 ± 0.06 0.03 ± 0.01 <0.0001 
Unsaturation Index 125.17 ± 1.43 86.08 ± 9.08 0.02 
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Table 32.Mesenteric total lipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) (N=10 
per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

 NFD HFD-S  
Name Mean%  SEM Mean%  SEM p value 

C12:0 0.08 ± <0.01 0.06 ± 0.01 0.32 
C14:0 0.61 ± 0.05 0.68 ± 0.01 0.97 
C15:0 0.27 ± 0.01 0.12 ± <0.01 <0.001 
C16:0 17.58 ± 0.46 20.21 ± 0.12 0.001 
C17:0 0.34 ± 0.01 0.33 ± <0.01 >0.99 
C18:0 2.94 ± 0.04 6.57 ± 0.16 <0.001 
C20:0 0.13 ± 0.01 0.11 ± 0.01 0.5 
C21:0 0.08 ± 0.01 0.13 ± 0.01 0.4 
C22:0 0.02 ± 0.01 0.01 ± 0.01 0.98 
C23:0 <0.01 ± <0.01 <0.01 ± <0.01 0.82 
C24:0 0.03 ± 0.01 0.01 ± <0.01 0.17 
∑SFA 22.10 ± 0.49 28.23 ± 0.20 <0.001 
C14:1n-7 0.01 ± 0.01 <0.01 ± <0.01 0.92 
C15:1 0.02 ± 0.01 <0.01 ± <0.01 0.9 
C16:1n-7 1.38 ± 0.24 1.45 ± 0.07 >0.99 
C17:1 0.13 ± 0.01 0.21 ± 0.01 <0.001 
C18:1n7 2.43 ± 0.11 2.42 ± 0.02 >0.99 
C18:1n-9 trans 0.06 ± 0.02 0.09 ± 0.01 0.98 
C18:1n-9 25.28 ± 0.09 42.71 ± 0.31 <0.001 
C20:1n9 0.28 ± 0.02 0.38 ± 0.01 0.001 
C22:1n-9 0.01 ± <0.01 <0.01 ± <0.01 0.02 
∑C18:1 27.77 ± 0.17 45.22 ± 0.32 <0.001 
∑n-7 2.46 ± 0.11 2.43 ± 0.02 >0.99 
∑n-9 25.57 ± 0.08 43.10 ± 0.30 <0.001 
∑MUFA 29.59 ± 0.39 47.27 ± 0.35 <0.001 
C18:2n-6 trans 0.05 ± 0.01 0.02 ± 0.01 0.59 
C18:2n-6 43.01 ± 0.84 22.45 ± 0.16 <0.001 
C18:3n-6 0.09 ± 0.01 0.02 ± 0.01 <0.001 
C20:2n-6 0.28 ± 0.02 0.20 ± 0.01 0.02 
C20:3n-6 0.16 ± 0.02 0.06 ± 0.01 0.009 
C20:4n-6 0.65 ± 0.04 0.20 ± 0.01 <0.001 
C22:2n-6 0.01 ± 0.01 <0.01 ± <0.01 0.96 
C22:4n-6 0.23 ± 0.03 0.08 ± 0.01 0.003 
∑n-6 PUFA 44.48 ± 0.83 23.03 ± 0.17 <0.001 
∑n-6 metabolites 1.42 ± 0.06 0.56 ± 0.04 <0.001 
C18:3n-3 2.11 ± 0.03 0.62 ± 0.02 <0.001 
C20:5n-3 0.03 ± 0.01 - ± -  
C22:5n-3 0.11 ± 0.01 0.01 ± 0.01 <0.001 
C22:6n-3 0.15 ± 0.01 - ± -  
∑n-3 PUFA 2.41 ± 0.03 0.63 ± 0.02 <0.001 
∑n-3 metabolites 0.30 ± 0.01 0.01 ± <0.01 <0.001 
∑PUFA 46.89 ± 0.84 23.66 ± 0.18 <0.001 
∑UFA 76.48 ± 0.48 70.93 ± 0.22 <0.001 
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Table 33. Mesenteric total lipid fatty acid methyl esters (FAME) ratios between normal fat diet (NFD) and high fat diet 
(HFD-S) (N=10 per group). Results presented as mean and standard error of the mean (SEM), and statistically analysed 
by Students t-test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S  
Name Mean%  SEM Mean%  SEM p value 

∑MUFA/∑PUFA 0.63 ± 0.02 2.00 ± 0.03 <0.001 
∑MUFA/∑SFA 0.47 ± 0.02 1.19 ± 0.01 <0.001 
∑PUFA/∑SFA 1.59 ± 0.05 0.50 ± 0.01 <0.001 
∑UFA/∑SFA 3.48 ± 0.10 2.51 ± 0.03 <0.001 
C18:0/C16:0 0.17 ± 0.01 0.33 ± 0.01 <0.001 
C16:1n-7/C16:0 0.08 ± 0.01 0.07 ± 0.00 >0.99 
C18:1n-9/C16:0 1.45 ± 0.04 2.11 ± 0.02 <0.001 
C18:1n-9/C16:1n-7 23.09 ± 3.52 30.05 ± 1.37 0.87 
C18:1n-7/C18:0 0.83 ± 0.05 0.37 ± 0.01 <0.001 
C18:1/C18:0 9.46 ± 0.19 6.93 ± 0.21 <0.001 
n-6/n-3 18.51 ± 0.36 36.76 ± 1.07 <0.001 
C18:2n-6/C18:3n-3 20.44 ± 0.40 36.36 ± 1.02 <0.001 
C20:4n-6/C20:3n-6 4.52 ± 0.48 4.06 ± 0.45 >0.99 
C20:4n-6/C22:6n-3 4.23 ± 0.13 20.17 ± 6.40 0.001 
C20:4n-6/C18:2n-6 0.02 ± 0.00 0.01 ± 0.00 <0.001 
C20:4n-6/C18:3n-3 0.31 ± 0.02 0.32 ± 0.02 >0.99 
C22:5n-3/C18:3n-3 0.05 ± 0.01 0.01 ± 0.00 0.002 
C22:6n-3/C22:5n-3 1.27 ± 0.05 0.33 ± 0.19 0.001 
C18:2n6/C16:0 2.47 ± 0.11 1.11 ± 0.01 <0.001 
C18:3n3/C16:0 0.12 ± 0.00 0.03 ± 0.00 <0.001 
C20:3n-6/C18:3n-6 2.38 ± 0.62 3.43 ± 0.56 0.98 
C22:4n-6/C20:4n-6 2.49 ± 0.10 2.66 ± 0.30 >0.99 
1 (% monoenoics) 29.59 ± 0.39 47.27 ± 0.35 <0.001 
2 (% dienoics)  86.71 ± 1.67 45.34 ± 0.33 <0.001 
3 (% trienoics) 7.07 ± 0.10 2.10 ± 0.07 <0.001 
4 (% tetraenoics) 3.52 ± 0.19 1.13 ± 0.08 <0.001 
5 (% pentaenoics) 0.71 ± 0.04 0.03 ± 0.01 <0.001 
6 (% hexaenoics) 0.92 ± 0.04 0.02 ± 0.01 <0.001 
Unsaturation Index 128.52 ± 1.33 95.88 ± 0.22 <0.001 
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5.2.3 RET - HFD GbE treatment 

 
In Table 34 and Table 35, the three subsets of HFD fed mice (HFD-S, HFD-PF and HFD-GbE) were 

compared. Almost no changes in fatty acid profiles occurred between any group, despite changes in 

body weight occurring in the HFD-PF and HFD-GbE groups. One of the only notable changes was an 

increase in n-3 metabolites in the HFD-GbE group compared to HFD-S (p=0.03) and HFD-PF (p=0.02).  

5.2.4 MES - HFD GbE treatment 

Comparing the MES HFD subsets (HFD-S, HFD-PF and HFD-GbE) (Table 36 and Table 37), the only 

significant difference that occurred across the groups was a slight significant decrease in total SFA in 

the HFD-GbE group compared to the HFD-PF group (p=0.03) (∑SFA; HFD-S, 28.23±0.20%;2HFD, PF, 

8.59±0.21%;HFD-GbE, 27.84±0.18%) that was not seen between the HFD-S and HFD-PF group 

(p=0.42) (Table 36). This changes also increased the ∑UFA/∑SFA ratio in the HFD-GbE group (p=0.03) 

compared to the HFD-PF group, with no differences seen between the HFD-S and HFD- PF group 

(p=0.49) (Table 37). When comparing the C18:1/C18:0 ratios, although not significant the 

C18:1/C18:0 ratio increased in the GbE Group, compared to HFD-PF (p=0.08), while no changes 

occurred between the HFD-S and HFD- PF group (p=0.32).  

It has been shown that when a diet contains a higher n-6 /n-3-ratio of approximate 18:1 or more, 

then an increase in n–6/n–3 oxylipins may also occur. Given that the n-6/n-3 ratio doubled from ~18.5 

to ~36.7 in the MES HFD-S group, this may indicate the potential for a more pro-inflammatory 

environment in the HFD-S group (Leng et al., 2017).  Oxylipins that are derived from n-6 PUFA such 

as LA, DGLA and AA are predominantly pro-inflammatory (Caligiuri et al., 2013) and are more likely 

to increase the greater the difference between n-6 PUFA and n-3 PUFA levels are. As n-3 PUFA levels 

drop substantially in the HFD-S group, less anti-inflammatory oxylipins from ALA, EPA and DHA may 

occur (Hussey et al., 2017). This may also indicate that in GbE treatment, less n-3 LCFA are required 

for inflammation mediation in the form of pre-resolving mediators such as eicosanoids  (Liput et al., 

2021; Astarita et al., 2015; Gabbs et al., 2015; Godessart et al., 1996). 
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The similarities between the RET and MES total FA percentage levels are in keeping with the idea 

both tissues were exposed to similar levels of fatty acids from dietary sources from the lymphatic 

vessels of the GI tract, thus these tissues store similar levels to each other. Although adipose tissue 

profiles are used as an indicator of dietary intake of fats, the levels in both RET and MES tissue differ 

slightly to the profiles of the rat chow. For example, SFA levels were ~18% SFA and ~34% in in NFD-

chow and HFD-chow (Table 9), respectively, compared to 22% (NFD) and 28% (HFD-S) in both RET and 

MES tissues which suggests some regulation of adipocyte storage at least in RET and MES tissue. 

Similarly, while MUFA levels were ~24% and ~40% in NFD-chow and HFD-chow respectively, levels in 

RET and MES tissues were ~30% (NFD) and ~47% (HFD-S) suggesting that de novo lipogenesis of MUFA 

is occurring in the HFD-S group. This is also evident from the 46% increase in HFD-S C18:1n-9/C16:0 

ratio indicating an increase in SCD-1 (Delta-9-Desaturase) activity (Heras-Molina et al., 2020) which 

facilitates the synthesis of C18:1n-9 from C16:0 (C18:1n-9/C16:0; NFD,1.45±0.04%; HFD-

S,2.11±0.02%, p<0.001) (Table 37).  

Next, total lipid profiles were separated by solid phase extraction into the lipid classes: TAG, CE, MAG 

and DAG and PPL.  
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Table 34. Retroperitoneal total lipid fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results 
are presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE p value 

 
MEAN 

%  SEM 
MEAN 

%  SEM 
MEAN 

%  SEM S Vs PF S Vs GbE PF Vs GbE 

C10:0 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.04 0.59 0.23 
C12:0 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.23 0.65 0.65 
C14:0 0.67 ± 0.01 0.71 ± 0.02 0.68 ± 0.02 0.68 0.16 0.16 
C15:0 0.11 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.89 0.83 0.99 
C16:0 20.74 ± 0.12 20.69 ± 0.21 20.79 ± 0.17 0.97 0.98 0.90 
C17:0 0.32 ± 0.01 0.33 ± 0.01 0.32 ± 0.01 0.67 >0.99 0.71 
C18:0 6.33 ± 0.17 6.84 ± 0.11 6.52 ± 0.14 0.04 0.59 0.23 
C20:0 0.08 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.98 0.82 0.71 
C21:0 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 >0.99 0.99 0.99 
∑SFA 28.42 ± 0.27 28.93 ± 0.25 28.68 ± 0.29 0.39 0.78 0.78 
C14:1n7 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.93 0.87 0.63 
C15:1 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.17 0.31 0.92 
C16:1n7 1.54 ± 0.07 1.48 ± 0.06 1.50 ± 0.04 0.75 0.88 0.96 
C17:1 0.21 ± 0.01 0.20 ± 0.01 0.21 ± 0.01 0.19 >0.99 0.20 
C18:1n7 2.44 ± 0.02 2.39 ± 0.01 2.39 ± 0.01 0.12 0.11 >0.99 
C18:1n9 trans 0.09 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 >0.99 0.73 0.70 
C18:1n9 42.64 ± 0.27 42.57 ± 0.20 42.72 ± 0.24 0.98 0.97 0.89 
C20:1n9 0.34 ± 0.01 0.37 ± 0.01 0.36 ± 0.01 0.23 0.45 0.88 
∑C18:1 45.17 ± 0.28 44.81 ± 0.34 44.95 ± 0.27 0.69 0.87 0.94 
∑n-7 2.46 ± 0.02 2.17 ± 0.24 2.17 ± 0.24 0.58 0.58 >0.99 
∑n-9 42.98 ± 0.27 42.94 ± 0.19 43.08 ± 0.23 0.99 0.95 0.90 
∑MUFA 47.28 ± 0.32 46.87 ± 0.33 47.04 ± 0.28 0.63 0.85 0.92 
C18:2n6 22.27 ± 0.14 22.29 ± 0.14 22.27 ± 0.11 0.99 >0.99 0.99 
C18:3n6 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.18 0.75 0.50 
C20:2n6 0.21 ± 0.01 0.21 ± 0.02 0.21 ± 0.01 >0.99 0.98 0.97 
C20:3n6 0.06 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.89 0.82 0.99 
C20:4n6 0.22 ± 0.02 0.19 ± 0.02 0.21 ± 0.01 0.37 0.93 0.57 
C22:4n6 0.07 ± 0.01 0.05 ± 0.01 0.08 ± 0.01 0.46 0.84 0.19 
∑n-6 PUFA 22.85 ± 0.12 22.80 ± 0.17 22.84 ± 0.11 0.96 >0.99 0.98 
∑n-6 metabolites 0.57 ± 0.03 0.51 ± 0.05 0.56 ± 0.03 0.52 >0.99 0.56 
C18:3n3 0.64 ± 0.01 0.64 ± 0.02 0.63 ± 0.01 0.99 0.78 0.84 
C22:5n3 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.51 0.78 0.83 
C22:6n3 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.98 0.97 0.90 
∑n-3 PUFA 0.59 ± 0.07 0.65 ± 0.02 0.67 ± 0.01 0.56 0.45 0.98 
∑n-3 metabolites 0.01 ± 0.01 0.01 ± 0.01 0.04 ± 0.01 0.99 0.03 0.02 
∑PUFA 21.16 ± 2.35 23.45 ± 0.18 23.50 ± 0.12 0.47 0.46 >0.99 
∑UFA 63.71 ± 7.08 70.33 ± 0.25 70.55 ± 0.29 0.50 0.47 >0.99 
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Table 35. Retroperitoneal total lipid fatty acid methyl esters (FAME) ratios between high fat diet groups; High fat diet 
with saline (HFD-S), High fat diet pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results 
presented as mean and standard error of the mean (SEM), and statistically analysed by one-way ANOVA with Tukey’s 
Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE p value 
 Mean  SEM Mean  SEM Mean  SEM S Vs PF S Vs GbE PF Vs GbE  

∑MUFA/∑PUFA 2.01 ± 0.02 2.00 ± 0.03 2.00 ± 0.02 0.93 0.95 >0.99 
 MUFA/SFA  1.63 ± 0.03 1.60 ± 0.02 1.62 ± 0.02 0.60 0.92 0.82 
∑PUFA/∑SFA 0.83 ± 0.01 0.81 ± 0.01 0.82 ± 0.01 0.44 0.85 0.76 
∑UFA/∑SFA 2.49 ± 0.03 2.43 ± 0.03 2.46 ± 0.04 0.41 0.80 0.79 
C18:0/C16:0 0.30 ± 0.01 0.33 ± 0.01 0.31 ± 0.01 0.02 0.61 0.12 
C16:1n-7/C16:0 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.79 0.88 0.98 
C18:1n-9/C16:0 2.06 ± 0.02 2.06 ± 0.03 2.06 ± 0.03 0.99 >0.99 0.99 
C18:1n-9/C16:1n-7 28.06 ± 1.14 29.18 ± 1.33 28.56 ± 0.66 0.75 0.94 0.91 
C18:1n-7/C18:0 0.39 ± 0.01 0.32 ± 0.04 0.33 ± 0.04 0.27 0.43 0.94 
C18:1/C18:0 7.19 ± 0.23 6.57 ± 0.13 6.93 ± 0.18 0.06 0.57 0.33 
n-6/n-3 34.67 ± 0.45 35.15 ± 1.12 34.41 ± 0.60 0.91 0.97 0.79 
C18:2n-6/C18:3n-3 34.68 ± 0.60 35.00 ± 0.99 35.39 ± 0.51 0.95 0.78 0.92 
C20:4n-6/C20:3n-6 3.80 ± 0.29 3.84 ± 0.36 3.97 ± 0.16 >0.99 0.91 0.94 
C20:4n-6/C22:6n-3 15.74 ± 1.39 16.90 ± 0.60 15.47 ± 1.21 0.91 0.99 0.83 
C20:4n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.35 0.91 0.56 
C20:4n-6/C18:3n-3 0.34 ± 0.03 0.29 ± 0.02 0.33 ± 0.02 0.29 0.96 0.40 
C20:3n-3/C18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.95 0.01 0.01 
C22:5n-3/C18:3n-3 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.84 0.55 0.24 
C22:6n-3/C18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.74 0.18 0.04 
C22:6n-3/C22:5n-3 0.51 ± 0.22 0.31 ± 0.19 0.82 ± 0.12 0.72 0.39 0.08 
C18:2n6/C16:0 1.07 ± 0.01 1.08 ± 0.01 1.07 ± 0.01 0.96 0.99 0.91 
C18:3n3/C16:0 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 >0.99 0.70 0.73 
C18:3n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.52 0.91 0.77 
C20:3n-6/C18:3n-6 4.60 ± 0.33 5.20 ± 1.14 4.62 ± 0.33 0.84 >0.99 0.84 
C22:4n-6/C20:4n-6 3.65 ± 0.45 4.39 ± 0.60 2.97 ± 0.34 0.52 0.56 0.10 
C18:3n-6/C20:3n-6 42.56 ± 4.74 46.88 ± 0.33 47.05 ± 0.28 0.51 0.49 >0.99 
C18:3n6/C22:4n6 40.49 ± 4.51 45.00 ± 0.29 44.98 ± 0.22 0.45 0.45 >0.99 
1 (% monoenoics) 42.56 ± 4.74 46.88 ± 0.33 47.05 ± 0.28 0.51 0.49 >0.99 
2 (% dienoics)  40.49 ± 4.51 45.00 ± 0.29 44.98 ± 0.22 0.45 0.45 >0.99 
3 (% trienoics) 1.93 ± 0.22 2.12 ± 0.07 2.09 ± 0.03 0.59 0.69 0.98 
4 (% tetraenoics) 1.04 ± 0.14 0.94 ± 0.11 1.14 ± 0.07 0.82 0.79 0.42 
5 (% pentaenoics) 0.05 ± 0.02 0.04 ± 0.01 0.07 ± 0.01 0.99 0.38 0.31 
6 (% hexaenoics) 0.03 ± 0.02 0.02 ± 0.01 0.07 ± 0.01 0.91 0.10 0.04 
Unsaturation Index 86.08 ± 9.57 95.00 ± 0.32 95.40 ± 0.35 0.50 0.47 >0.99 
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Table 36. Mesenteric total lipid fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline (HFD-S), 
High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results are 
presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE 
 Mean%  SEM Mean%  SEM Mean %  SEM p value p value p value 

C12:0 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.91 >0.99 0.93 

C14:0 0.68 ± 0.01 0.72 ± 0.02 0.68 ± 0.02 0.93 0.28 0.28 

C15:0 0.12 ± 0.01 0.12 ± 0.01 0.11 ± 0.01 0.18 0.97 0.97 

C16:0 20.21 ± 0.12 20.17 ± 0.21 19.89 ± 0.11 0.98 0.32 0.41 

C17:0 0.33 ± 0.01 0.35 ± 0.01 0.34 ± 0.01 0.34 0.81 0.71 

C18:0 6.57 ± 0.16 6.92 ± 0.18 6.48 ± 0.15 0.29 0.92 0.15 

C20:0 0.11 ± 0.01 0.11 ± 0.01 0.10 ± 0.01 0.92 0.99 0.87 

C21:0 0.13 ± 0.01 0.12 ± 0.01 0.14 ± 0.01 0.83 0.74 0.40 

C24:0 0.01 ± 0.01 - ± - 0.03 ± 0.01 - <0.0001 - 

∑SFA 28.23 ± 0.20 28.59 ± 0.21 27.84 ± 0.18 0.42 0.34 0.03 

C16:1n-7 1.45 ± 0.07 1.46 ± 0.10 1.44 ± 0.06 0.99 >0.99 0.98 

C17:1 0.21 ± 0.01 0.21 ± 0.01 0.22 ± 0.01 0.81 0.86 0.50 

C18:1n7  2.42 ± 0.02 2.37 ± 0.01 2.41 ± 0.02 0.08 0.82 0.24 

C18:1n-9 trans 0.09 ± 0.01 0.09 ± 0.00 0.06 ± 0.01 0.99 0.17 0.13 

C18:1n-9 42.71 ± 0.31 42.68 ± 0.37 43.47 ± 0.11 >0.99 0.17 0.15 

C20:1n9 0.38 ± 0.01 0.35 ± 0.04 0.39 ± 0.01 0.65 0.98 0.54 

∑C18:1 45.22 ± 0.32 45.14 ± 0.38 45.94 ± 0.12 0.98 0.21 0.15 

∑n-7 2.43 ± 0.02 2.37 ± 0.01 2.41 ± 0.02 0.09 0.87 0.24 

∑n-9 43.10 ± 0.30 43.04 ± 0.35 43.86 ± 0.11 0.99 0.14 0.11 

∑MUFA 47.27 ± 0.35 47.16 ± 0.34 47.99 ± 0.10 0.96 0.19 0.12 

C18:2n-6t 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.51 0.70 0.95 

C18:2n-6 22.45 ± 0.16 22.37 ± 0.14 22.26 ± 0.11 0.90 0.57 0.83 

C18:3n-6 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.17 0.67 0.59 

C20:2n-6 0.20 ± 0.01 0.20 ± 0.02 0.20 ± 0.01 >0.99 0.99 0.99 

C20:3n-6 0.06 ± 0.01 0.05 ± 0.02 0.07 ± 0.01 0.98 0.71 0.60 

C20:4n-6 0.20 ± 0.01 0.20 ± 0.02 0.19 ± 0.01 0.99 0.81 0.89 

C22:4n-6 0.08 ± 0.01 0.07 ± 0.02 0.06 ± 0.01 0.63 0.42 0.93 

∑n-6 PUFA 23.03 ± 0.17 22.90 ± 0.18 22.79 ± 0.12 0.84 0.55 0.88 

∑n-6 metabolites 0.56 ± 0.04 0.53 ± 0.06 0.53 ± 0.03 0.87 0.89 >0.99 

C18:3n-3 0.62 ± 0.02 0.62 ± 0.03 0.60 ± 0.02 >0.99 0.72 0.72 

C22:5n-3 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 >0.99 0.96 0.98 

C22:6n-3 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.34 0.87 0.64 

∑n-3 PUFA 0.63 ± 0.02 0.63 ± 0.03 0.61 ± 0.02 >0.99 0.76 0.81 

∑n-3 metabolites 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.89 0.97 0.78 

∑PUFA 23.66 ± 0.18 23.53 ± 0.20 23.40 ± 0.13 0.86 0.55 0.86 

∑UFA 70.93 ± 0.22 70.69 ± 0.22 71.39 ± 0.16 0.69 0.25 0.05 
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Table 37. Mesenteric total lipid fatty acid methyl esters (FAME) ratios between high fat diet groups; High fat diet with 
saline (HFD-S), High fat diet pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results 
presented as mean and standard error of the mean (SEM), and statistically analysed by one-way ANOVA with Tukey’s 
Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE 
 Mean  SEM Mean  SEM Mean   SEM p value p value p value 

∑MUFA/∑PUFA 2.00 ± 0.03 2.01 ± 0.03 2.05 ± 0.01 0.98 0.31 0.42 

∑MUFA/∑SFA 1.19 ± 0.01 1.22 ± 0.01 1.19 ± 0.01 0.39 0.98 0.29 

∑PUFA/∑SFA 0.50 ± 0.01 0.50 ± 0.01 0.49 ± <0.01 0.98 0.31 0.40 

∑UFA/∑SFA 2.51 ± 0.03 2.47 ± 0.03 2.57 ± 0.02 0.49 0.30 0.03 

C18:0/C16:0 0.33 ± 0.01 0.34 ± 0.01 0.33 ± 0.01 0.99 0.99 >0.99 

C16:1n-7/C16:0 0.07 ± <0.01 0.07 ± <0.01 0.07 ± <0.01 0.99 0.99 >0.99 

C18:1n-9/C16:0 2.11 ± 0.02 2.12 ± 0.04 2.19 ± 0.02 0.99 0.17 0.21 

C18:1n-9/C16:1n-7 30.05 ± 1.37 30.61 ± 2.47 30.61 ± 1.29 0.97 0.97 >0.99 

C18:1n-7/C18:0 0.37 ± 0.01 0.34 ± 0.01 0.37 ± 0.01 0.14 0.99 0.11 

C18:1/C18:0 6.93 ± 0.21 6.56 ± 0.17 7.13 ± 0.16 0.32 0.72 0.08 

n-6/n-3 36.76 ± 1.07 37.24 ± 1.75 37.86 ± 1.08 0.96 0.83 0.94 

C15:0/C17:0 0.33 ± 0.01 0.34 ± 0.01 0.33 ± 0.01 0.34 >0.99 0.36 

C18:2n-6/C18:3n-3 36.36 ± 1.02 36.72 ± 1.72 37.57 ± 1.03 0.98 0.79 0.89 

C20:4n-6/C20:3n-6 4.06 ± 0.45 4.33 ± 0.61 2.97 ± 0.37 0.92 0.25 0.14 

C20:4n-6/C22:6n-3 20.17 ± 6.40  - ± - 24.56 ± 3.44 - <0.0001 - 

C20:4n-6/C18:3n-3 0.32 ± 0.02 0.31 ± 0.02 0.31 ± 0.02 0.93 0.96 0.99 

C22:6n-3/C22:5n-3 0.33 ± 0.19 - ± - 0.18 ± 0.12 - <0.0001 - 

C18:2n6/C16:0 1.11 ± 0.01 1.11 ± 0.01 1.12 ± 0.01 >0.99 0.88 0.84 

C18:3n3/C16:0 0.03 ± <0.01 0.03 ± <0.01 0.03 ± <0.01 >0.99 0.86 0.87 

C20:3n-6/C18:3n-6 3.43 ± 0.56 3.59 ± 0.88 6.30 ± 1.20 0.99 0.08 0.13 

C22:4n-6/C20:4n-6 2.66 ± 0.30 3.58 ± 0.64 3.49 ± 0.47 0.38 0.43 0.99 

1 (% monoenoics) 47.27 ± 0.35 47.16 ± 0.34 47.99 ± 0.10 0.96 0.19 0.12 

2 (% dienoics)  45.34 ± 0.33 45.15 ± 0.30 44.92 ± 0.23 0.89 0.57 0.84 

3 (% trienoics) 2.10 ± 0.07 2.05 ± 0.12 2.05 ± 0.07 0.94 0.93 >0.99 

4 (% tetraenoics) 1.13 ± 0.08 1.05 ± 0.15 0.99 ± 0.05 0.85 0.58 0.89 

5 (% pentaenoics) 0.03 ± 0.01 0.03 ± 0.02 0.04 ± 0.01 >0.99 0.96 0.98 

6 (% hexaenoics) 0.02 ± 0.01 <0.01 ± <0.01 0.01 ± 0.01 0.34 0.87 0.64 

Unsaturation Index 95.88 ± 0.22 95.46 ± 0.29 96.00 ± 0.30 0.52 0.95 0.35 
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5.3 RET and MES TAG 

As mentioned in the Chapter 1, TAG is an integral part of the adipocyte, where excess fatty acids are 

converted to TAG in the liver and transported to peripheral tissues as very low-density lipoprotein 

(VLDL-TAG) via the bloodstream (Roumans et al., 2021; Parry et al., 2021; Alves-Bezerra and Cohen, 

2017; Martinez-Lopez and Singh, 2015; Bansal et al., 2007; Barrows and Parks, 2006). TAG provides 

a neutral store of fatty acids in the body, predominantly stored in adipocytes that can later provide 

energy substrate other organs that break the fatty acids down into energy via β-oxidation. The daily 

rate of hepatic FA uptake and DNL is balanced by FA oxidation rates and the transportation of VLDL-

TAG out of the liver, which results in less than 5% of steady state hepatic TAG. As such, when TAG 

levels in the liver drop, such as caloric restriction or a fasting state, FA lipolysis and metabolism in the 

adipocyte increases to liberate FA to be transported to the liver for energy production(Bhutia and 

Ganapathy, 2021; Alves-Bezerra and Cohen, 2017; Kohlmeier, 2015). An excess of hepatic TAG 

accumulation is associated with obesity, T2DM, dyslipidaemia, and IR and can result in chronic liver 

disease (Caussy, Aubin and Loomba, 2021; Birkenfeld and Shulman, 2014). After SPE elution, RET and 

MES TAG samples were subjected to acid-catalysed esterification to produce fatty acid methyl esters 

an analysed by GC-FID. 

 

5.3.1 RET-TAG – NFD vs HFD 

As shown in Table 38, total SFA significantly increased by 18% in HFD-RET-TAG compared to NFD-

RET-TAG (NFD 23.45± 0.66%; HFD-S 27.63±0.24%, p=0.0007). This is like total RET lipid profiles that 

saw an increase of 16% in the HFD group (NFD, 24.1±0.6%; HFD, 28.4±0.27%, p=0.0004). Total MUFA 

increased by 67% in HFD-S compared to NFD (NFD 28.95±0.45%; HFD-S 48.33±0.29%, p<0.0001), 

while total lipid profiles showed a 60% increase (NFD, 29.59± 0.44%; HFD, 47.28± 0.32%, p<0.0001). 

Total PUFA decreased in HFD by 49% compared to NFD (NFD 45.77±0.99%; HFD-S 23.42±0.14%, 

p<0.0001), like total lipid profiles that showed a 48% decrease (NFD, 23.51±0.12%; HFD, 45.2±1%, 

p<0.0001). In the PUFA fraction, the changes in RET-TAG are largely attributable to the 48% decrease 

in total n-6 PUFA, notably in C18:2n-6 (NFD 42.95±1.09%; HFD-S 22.34±0.14%, p<0.0001) and a 72% 

decrease in C20:4n-6 (NFD 0.54±0.03%; HFD 0.15±0.01%, p<0.0001) (Table 38). This is very similar to 

the C18:2n-6 in RET total lipid profiles (NFD, 41.32±1%; HFD, 22.27±0.1%, p<0.0001) and C20:4n6 

(NFD 0.63 ±0.03%; HFD 0.22±0.02%, p<0.0001) (Table 30). Though total n-3 PUFA decreased by 63% 
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this was not significant (HFD-S, 0.61±0.01%; NFD, 1.66±0.32%, p=0.15) (Table 38), it is similar to 

C18:3n-3 changes seen in total RET lipids (NFD 2.23±0.03%, HFD 0.64±0.01%; p<0.0001) (Table 30). 

Similar profile changes for C22:6n-3 are seen in RET TAG (NFD 0.13±0.02; HFD-S 0.01±0.01%, p=0.002) 

(Table 38), compared to total RET profiles (NFD 0.15±0.01%; HFD 0.02±0.01%, p=0.002) (Table 30). 

 

5.3.2 MES- TAG – NFD vs HFD 

When comparing MES NFD and HFD-S TAG profiles, several FA levels changes, summarised in Table 

40 and Table 41. In the HFD-S group, total SFA significantly increased by 28% 

(∑SFA;21.68±0.50%;27.69±0.23%, p<0.0001). This was largely due to an 15% increase in C16:0 

(C16:0;17.57±0.48%;20.23±0.15%, p=0.002), and the 129% increase in C18:0 

(C18:0;2.63±0.05%;6.02±0.17%, p<0.0001) (Table 40). Total MUFA levels in TAG are identical to that 

of total FA profiles. Total MUFA increased by 63% in HFD-S compared to NFD 

(∑MUFA;29.55±0.42%;48.30±0.32%, p<0.0001) largely attributable to the 73% increase in C18:1n-9 

(C18:1n-9; NFD, 25.27±0.13%; HFD-S, 43.80±0.27%, p<0.0001) (Table 40). This increase was also 

notable compared to C16:0 levels, as the C18:1n-9/C16:0 ratio decreased by 50% (C18:1n-9/C16:0; 

NFD, 1.45±0.04; HFD-S, 2.17±0.03, p<0.0001) (Table 41). Similarly, the levels of C18:1 increased more 

relative to C18:0 (C18:1/C18:0; NFD, 9.82±0.23; HFD-s, 7.48±0.25, p<0.0001). Total PUFA decreased 

in HFD-S by 51% compared to NFD (∑PUFA; NFD, 47.96±0.86%; HFD-S, 23.31±0.19%, p<0.0001), in 

keeping with findings from the total fatty acid profiles. This is largely attributed to the 50% decrease 

in C18:2n-6 (C18:2n-6;44.64±0.85%; HFD-S, 22.34±0.19%,p<0.0001) and 63% decrease in higher ∑n-

6 metabolites (∑n-6 metabolites; NFD, 1.12±0.04%;HFD, 0.41±0.03%,p<0.0001), including a 74% 

decrease in C20:4n-6 (C20:4n-6;NFD, 0.52±0.03%;HFD-S, 0.14±0.01%,p<0.0001) (Table 40). n-3PUFA 

also decreased by 74%, (∑n-3 PUFA;2.19±0.03%; HFD-S, 0.56±0.02%, p<0.0001), most notable from 

the 72% decrease in C18:3n-3 (C18:3n-3; NFD,1.95±0.03%; HFD-S, 0.55±0.02%, p<0.0001), but also 

the 93% decrease in higher n-3PUFA metabolites (∑n-3 metabolites; NFD,0.24±0.01%; HFD-S, 

0.02±0.01%, p<0.0001) (Table 40). These changes dramatically increased the n-6/n-3 ratio by 95% (n-

6/n-3;20.95±0.42;40.82±1.02, p<0.0001) (Table 41). This suggests that less n-3 will be available for 

inflammation mediation. Furthermore, as C18:2n-6 and C18:3n-3 compete for the same enzymes for 

the synthesis of higher metabolites used for oxylipin formation, and with n-6 metabolites favoured 

over n-3, it is likely that more pro-inflammatory n-6 oxylipins will be produced, further exasperating 

an already pro-inflammatory state. This hypothesis is further supported by the decrease of 51% in 
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UFA in HFD-S group compared to NFD (∑UFA; NFD,77.51±0.50%; HFD-S, 71.60±0.19%, p<0.0001) 

(Table 40) and the 26% decrease in the unsaturation index (Unsaturation 

Index;129.83±1.36;95.97±0.21, p<0.0001) (Table 41).  

 

5.3.3 RET- TAG HFD GbE treatment 

Interestingly, when comparing the RET HFD subsets (Table 42 and Table 43), like total lipid profiles 

few changes in the TAG lipid profiles was seen. The only notable change occurred in C18:1n9, with a 

significant 5% decrease seen between both HFD-S and HFD-PF (p=0.0004) and HFD-S and HFD-GbE 

(p=0.0002), while HFD-PF and HFD-GbE showed no difference at all (p=0.98) (HFD-S 46.07, ±0.29%; 

HFD-PF 43.81±0.26%, HFD-GbE 43.71±0.48%) (Table 42). This change in C18:1n-9 profile was not seen 

in RET total lipid profiles, which showed similar percentage area means across all three HFD subsets 

of 42.57-42.72% (Table 34). Overall, only a significant decrease in the ∑PUFA/∑SFA ratio was seen 

between HFD-S and HFD-PF (p=0.03) (HFD-S 0.85±0.01; HFD-PF 0.82±0.01; HFD-GbE 0.83±0.01) 

(Table 43). Taken together, these results suggest that when analysing RET total tissue lipid profiles, it 

is likely that overall, the TAG profile is represented.  

 

5.3.4 MES- TAG HFD GbE treatment 

When comparing the MES HFD subsets (Table 44 and Table 45), few changes in FA percentage levels 

occurred. There was a decrease of 11% in C18:0 levels between the HFD-PF and HFD-GbE groups 

(p=0.02) (C18:0 HFD-S, 6.02±0.17%; HFD-PF ,6.30±0.21%; HFD-GbE, 5.64±0.10%) (Table 44). 

Interestingly, this decrease was not seen in the total fatty acid profile, further supporting the need 

for lipid classes separation when analysing FA profiles. While total SFA remaining similar between the 

HFD-S and HFD-PF groups, a significant decrease was seen between the HFD-S and HFD-GbE groups 

(p=0.04), and was similarly reflected, although not significantly, between the HFD-PF and HFD-GbE 

groups (p=0.07) (MES-TAG-∑SFA; HFD-S, 27.69 ±0.23%; HFD-PF, 27.65±0.16%; HFD-GbE, 

27.04±0.14%) (Table 44). In contract, an increase in C18:1n-9 was seen between the HFD-GbE group 

compared to HFD-S (p=0.04), although this change was not significantly different to the HFD-PF group 

(p=0.12) (C18:1n-9; HFD-S, 43.80±0.27%; HFD-PF, 43.94±0.30%, HFD-GbE, 44.65 ±0.12%) (Table 44).  
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Finally, the C18:2n-6/C18:3n-3 ratio significantly increased in the HFD-GbE group compared to both 

the HFD-S (p=0.05) and HFD-PF (p=0.05) groups (C18:2n-6/C18:3n-3; 41.25±1.07; 41.25±1.70; 

45.58±0.90) (Table 45), although these changes were not reflected entirely in the n-6/n-3 ratio where 

the changes did not reach significance (S vs PF, p=>0.99; S vs GbE, p=0.09; PF vs GbE, p=0.1) (n-6/n-

3; HFD-S, 40.82±1.02; HFD-PF, 40.86±1.71; HFD-GbE, 44.62±0.91; S vs PF, p=>0.99; S vs GbE, p=0.09; 

PF vs GbE, p=0.1). This is an interesting finding as it suggests that an even bigger increase in the gap 

between n-6 and n-3 is occurring in the adipocyte. This may be because n-3 FA are being mobilized 

into other areas or that n-3 PUFA are utilised within the cell in a pro-inflammatory mediated way. 

Interestingly, it has been reported that in an obese phenotype and in a fasting state, the mobilization 

of FA from adipose tissue to circulating FA favours the liberation and circulation of PUFA, while SFA 

less likely to be mobilized out of the adipocyte (Raclot, 2003; Connor, Lin and Colvis, 1996).  
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Table 38. Retroperitoneal Triglyceride fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), 
and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

 NFD HFD-S p value 

 Mean %  SEM Mean %  SEM  
C12:0 0.06 ± 0.01 0.04 ± 0.01 0.0004 
C14:0 0.68 ± 0.05 0.58 ± 0.01 0.85 
C15:0 0.22 ± 0.01 0.09 ± 0.01 <0.0001 
C16:0 19.37 ± 0.60 20.83 ± 0.11 0.61 
C17:0 0.26 ± 0.01 0.27 ± 0.01 0.51 
C18:0 2.63 ± 0.03 5.65 ± 0.15 <0.0001 
C20:0 0.07 ± 0.01 0.06 ± 0.01 0.31 
C21:0 0.05 ± 0.01 0.08 ± 0.01 0.0001 
∑DMA18:0 0.09 ± 0.01 0.02 ± 0.01 0.01 
∑SFA 23.45 ± 0.66 27.63 ± 0.24 0.0007 
C16:1n7 1.68 ± 0.24 1.36 ± 0.05 0.98 
C17:1 0.12 ± 0.01 0.16 ± 0.01 0.51 
C18:1n7t 0.05 ± 0.01 0.04 ± 0.01 0.96 
C18:1n9 trans 0.03 ± 0.01 0.29 ± 0.22 >0.99 
C18:1n9 24.73 ± 0.15 46.07 ± 0.29 <0.0001 
∑DMA18:1 0.11 ± 0.01 0.09 ± 0.01 >0.99 
∑C18:1 26.94 ± 0.22 46.43 ± 0.27 <0.0001 
∑n-7 3.87 ± 0.33 1.43 ± 0.08 <0.0001 
∑n-9 24.78 ± 0.15 46.36 ± 0.28 <0.0001 
∑MUFA 28.95 ± 0.45 48.33 ± 0.29 <0.0001 
C18:2n6 trans 0.05 ± 0.01 0.07 ± 0.04 >0.99 
C18:2n6 42.95 ± 1.09 22.34 ± 0.14 <0.0001 
C18:3n6 0.08 ± 0.01 0.05 ± 0.01 0.07 
C20:2n6 0.24 ± 0.01 0.16 ± 0.01 <0.0001 
C20:3n6 0.09 ± 0.01 0.04 ± 0.01 <0.0001 
C20:4n6 0.54 ± 0.03 0.15 ± 0.01 <0.0001 
C22:4n6 0.18 ± 0.01 0.05 ± 0.01 <0.0001 
∑n-6 PUFA 44.12 ± 1.07 22.81 ± 0.14 <0.0001 
∑n-6 metabolites 1.13 ± 0.04 2.69 ± 2.26 >0.99 
C18:3n-3 trans 0.04 ± 0.01 0.05 ± 0.01 0.97 
C18:3n3 1.57 ± 0.29 0.53 ± 0.01 0.06 
C20:3n3 0.04 ± 0.01 0.02 ± 0.01 0.38 
C22:5n3 0.09 ± 0.01 0.01 ± 0.01 <0.0001 
C22:6n3 0.13 ± 0.02 0.01 ± 0.01 0.002 
∑n-3 PUFA 1.66 ± 0.32 0.61 ± 0.01 0.15 
∑n-3 metabolites 0.23 ± 0.02 0.08 ± 0.05 0.38 
∑PUFA 45.77 ± 0.99 23.42 ± 0.14 <0.0001 
∑UFA 74.72 ± 0.56 71.75 ± 0.26 0.01 
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Table 39. Retroperitoneal Triglyceride fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) and high fat diet 
(HFD-S) (N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with 
Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S p value 
Fatty acid ratios Mean  SEM Mean  SEM  

∑MUFA/∑PUFA 0.64 ± 0.02 2.06 ± 0.02 <0.0001 
∑MUFA/∑SFA 0.81 ± 0.01 0.57 ± 0.01 <0.0001 
∑PUFA/∑SFA 1.98 ± 0.09 0.85 ± 0.01 <0.0001 
∑UFA/∑SFA 3.21 ± 0.11 2.60 ± 0.03 0.002 
C18:0/C16:0 0.14 ± 0.01 0.50 ± 0.23 0.97 
C16:1n-7/C16:0 0.08 ± 0.01 1.69 ± 1.63 >0.99 
C18:1n-9/C16:0 1.29 ± 0.04 45.81 ± 43.60 >0.99 
C18:1n-9/C16:1n-7 17.59 ± 2.41 34.37 ± 1.35 0.001 
C18:1n-7/C18:0 0.82 ± 0.03 0.58 ± 0.58 >0.99 
C18:1/C18:0 10.25 ± 0.11 25.62 ± 17.47 >0.99 
n-6/n-3 36.97 ± 18.00 37.74 ± 0.82 0.98 
C18:2n-6/C18:3n-3 128.10 ± 107.23 41.91 ± 0.74 0.98 
C20:4n-6/C20:3n-6 6.24 ± 0.34 3.27 ± 0.36 0.001 
C20:4n-6/C22:6n-3 4.70 ± 0.40 17.10 ± 1.93 0.0004 
C20:4n-6/C18:3n-3 2.64 ± 1.60 0.35 ± 0.07 0.97 
C20:3n-3/C18:3n-3 0.43 ± 0.41 2.96 ± 2.93 >0.99 
C22:5n-3/C18:3n-3 0.45 ± 0.27 0.02 ± 0.01 0.97 
C22:6n-3/C22:5n-3 1.56 ± 0.33 0.94 ± 0.12 0.96 
C18:2n6/C16:0 2.25 ± 0.12 1.07 ± 0.01 <0.0001 
C18:3n3/C16:0 0.08 ± 0.02 0.07 ± 0.04 >0.99 
C18:3n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 >0.99 
C20:3n-6/C18:3n-6 1.05 ± 0.07 1.11 ± 0.15 >0.99 
C22:4n-6/C20:4n-6 3.03 ± 0.08 3.34 ± 0.12 0.78 
C18:3n6/C22:4n6 86.46 ± 2.17 45.07 ± 0.29 <0.0001 
1 (% monoenoics) 28.90 ± 0.43 48.33 ± 0.28 <0.0001 
2 (% dienoics)  86.46 ± 2.06 45.07 ± 0.27 <0.0001 
3 (% trienoics) 4.93 ± 0.89 1.99 ± 0.05 <0.0001 
4 (% tetraenoics) 2.86 ± 0.13 0.73 ± 0.08 0.02 
5 (% pentaenoics) 0.49 ± 0.03 0.05 ± 0.01 <0.0001 
6 (% hexaenoics) 0.77 ± 0.12 0.05 ± 0.01 0.0002 
Unsaturation Index 124.41 ± 1.49 96.23 ± 0.24 <0.0001 
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Table 40. Mesentery triglyceride fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), 
and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

 NFD   HFD-S   p value 

 Mean %  SEM Mean %  SEM  
C12:0 0.07 ± 0.01 0.05 ± <0.01 0.42 
C14:0 0.59 ± 0.05 0.65 ± 0.01 >0.99 
C15:0 0.24 ± 0.01 0.10 ± <0.01 <0.0001 
C16:0 17.57 ± 0.48 20.23 ± 0.15 0.002 
C17:0 0.29 ± 0.01 0.30 ± <0.01 0.89 
C18:0 2.63 ± 0.05 6.02 ± 0.17 <0.0001 
C20:0 0.12 ± 0.01 0.08 ± 0.01 0.04 
C21:0 0.05 ± 0.01 0.11 ± 0.01 0.08 
C22:0 0.03 ± <0.01 <0.01 ± <0.01 0.001 
DMA18:0 0.11 ± 0.02 0.16 ± 0.02 0.77 
∑SFA 21.68 ± 0.50 27.69 ± 0.23 <0.0001 
C16:1n-7 1.33 ± 0.23 1.36 ± 0.06 >0.99 
C17:1 0.10 ± 0.01 0.19 ± <0.01 0.0001 
C18:1n7 trans 0.02 ± 0.02 0.04 ± 0.01 >0.99 
C18:1n7 2.39 ± 0.11 2.48 ± 0.02 >0.99 
C18:1n9 25.27 ± 0.13 43.80 ± 0.27 <0.0001 
C20:1n9 0.25 ± <0.01 0.32 ± 0.01 <0.0001 
DMA18:1 0.19 ± 0.03 0.03 ± 0.01 0.002 
∑C18:1 25.73 ± 0.24 44.62 ± 0.52 <0.0001 
∑n-7 3.75 ± 0.34 3.88 ± 0.07 >0.99 
∑n-9 25.52 ± 0.13 44.19 ± 0.27 <0.0001 
∑MUFA 29.55 ± 0.42 48.30 ± 0.32 <0.0001 
C18:2n-6t 0.01 ± 0.01 <0.01 ± <0.01 0.92 
C18:2n-6 44.64 ± 0.85 22.34 ± 0.19 <0.0001 
C18:3n-6 0.09 ± 0.01 0.02 ± <0.01 <0.0001 
C20:2n-6 0.22 ± 0.01 0.16 ± 0.01 0.001 
C20:3n-6 0.09 ± <0.01 0.03 ± <0.01 <0.0001 
C20:4n-6 0.52 ± 0.03 0.14 ± 0.01 <0.0001 
C22:4n-6 0.20 ± 0.01 0.07 ± 0.01 <0.0001 
∑n-6 PUFA 45.77 ± 0.85 22.75 ± 0.18 <0.0001 
∑n-6 metabolites 1.12 ± 0.04 0.41 ± 0.03 <0.0001 
C18:3n-3 1.95 ± 0.03 0.55 ± 0.02 <0.0001 
C20:3n-3 0.02 ± 0.01 <0.01 ± <0.01 0.26 
C22:5n-3 0.10 ± <0.01 0.01 ± <0.01 <0.0001 
C22:6n-3 0.12 ± 0.01 0.01 ± <0.01 <0.0001 
∑n-3 PUFA 2.19 ± 0.03 0.56 ± 0.02 <0.0001 
∑n-3 metabolites 0.24 ± 0.01 0.02 ± <0.01 <0.0001 
∑PUFA 47.96 ± 0.86 23.31 ± 0.19 <0.0001 
∑UFA 77.51 ± 0.50 71.60 ± 0.19 <0.0001 
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Table 41. Mesenteric triglyceride fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) and high fat diet (HFD-
S) (N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s 
Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 NFD   HFD-S   p value 

 Mean   SEM Mean   SEM  
∑MUFA/∑PUFA 0.62 ± 0.02 2.07 ± 0.03 <0.0001 
∑MUFA/∑SFA 0.46 ± 0.02 1.19 ± 0.01 <0.0001 
∑PUFA/∑SFA 1.63 ± 0.05 0.48 ± 0.01 <0.0001 
∑UFA/∑SFA 3.60 ± 0.11 2.59 ± 0.03 <0.0001 
C18:0/C16:0 0.15 ± 0.01 0.30 ± 0.01 <0.0001 
C16:1n-7/C16:0 0.07 ± 0.01 0.07 ± 0.01 >0.99 
C18:1n-9/C16:0 1.45 ± 0.04 2.17 ± 0.03 <0.0001 
C18:1n-9/C16:1n-7 24.03 ± 3.75 32.72 ± 1.41 0.64 
C18:1n-7/C18:0 0.92 ± 0.06 0.42 ± 0.01 <0.0001 
C18:1/C18:0 9.82 ± 0.23 7.48 ± 0.25 <0.0001 
n-6/n-3 20.95 ± 0.42 40.82 ± 1.02 <0.0001 
C15:0/C17:0 0.15 ± 0.01 0.30 ± 0.01 <0.0001 
C18:2n-6/C18:3n-3 22.91 ± 0.46 41.25 ± 1.07 <0.0001 
C20:4n-6/C20:3n-6 6.04 ± 0.30 4.91 ± 0.33 0.45 
C20:4n-6/C22:6n-3 4.46 ± 0.20 16.88 ± 1.82 0.0001 
C20:4n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 0.0001 
C20:4n-6/C18:3n-3 0.27 ± 0.01 0.25 ± 0.02 >0.99 
C20:3n-3/C18:3n-3 0.01 ± 0.01 <0.01 ± 0.01 0.25 
C20:5n-3/C18:3n-3 <0.01 ± 0.01 <0.01 ± 0.01 >0.99 
C22:5n-3/C18:3n-3 0.05 ± 0.01 0.01 ± 0.01 <0.0001 
C22:6n-3/C18:3n-3 0.06 ± 0.01 0.02 ± 0.01 <0.0001 
C22:6n-3/C22:5n-3 1.22 ± 0.13 1.28 ± 0.24 >0.99 
C18:2n6/C16:0 2.57 ± 0.12 1.10 ± 0.01 <0.0001 
C18:3n3/C16:0 0.11 ± 0.01 0.03 ± 0.01 <0.0001 
C18:3n-6/C18:2n-6 <0.01 ± 0.01 <0.01 ± 0.01 0.03 
C20:3n-6/C18:3n-6 1.13 ± 0.17 2.09 ± 0.32 0.39 
C22:4n-6/C20:4n-6 2.59 ± 0.11 2.92 ± 0.70 >0.99 
1 (% monoenoics) 29.55 ± 0.42 48.30 ± 0.32 <0.0001 
2 (% dienoics)  89.75 ± 1.70 44.99 ± 0.37 <0.0001 
3 (% trienoics) 6.41 ± 0.08 1.77 ± 0.05 <0.0001 
4 (% tetraenoics) 2.88 ± 0.15 0.82 ± 0.07 <0.0001 
5 (% pentaenoics) 0.51 ± 0.02 0.03 ± 0.01 <0.0001 
6 (% hexaenoics) 0.72 ± 0.06 0.05 ± 0.01 <0.0001 
Unsaturation Index 129.83 ± 1.36 95.97 ± 0.21 <0.0001 
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Table 42.  Retroperitoneal Triglyceride fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results 
are presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE p value 

 

Mean 
%  SEM 

Mean 
%  SEM 

Mean 
%  SEM S Vs PF S Vs GbE PF Vs GbE 

C12:0 0.04 ± <0.01 0.05 ± <0.01 0.04 ± <0.01 0.03 0.05 0.05 
C14:0 0.58 ± 0.01 0.65 ± 0.01 0.61 ± 0.01 0.20 0.01 0.01 
C16:0 20.83 ± 0.11 20.93 ± 0.16 20.85 ± 0.14 0.87 >0.99 0.90 
C18:0 5.65 ± 0.15 6.28 ± 0.11 5.96 ± 0.15 0.01 0.27 0.26 
C20:0 0.06 ± <0.01 0.07 ± <0.01 0.06 ± <0.01 0.21 0.85 0.46 
C22:0 0.01 ± <0.01 0.01 ± <0.01 0.01 ± <0.01 0.44 0.56 >0.99 
∑SFA 27.63 ± 0.24 28.42 ± 0.15 28.02 ± 0.27 0.05 0.44 0.44 
C16:1n7 1.36 ± 0.05 1.33 ± 0.06 1.35 ± 0.03 0.92 >0.99 0.95 
C17:1 0.16 ± 0.01 0.17 ± 0.01 0.18 ± <0.01 0.75 0.48 0.89 
C18:1n7t 0.04 ± <0.01 0.04 ± <0.01 0.03 ± <0.01 >0.99 0.86 0.92 
C18:1n7 0.30 ± <0.01 1.96 ± 0.21 2.27 ± 0.01 0.72 0.94 0.48 
C18:1n9 trans 0.29 ± 0.22 0.09 ± 0.01 0.08 ± <0.01 0.51 0.47 >0.99 
C18:1n9 46.07 ± 0.29 43.81 ± 0.26 43.71 ± 0.48 0.0004 0.0002 0.98 
C20:1n9 0.29 ± 0.01 0.30 ± 0.01 0.30 ± 0.01 0.67 0.78 0.98 
∑DMA18:1 0.09 ± 0.01 0.09 ± 0.02 0.25 ± 0.23 >0.99 0.66 0.66 
∑C18:1 46.43 ± 0.27 45.88 ± 0.20 45.86 ± 0.45 0.46 0.44 >0.99 
∑n-7 1.43 ± 0.08 3.32 ± 0.22 11.74 ± 5.40 0.90 0.07 0.16 
∑n-9 46.36 ± 0.28 44.11 ± 0.25 44.02 ± 0.48 0.0003 0.0002 0.99 
∑MUFA 48.33 ± 0.29 47.78 ± 0.19 47.96 ± 0.29 0.31 0.59 0.87 
C18:2n6 trans 0.07 ± 0.04 0.06 ± <0.01 0.06 ± <0.01 0.76 0.77 >0.99 
C18:2n6 22.34 ± 0.14 22.04 ± 0.13 22.24 ± 0.08 0.20 0.82 0.48 
C18:3n6 0.05 ± 0.01 0.03 ± <0.01 0.03 ± <0.01 0.69 0.28 0.75 
C20:2n6 0.16 ± 0.01 0.16 ± 0.01 0.17 ± 0.01 >0.99 0.84 0.87 
C20:3n6 0.04 ± <0.01 0.03 ± <0.01 0.04 ± <0.01 0.22 >0.99 0.23 
C20:4n6 0.15 ± 0.01 0.14 ± 0.01 0.15 ± 0.01 0.66 0.99 0.60 
C22:4n6 0.05 ± <0.01 0.03 ± 0.01 0.04 ± <0.01 0.01 0.54 0.06 
∑n-6 PUFA 22.81 ± 0.14 22.49 ± 0.16 22.72 ± 0.09 0.22 0.89 0.43 
∑n-6 metabolites 2.69 ± 2.26 0.39 ± 0.04 0.43 ± 0.03 0.44 0.45 >0.99 
C18:3n-3 trans 0.05 ± <0.01 0.05 ± <0.01 0.05 ± <0.01 0.60 0.78 0.95 
C18:3n3 0.53 ± 0.01 0.55 ± 0.02 0.54 ± 0.01 0.77 0.98 0.88 
C20:3n3 0.02 ± <0.01 0.02 ± <0.01 0.01 ± <0.01 0.67 0.95 0.84 
C22:5n3 0.01 ± <0.01 0.01 ± <0.01 0.01 ± <0.01 0.67 0.95 0.84 
C22:6n3 0.01 ± <0.01 0.09 ± 0.08 0.01 ± <0.01 0.32 >0.99 0.30 
∑n-3 PUFA 0.61 ± 0.01 0.68 ± 0.06 0.60 ± 0.01 0.39 0.99 0.34 
∑n-3 metabolites 0.08 ± 0.05 0.08 ± 0.06 0.02 ± <0.01 >0.99 0.62 0.61 
∑PUFA 23.42 ± 0.14 23.17 ± 0.15 23.33 ± 0.10 0.39 0.88 0.68 
∑UFA 71.75 ± 0.26 70.95 ± 0.15 71.29 ± 0.28 0.06 0.37 0.57 
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Table 43. Retroperitoneal Triglyceride fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-
saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results 
presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of 
statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE p value 

 Mean  SEM Mean  SEM Mean  SEM S Vs PF 
S Vs 
GbE 

PF Vs 
GbE 

∑MUFA/∑PUFA 2.06 ± 0.02 2.06 ± 0.02 2.06 ± 0.02 >0.99 0.95 0.97 
∑MUFA/∑SFA 0.57 ± 0.01 0.59 ± 0.01 0.58 ± 0.01 0.11 0.48 0.62 
∑PUFA/∑SFA 0.85 ± 0.01 0.82 ± 0.01 0.83 ± 0.01 0.03 0.44 0.33 
∑UFA/∑SFA 2.60 ± 0.03 2.50 ± 0.02 2.55 ± 0.03 0.05 0.42 0.46 
C18:0/C16:0 0.50 ± 0.23 0.30 ± 0.01 0.29 ± 0.01 0.53 0.49 >0.99 
C16:1n-7/C16:0 1.69 ± 1.63 0.06 ± <0.01 0.06 ± <0.01 0.45 0.45 >0.99 
C18:1n-9/C16:0 45.81 ± 43.6 2.09 ± 0.02 2.12 ± 0.03 0.45 0.45 >0.99 
C18:1n-9/C16:1n-7 34.37 ± 1.35 33.47 ± 1.59 32.27 ± 0.77 0.94 0.23 0.38 
C18:1n-7/C18:0 0.58 ± 0.58 0.31 ± 0.03 1.65 ± 0.85 0.99 0.23 0.16 
C18:1/C18:0 25.62 ± 17.47 7.33 ± 0.13 7.75 ± 0.25 0.42 0.43 >0.99 
n-6/n-3 37.74 ± 0.82 35.01 ± 2.27 37.80 ± 0.39 0.37 >0.99 0.36 
C18:2n-6/C18:3n-3 41.91 ± 0.74 40.67 ± 1.37 41.35 ± 0.52 0.63 0.91 0.87 
C20:4n-6/C20:3n-6 3.27 ± 0.36 4.42 ± 0.41 3.73 ± 0.16 0.04 0.55 0.27 
C20:4n-6/C22:6n-3 17.10 ± 1.93 17.55 ± 4.43 18.92 ± 1.30 0.99 0.89 0.96 
C20:4n-6/C18:2n-6 0.01 ± <0.01 0.01 ± <0.01 0.01 ± <0.01 0.69 0.99 0.63 
C20:4n-6/C18:3n-3 0.35 ± 0.07 0.25 ± 0.02 0.29 ± 0.02 0.23 0.55 0.81 
C20:3n-3/C18:3n-3 2.96 ± 2.93 0.04 ± <0.01 0.02 ± <0.01 0.41 0.40 >0.99 
C22:5n-3/C18:3n-3 0.02 ± 0.01 0.01 ± <0.01 0.02 ± <0.01 0.56 0.99 0.64 
C22:6n-3/C18:3n-3 0.04 ± 0.02 0.16 ± 0.15 0.02 ± <0.01 0.64 0.97 0.50 
C22:6n-3/C22:5n-3 0.94 ± 0.12 12.71 ± 11.57 0.91 ± 0.07 0.44 >0.99 0.42 
C18:2n6/C16:0 1.07 ± 0.01 1.05 ± 0.01 1.07 ± 0.01 0.34 0.91 0.57 
C18:3n3/C16:0 0.07 ± 0.04 0.03 ± <0.01 0.03 ± <0.01 0.46 0.45 >0.99 
C20:3n-6/C18:3n-6 1.11 ± 0.15 1.08 ± 0.16 1.22 ± 0.15 0.92 0.35 0.19 
C22:4n-6/C20:4n-6 3.34 ± 0.12 5.97 ± 0.64 3.74 ± 0.16 <0.0001 0.67 0.0002 
C18:3n6/C22:4n6 45.07 ± 0.29 44.53 ± 0.28 44.93 ± 0.17 0.29 0.91 0.50 
1 (% monoenoics) 48.33 ± 0.28 47.78 ± 0.18 47.96 ± 0.27 0.82 0.79 0.42 
2 (% dienoics)  45.07 ± 0.27 44.53 ± 0.26 44.93 ± 0.16 0.99 0.38 0.31 
3 (% trienoics) 1.99 ± 0.05 1.99 ± 0.06 1.96 ± 0.03 0.91 0.10 0.04 
4 (% tetraenoics) 0.73 ± 0.08 0.65 ± 0.08 0.78 ± 0.06 0.50 0.47 >0.99 
5 (% pentaenoics) 0.05 ± 0.01 0.03 ± 0.01 0.05 ± 0.01 0.34 0.68 0.82 
6 (% hexaenoics) 0.05 ± 0.01 0.38 ± 0.32 0.05 ± 0.01 0.91 >0.99 0.90 
Unsaturation Index 96.23 ± 0.24 95.35 ± 0.35 95.73 ± 0.29 0.59 0.69 0.98 
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Table 44. Mesenteric triglyceride fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), 
and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE  p value  
 Mean %   SEM Mean %    SEM Mean %   SEM S Vs PF S Vs GbE PF Vs GbE 

C12:0 0.05 ± <0.01 0.04 ± 0.01 0.04 ± 0.01 0.92 0.79 0.97 

C14:0 0.65 ± 0.01 0.65 ± 0.02 0.60 ± 0.02 0.97 >0.99 >0.99 

C16:0 20.23 ± 0.15 20.01 ± 0.18 19.92 ± 0.11 0.55 0.30 0.91 

C17:0 0.30 ± 0.01 0.30 ± 0.01 0.28 ± 0.01 >0.99 0.002 0.002 

C18:0 6.02 ± 0.17 6.30 ± 0.21 5.64 ± 0.10 0.44 0.22 0.02 

C20:0 0.08 ± 0.01 0.01 ± 0.01 0.09 ± 0.01 <0.0001 0.45 <0.0001 

C21:0 0.11 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.20 0.16 >0.99 

DMA18:0 0.16 ± 0.02 0.16 ± 0.03 0.29 ± 0.06 0.96 0.10 0.05 

∑SFA 27.69 ± 0.23 27.65 ± 0.16 27.04 ± 0.14 0.98 0.04 0.07 

C16:1n-7 1.36 ± 0.06 1.35 ± 0.09 1.27 ± 0.05 >0.99 0.57 0.64 

C17:1 0.19 ± 0.01 0.18 ± 0.01 0.15 ± 0.02 0.85 0.08 0.24 

C18:1n7 trans 0.04 ± 0.01 0.11 ± 0.02 0.04 ± 0.01 0.0002 >0.99 0.0003 

C18:1n7 2.48 ± 0.02 2.56 ± 0.03 2.46 ± 0.04 0.18 0.93 0.09 

C18:1n-9t 0.07 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.35 0.30 >0.99 

C18:1n-9 43.80 ± 0.27 43.94 ± 0.30 44.65 ± 0.12 0.91 0.04 0.12 

C20:1n9 0.32 ± 0.01 0.33 ± 0.01 0.31 ± 0.01 0.75 0.70 0.31 

∑DMA18:1 0.03 ± 0.01 0.05 ± <0.01 0.03 ± 0.01 <0.0001 <0.0001 <0.0001 

∑C18:1 44.62 ± 0.52 44.03 ± 0.30 44.73 ± 0.12 0.48 0.97 0.36 

∑n-7 3.88 ± 0.07 4.02 ± 0.08 3.77 ± 0.08 0.38 0.55 0.06 

∑n-9 44.19 ± 0.27 44.36 ± 0.30 45.04 ± 0.12 0.88 0.04 0.13 

∑MUFA 48.30 ± 0.32 48.61 ± 0.28 48.99 ± 0.12 0.65 0.13 0.54 

C18:2n-6 trans  0.01 ± 0.01 0.01 ± 0.01 0.05 ± 0.01 0.37 <0.0001 0.0001 

C18:2n-6 22.34 ± 0.19 22.27 ± 0.19 22.27 ± 0.11 0.96 0.96 >0.99 

C18:3n-6 0.02 ± 0.01 0.01 ± 0.01 0.04 ± 0.01 0.55 <0.0001 <0.0001 

C20:2n-6 0.16 ± 0.01 0.15 ± 0.01 0.14 ± 0.01 0.84 0.29 0.62 

C20:3n-6 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.81 >0.99 0.76 

C20:4n-6 0.14 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.46 0.34 0.98 

C22:4n-6 0.07 ± 0.01 0.02 ± 0.01 0.06 ± 0.01 0.004 0.74 0.02 

∑n-6 PUFA 22.75 ± 0.18 22.62 ± 0.20 22.71 ± 0.12 0.86 0.99 0.92 

∑n-6 metabolites 0.41 ± 0.03 0.33 ± 0.03 0.38 ± 0.01 0.10 0.75 0.34 

C18:3n-3 0.55 ± 0.02 0.55 ± 0.02 0.49 ± 0.01 >0.99 0.07 0.07 

C22:5n-3 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.87 0.28 0.13 

C22:6n-3 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 >0.99 0.63 0.61 

∑n-3 PUFA 0.56 ± 0.02 0.56 ± 0.02 0.51 ± 0.01 0.54 0.61 0.99 

∑n-3 metabolites 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.74 0.33 0.09 

∑PUFA 23.31 ± 0.19 23.18 ± 0.22 23.23 ± 0.12 0.42 >0.99 0.44 

∑UFA 71.60 ± 0.19 71.79 ± 0.16 72.22 ± 0.14 0.47 0.99 0.41 
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Table 45. Mesenteric triglyceride fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) and high fat diet (HFD-
S) (N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s 
Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE  p value  

 

Mean 
%  SEM 

Mean 
%  SEM 

Mean 
%  SEM S Vs PF 

S Vs 
GbE 

PF Vs 
GbE 

∑MUFA/∑PUFA 2.07 ± 0.03 2.10 ± 0.03 2.11 ± 0.01 0.95 0.28 0.18 

∑MUFA/∑SFA 1.19 ± 0.01 1.19 ± 0.01 1.16 ± 0.01 0.95 0.28 0.18 

∑PUFA/∑SFA 0.48 ± 0.01 0.48 ± 0.01 0.47 ± 0.01 0.78 0.53 0.92 

∑UFA/∑SFA 2.59 ± 0.03 2.60 ± 0.02 2.67 ± 0.02 0.95 0.04 0.08 

C18:0/C16:0 0.30 ± 0.01 0.32 ± 0.01 0.28 ± 0.01 0.36 0.52 0.05 

C16:1n-7/C16:0 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 >0.99 0.70 0.68 

C18:1n-9/C16:0 2.17 ± 0.03 2.20 ± 0.03 2.24 ± 0.02 0.64 0.09 0.45 

C18:1n-9/C16:1n-7 32.72 ± 1.41 33.83 ± 2.67 35.85 ± 1.55 0.91 0.47 0.74 

C18:1n-7/C18:0 0.42 ± 0.01 0.41 ± 0.01 0.44 ± 0.01 0.95 0.43 0.30 

C18:1/C18:0 7.48 ± 0.25 7.05 ± 0.22 7.96 ± 0.14 0.33 0.24 0.01 

n-6/n-3 40.82 ± 1.02 40.86 ± 1.71 44.62 ± 0.91 >0.99 0.09 0.10 

C18:2n-6/C18:3n-3 41.25 ± 1.07 41.25 ± 1.70 45.58 ± 0.90 >0.99 0.05 0.05 

C20:4n-6/C20:3n-6 4.91 ± 0.33 5.56 ± 0.44 4.38 ± 0.32 0.44 0.56 0.08 

C20:4n-6/C22:6n-3 16.88 ± 1.82 15.79 ± 2.02 13.25 ± 1.42 0.90 0.31 0.57 

C20:4n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.46 0.23 0.90 

C20:4n-6/C18:3n-3 0.25 ± 0.02 0.22 ± 0.01 0.24 ± 0.01 0.31 0.93 0.50 

C22:5n-3/C18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.78 0.12 0.03 

C22:6n-3/C18:3n-3 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.98 0.42 0.34 

C22:6n-3/C22:5n-3 1.28 ± 0.24 1.06 ± 0.18 1.16 ± 0.24 0.83 0.92 0.96 

C18:2n6/C16:0 1.10 ± 0.01 1.11 ± 0.01 1.12 ± 0.01 0.82 0.65 0.96 

C18:3n3/C16:0 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.91 0.08 0.04 

C18:3n-6/C18:2n-6 <0.01 ± 0.01 <0.01 ± 0.01 <0.01 ± 0.01 0.61 0.02 0.002 

C20:3n-6/C18:3n-6 2.09 ± 0.32 1.92 ± 0.34 0.85 ± 0.13 0.90 0.01 0.03 

C22:4n-6/C20:4n-6 2.92 ± 0.70 6.32 ± 0.51 1.98 ± 0.05 0.0002 0.38 <0.0001 

1 (% monoenoics) 48.30 ± 0.32 43.75 ± 4.87 48.99 ± 0.12 0.50 0.98 0.40 

2 (% dienoics)  44.99 ± 0.37 40.39 ± 4.50 44.94 ± 0.22 0.44 >0.99 0.45 

3 (% trienoics) 1.77 ± 0.05 1.58 ± 0.19 1.67 ± 0.03 0.48 0.80 0.86 

4 (% tetraenoics) 0.82 ± 0.07 0.52 ± 0.08 0.72 ± 0.03 0.01 0.49 0.09 

5 (% pentaenoics) 0.03 ± 0.01 0.03 ± 0.01 0.05 ± 0.01 0.71 0.29 0.07 

6 (% hexaenoics) 0.05 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 0.89 0.65 0.38 

Unsaturation Index 95.97 ± 0.21 86.31 ± 9.59 96.43 ± 0.26 0.45 >0.99 0.41 
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5.4 RET and MES CE 

 
The significance and importance of CE changes has been covered already Chapter 1 and Chapter 4. 

CE represent FA’s either available from the diet or FA that have been liberated from the phospholipid 

membrane to transport cholesterol around the body (Nakamura et al., 2004).  

5.4.1 RET -CE– NFD vs HFD 

Significant changes occur across SFA, MUFA and PUFA % levels in the CE fatty acid profile following 

an HFD, summarised in Table 46 and Table 47. Total SFA increased in HFD-S by 20% (CE, HFD-S 

24.86±0.29%; NFD 20.76±0.63%, p=0.001), largely due to the increase in C18:0 (CE, HFD-S 

5.36±0.11%; NFD 2.67±0.07%, p<0.0001) (Table 46). This is around 4% less in area percentage than 

the amount of SFA found within the TAG fractions of both NFD and HFD (TAG, HFD-S 27.63±0.24%; 

NFD 23.45± 0.66%, p=0.0007). This increased the C18:0/C16:0 ratio in the NFD by 83% (HFD-S 

0.29±0.00; NFD 0.16±0.00, p<0.0001) (Table 47). Total MUFA increased in HFD-S by 74% (HFD-S 

44.02±0.2%; NFD 25.24±0.38%, p<0.0001), mostly due to the increase in C18:1n-9 (CE, HFD-S 

41.75±0.22%; NFD 21.10±0.22%, p<0.0001) (Table 46). This is an additional increase of 7% compared 

to MUFA levels in the TAG fraction which increased by 67% in HFD-S compared to NFD (TAG, HFD-S 

48.33±0.29%; NFD 28.95±0.45%, p<0.0001) (Table 46) but does not explain the difference lower 60% 

increase in total RET lipid profiles (Total-FA, HFD, 47.28± 0.32%, NFD, 29.59± 0.44%, p<0.0001) (Table 

30). Total PUFA in CE decreased in HFD-S by 42% (CE, HFD-S 29.70±0.28%; NFD 52.08±1.06%, 

p<0.0001) (Table 46). These PUFA levels are approximately 6% higher for both the NFD and HFD 

groups compared to TAG levels (TAG-PUFA decreased in HFD by 49% compared to NFD (HFD-S 

23.42±0.14%; NFD 45.77±0.99%, p<0.0001), like total lipid profiles that showed a 48% decrease (RET 

-Total-FA PUFA; NFD, 23.51±0.12%, HFD, 45.2±1%; p<0.0001) (Table 30). This CE PUFA change 

included a decrease of 41% in n-6 PUFA (HFD-S 28.2±0.21%; NFD 47.95±1.05%, p<0.0001) largely 

attributable to C18:2n-6 (HFD-S 27.35±0.16%; NFD 46.14±1.08%, p<0.0001) but also n-6 metabolites 

(HFD-S 0.85±0.09%; NFD 1.76±0.11%, p=0.0003) (Table 46). Similarly, n-3 PUFA decreased in HFD-S 

by 64% (HFD-S 1.5±0.07%; NFD 4.14±0.18%, p<0.0001) with a 79% decrease in n-6 metabolites (HFD-

S 1.5±0.07%; NFD 4.14±0.18%, p<0.0001) (  
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Table 46). These changes were reflected in the n-6/n-3 ratio which increased by 63% in the HFD group 

(HFD-S 19.19±0.88; NFD 11.78±0.55, p<0.0001) (Table 47). The changes in the SFA, MUFA and PUFA 

were also reflected in the CE fatty acid % ratios of the HFD-S subset (Table 47) such as a 204% increase 

in the ∑MUFA/∑PUFA (HFD-S 1.48±0.02; NFD 0.49±0.02, p<0.0001), a 31% decrease in the 

∑MUFA/∑SFA ratio (HFD-S 0.56±0.01; NFD 0.82±0.01, p<0.0001) and  a 53% decrease in the 

∑PUFA/∑SFA ratio (HFD-S 1.20±0.02; NFD 2.54±0.12, p<0.0001). Overall, a 21% decrease in the 

∑UFA/∑SFA ratio (HFD-S 2.97±0.04; NFD 3.76±0.15, P=0.003) was seen. Ultimately this resulted in a 

decrease of 22% in the unsaturation index of the HFD group (HFD-S 106.31±0.69; NFD 136.10±1.87, 

p<0.0001) (Table 47). 

 

5.4.2 MES-CE – NFD vs HFD 

When comparing MES NFD and HFD-S CE, significant changes occur across SFA, MUFA and PUFA % 

levels, as well as their ratios (Table 48 and Table 49). In the HFD-S group, total SFA levels increased 

by 48% compared to the NFD group (∑SFA; NFD,14.96±0.51%; HFD-S,22.19±0.38%, p<0.0001). This 

was due to the 35% and 172% significant increase in both C16:0 (C16:0; NFD,12.20±0.46%; HFD-

S,16.46±0.27%, p<0.0001) and C18:0 (C18:0; NFD,1.63±0.05%; HFD-S,4.43±0.16%, p<0.0001), 

respectively (Table 48). The increase in SFA in MES-CE for the HFD-S is much higher than that found 

in the RET-CE fraction, that increased by 20% (RET-CE, NFD 20.76±0.63%; HFD-S 24.86±0.29%, 

p=0.001) (Table 48). This was due to SFA represents a lower percentage of the CE fraction in the NFD 

MES VAT (~21%), compared to NFD RET-VAT (~14%). In contrast, SFA represented ~22% of the MES-

CE-profile, compared to ~25% in RET-CE. Furthermore, in the MES HFD-S group, total MUFA increased 

by 88% compared to the NFD group (∑MUFA; NFD,22.74±0.51%; HFD-S,42.84±0.47%, p<0.0001). This 

was attributed to the 25% and 100% increases in C18:1n-7 (C18:1n-7; NFD,1.83±0.10%; HFD-

S,2.29±0.03%, p=0.007) and C18:1n-9 (C18:1n-9; NFD, 19.27±0.27%; HFD-S,38.44±0.45%, p<0.0001), 

respectively (Table 48). These percentages for total MUFA are slightly lower than that seen in RET-

CE-MUFA (NFD 25.24±0.38; HFD-S 44.02±0.2%, p<0.0001) (Table 46) although both RET and MES 

MUFA percentages increased relatively consistently following a HFD in both tissues, with a MUFA 

NFD/HFD ratio of 0.53 in MES tissue, and 0.57 in RET tissue. The increase of 47% in the C18:1n-

9/C16:0 ratio of the HFD-S group (C18:1n-9/C16:0; NFD,1.59±0.04; HFD-S,2.34±0.04, p<0.0001) 

(Table 49) suggests that more C18:1n-9 is either more available or is being liberated into the CE 

fraction in the HFD group. To explore this further, when looking at the overall difference in C18:1n-9 
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between the NFD and the HFD, we see that in TAG, the NFD/HFD C18:1n-9 ratio is 0.58 

(NFD/HFD=0.58), while in CE, the ratio is 0.5, which suggests that more overall C18:1n-9 is being 

incorporated into the CE fraction in an HFD, compared to that stored in TAG.  As C18:1n-9 levels are 

higher in both TAG and CE compared to that available from the respective rat chows, this again points 

to DNL occurring either at a local level within the adipocyte, or in the liver and further stored in the 

adipocyte.  

MES CE PUFA levels also decreased in the HFD-S group compared to the NFD group by 44% (∑PUFA; 

NFD,60.13±1.02%; HFD-S,33.55±0.63%, p<0.0001) (Table 48). This is very similar to the 42% decrease 

also seen in RET tissue. MES-CE n-6 PUFA decreased by 42% (∑n-6 PUFA; NFD,55.37±0.96%; HFD-

S,31.96±0.57%, p<0.0001), predominantly from the 42% decrease in C18:2n-6 (C18:2n-6; 

NFD,53.60±0.95%; HFD-S,31.19±0.56%, p<0.0001) but also in the 56% decrease in n-6 metabolites 

(∑n-6metabolites; NFD,1.73±0.06%; HFD-S,0.76±0.05%, p<0.0001) (Table 48).  Similarly, n-3PUFA also 

decreased by 67% (MES-CE-∑n-3 PUFA; NFD,4.76±0.12%; HFD-S,1.59±0.08%, p<0.0001), 

predominantly from the 64% decrease in C18:3n-3 (C18:3n-3; NFD,4.22±0.11%; HFD-S,1.50±0.08%, 

p<0.0001), as well as the 83% decrease in n-3 metabolites (∑n-3 metabolites; NFD,0.54±0.02%; HFD-

S,0.09±0.01%, p<0.0001) (Table 48). The n-6/n-3 ratio in HFD-S also increased by 74% (n-6/n-3; 

NFD,11.68±0.26; HFD-S,20.47±0.86, p<0.0001) compared to NFD (Table 49).  

Overall, total UFA represented ~83% and ~76% of NFD and HFD-S CE fatty acids, respectively, with a 

significant decrease of 8% seen in the HFD-S group (∑UFA; NFD,82.87±0.56%; HFD-S,76.38±0.35%, 

p<0.0001) (Table 48). This, along with the increase in SFA saw a decrease in the UFA/SFA ratio by 38% 

(∑UFA/∑SFA; NFD,5.60±0.21; HFD-S,3.45±0.07, p<0.0001) (Table 49). This suggests that mostly UFA 

are being liberated from the sn2-position of phospholipids for the synthesis of CE, but the availability 

of UFA is decreased by 8% in the HFD-S group, which may indicate that more SFA are being 

incorporated at the sn2- position of the phospholipid PC, which may result in a more rigid membrane 

in an HFD. This hypothesis is also backed up by the 26% decrease in the unsaturation index following 

a HFD (Unsaturation Index; NFD,151.73±1.69; HFD-S,112.65±1.01, p<0.0001) (Table 49). 

Furthermore, the MUFA/PUFA ratio increased by 237% (∑MUFA/∑PUFA; NFD, 0.38 ±0.02; HFD-S, 

1.28±0.04, p<0.0001) (Table 49) which shows that much less PUFA are available for CE synthesis, 

indicating that a much larger portion of fatty acids at the sn2-position of the PC in the phospholipid 

membrane is made from MUFA. Firstly, this suggests that less PUFA are available for incorporation 

into the membrane following a HFD, which makes sense owing to the increase in MUFA and decrease 
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in PUFA in HFD rat chow. Secondly utilized from the membrane for the synthesis of other molecules 

such as oxylipins and are being replaced by MUFA rather than PUFA.  

The CE FA data from RET tissue for the NFD and HFD groups suggests that higher amounts and ratios 

of SFA and MUFA and lower amounts of PUFA, both in n-6 and n-3 form are being incorporated to 

and/or cleaved from the sn-2 bonding site of PC of the lipid membrane. This may indicate that the 

lipid membrane of the adipocyte is less fluid in the HFD group compared to the NFD group. This may 

occur due to lower amounts of PUFA and double bonds, or oxidization and utilization of PUFA in 

another pathway such as pro-resolving mediation of inflammation. As previously mentioned, in 

peripheral tissues CE are predominantly synthesised by LCAT which utilizes PC as a source of acyl 

chains. LCAT associates preferentially with the HDL lipoprotein and catalyses the transfer of the sn-2 

fatty acid of PC to cholesterol to produce CE and LPC (Nakamura et al., 2004). It should therefore be 

considered pragmatic to also consider PPL fatty acids as a source of CE when analysing CE profile 

levels. Of the fatty acids incorporated into PPLs, one fatty acid may be saturated, while the other 

generally carries a double bond, allowing for fluidity when packaged together, affecting the fluidity 

of the membrane (Alberts et al., 2002). The incorporation of ω–3 fatty acids into PPLs such as EPA 

and DHA, mostly occurs in the sn–2 position of the PPL and changes the organization and size of lipid 

rafts (De-Santis et al., 2018; Hou, McMurray and Chapkin, 2016; Schumann, 2016). Certain PPLs 

favour the inner leaflet such as PE, PS and PI and tend to be richer in PUFA and lower in SFA while P 

and sphingomyelin favour the outer leaflet and tend to be richer in SFA and lower in PUFA (Lorent et 

al., 2020; van IJzendoorn, Agnetti and Gassama-Diagne, 2020; Rivel, Ramseyer and Yesylevskyy, 2019; 

Simons and Sampaio, 2011; van Meer, 2011). PPL unsaturation is similarly asymmetric, with a two-

fold higher distribution of unsaturated fatty acids in the cytoplasmic leaflet compared to the 

exoplasmic leaflet (Lorent et al., 2020). As covered in Chapter 1, PUFA are used to produce 

inflammation molecules including resolvins, protectins and maresins, lipoxins and eicosanoids  

(Schebb et al., 2022; Liput et al. 2021; Astarita et al. 2015; Gabbs et al. 2015; Godessart et al. 1996). 

The significantly decreased amounts of RET-CE n-6 PUFA (p<0.0001), VLCFA n-6 metabolite 

(p=0.0003), n-3 PUFA (p<0.0001), and VLCFA n-3 metabolite levels (p<0.0001) in the HFD-S group 

further suggest an increased inflammatory state. Looking into the PPL fraction may provide more 

insight. 
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5.4.3 RET-CE HFD GbE treatment 

Looking at the RET-CE of the three HFD subsets (Table 50 and Table 51), in a similar trend to that of 

Total and TAG FA levels, fewer significant changes occurred between the groups. With that said, 

however, some changes of note include the significant increase in C18:1n-7 in both the HFD-PF and 

HFD-GbE groups compared to HFD-S. Very little C18:1n-7 (vaccenic acid) occurred in the HFD-S group 

(~0.01%), but this increase to 2% in HFD-PF and 2.25% in HFD-GbE (Table 50). This coincided with 

significantly lower amounts of C18:1n-9 in both HFD-PF (~38.7%, p<0.0001) and HFD-GbE groups 

(~39.8%, p=0.0006) compared to HFD-S (~42.1%) (Table 50). The C18:1n-9/C16:0 that did not change 

between the HFD-S and HFD-GbE group but did decrease in HFD-PF compared to both (p=0.04, 

p=0.01, respectively) (Table 51). C18:1n-7 levels in both the PF and GbE group returned to levels 

comparable to the NFD group.  

 

5.4.4 MES-CE HFD GbE treatment 

Very few changes in FA levels occurred in the HFD subsets treated with GbE or calorie restricted (HFD-

PF) (Table 52 and Table 53). Interestingly, both the UFA level and unsaturation index remained 

completely the same for all three groups. This was also seen in the MUFA/SFA, MUFA/PUFA, 

PUFA/SFA, UFA/SFA and n-6/n-3 ratios (Table 53). As previously described, MAG and DAG are both 

pre-cursors and by-products of TAG synthesis and lysis, respectively. This occurs in liver, adipose 

tissues and other peripheral tissues, by a variety of enzymes. There was a small decrease in C18:0 

levels in the HFD-GbE group compared to HFD-PF, though no changes occurred between HFD-S and 

HFD-PF (p=0.16), or HFD-S and HFD-GbE (p=0.77) (Table 52). C18:1n-7 levels increased significantly 

in the HFD-PF group (p=0.001) and non-significantly in the HFD-GbE (p=0.12) compared to HFD-S. 

While no significant differences occurred in total PUFAs, both in total n-6 PUFA and total n-3PUFA, a 

decrease in C18:3n-6 levels were seen for HFD-PF (p=0.01) and an increase in HFD-GbE (p=0.09), 

compared to the HFD-S group. The decrease in HFD-PF was also significant compared to HFD-GbE 

(p<0.0001) (Table 52). 

Together this may suggest that calorie restriction may be responsible for the change rather than GbE 

treatment. C18:1n-7 is a major component of the PPL cardiolipin (CL) found in mitochondrial 

membranes, with CL accounting for up to 20% of mitochondrial PPL membrane (Bueno et al., 2015). 

Mainly located in the inner mitochondrial membrane (IMM), CL is an important co-factor for 
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cholesterol translocation from the outer mitochondrial membrane to the IMM, playing an important 

role in the importing of proteins (Schlattner et al., 2014). Adenylate cyclase activity is reported to be 

enhanced with the incorporation of C18:1n-7 in erythrocytes (Henis, Rimonl and Felderl, 1982; Orly 

and Schramm, 1975). Adenylate cyclase is an important molecule facilitating lipolysis and is explored 

further in the chapter (Nielsen, Jessen, et al., 2014; Reid et al., 2008). As shown in Figure 10, although 

body weight did not decrease in the PF and GbE groups, body weight gain did decrease after 14 days 

of treatment, significantly so in the PF group. It is possible that in both groups, the rats began to 

under lipolysis, and this may correspond with C18:1n-7 levels although this would need to be further 

explored. No significant differences in CE PUFA levels were seen between the three HFD subsets. 
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Table 46. Retroperitoneal Cholesteryl ester total lipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high 
fat diet (HFD-S) (N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the 
mean (SEM), and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S p value 

  Mean %  SEM Mean %  SEM  
C14:0 0.55 ± 0.04 0.54 ± 0.03 >0.99 

C15:0 0.19 ± 0.01 0.09 ± <0.01 <<0.0101 

C16:0 16.83 ± 0.57 18.36 ± 0.20 0.38 

C17:0 0.25 ± <0.01 0.27 ± <0.01 0.36 

C18:0 2.67 ± 0.07 5.36 ± 0.11 <0.0001 

C20:0 0.08 ± <0.01 0.09 ± 0.01 0.99 

C21:0 0.09 ± 0.01 0.12 ± <0.01 0.003 

DMA18:0 0.06 ± <0.01 0.03 ± 0.01 0.39 

∑SFA 20.76 ± 0.63 24.86 ± 0.29 0.001 

C14:1n7 0.04 ± 0.01 <0.01 ± <0.01 <0.0001 

C15:1 0.04 ± <0.01 <0.01 ± <0.01 <0.0001 

C16:1n7 1.56 ± 0.22 1.48 ± 0.06 >0.99 

C17:1 0.11 ± 0.01 0.22 ± 0.01 <0.0001 

C18:1n7 trans 0.04 ± <0.01 0.02 ± 0.01 0.33 

C18:1n7 1.93 ± 0.09 0.01 ± 0.01 <0.0001 

C18:1n9 trans 0.03 ± <0.01 0.08 ± <0.01 <0.0001 

C18:1n9 21.10 ± 0.22 41.75 ± 0.22 <0.0001 

C20:1n9 0.21 ± 0.01 0.33 ± 0.01 <0.0001 

C20:3n-9 0.11 ± 0.01 <0.01 ± <0.01 <0.0001 

C22:1n9 0.01 ± 0.01 <0.01 ± <0.01 0.99 

C24:1n9 0.01 ± 0.01 0.06 ± 0.02 0.81 

DMA18:1 0.07 ± 0.01 0.07 ± 0.01 >0.99 

∑C18:1 23.10 ± 0.25 41.86 ± 0.22 <0.0001 

∑n-7 3.54 ± 0.31 1.50 ± 0.06 0.0003 

∑n-9 21.45 ± 0.21 42.14 ± 0.22 <0.0001 

∑MUFA 25.24 ± 0.38 44.02 ± 0.20 <0.0001 

C18:2n6 trans 0.05 ± 0.01 <0.01 ± <0.01 <0.0001 

C18:2n6 46.14 ± 1.08 27.35 ± 0.16 <0.0001 

C18:3n6 0.16 ± 0.01 0.10 ± 0.01 0.02 

C20:2n6 0.24 ± 0.01 0.20 ± 0.01 0.02 

C20:3n6 0.18 ± 0.01 0.12 ± 0.01 0.17 

C20:4n6 0.90 ± 0.08 0.33 ± 0.05 0.0004 

C22:2n6 0.03 ± 0.01 <0.01 ± <0.01 0.33 

C22:4n6 0.25 ± 0.01 0.10 ± 0.04 0.04 

∑MUFA 25.24 ± 0.38 44.02 ± 0.20 <0.0001 

∑n-6 PUFA 47.95 ± 1.05 28.20 ± 0.21 <0.0001 

∑n-6 metabolites 1.76 ± 0.11 0.85 ± 0.09 0.0003 

C18:3n-3 trans 0.07 ± 0.02 0.13 ± 0.01 0.59 

C18:3n3 3.50 ± 0.13 1.25 ± 0.05 <0.0001 

C20:3n3 0.04 ± 0.01 <0.01 ± <0.01 0.0009 

C20:5n3 0.09 ± 0.01 <0.01 ± <0.01 <0.0001 

C22:5n3 0.19 ± 0.02 0.04 ± 0.01 <0.0001 

C22:6n3 0.24 ± 0.03 0.08 ± 0.04 0.09 

∑n-6 PUFA 47.95 ± 1.05 28.20 ± 0.21 <0.0001 

∑n-3 PUFA 4.14 ± 0.18 1.50 ± 0.07 <0.0001 

∑n-3 metabolites 0.57 ± 0.05 0.12 ± 0.04 <0.0001 

∑PUFA 52.08 ± 1.06 29.70 ± 0.28 <0.0001 

∑UFA 77.32 ± 0.70 73.72 ± 0.23 0.01 
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Table 47. Retroperitoneal Cholesteryl ester fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) and high fat 
diet (HFD-S) (N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with 
Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S p value 

 Mean %  SEM Mean %  SEM  
∑MUFA/∑PUFA 0.49 ± 0.02 1.48 ± 0.02 <0.0001 

∑MUFA/∑SFA 0.82 ± 0.01 0.56 ± 0.01 <0.0001 

∑PUFA/∑SFA 2.54 ± 0.12 1.20 ± 0.02 <0.0001 

∑UFA/∑SFA 3.76 ± 0.15 2.97 ± 0.04 0.003 

C18:0/C16:0 0.16 ± <0.01 0.29 ± <0.01 <0.0001 

C16:1n-7/C16:0 0.09 ± 0.01 0.08 ± <0.01 0.99 

C18:1n-9/C16:0 1.26 ± 0.04 2.28 ± 0.02 <0.0001 

C18:1n-9/C16:1n-7 16.22 ± 2.29 28.82 ± 1.37 0.01 

C18:1/C18:0 8.69 ± 0.20 7.83 ± 0.16 0.11 

n-6/n-3 11.78 ± 0.55 19.19 ± 0.88 <0.0001 

C18:2n-6/C18:3n-3 13.33 ± 0.54 22.21 ± 0.94 <0.0001 

C20:4n-6/C20:3n-6 5.13 ± 0.26 2.65 ± 0.34 0.0009 

C20:4n-6/C22:6n-3 3.85 ± 0.16 7.68 ± 1.55 0.39 

C20:4n-6/C18:2n-6 0.02 ± <0.01 0.01 ± <0.01 0.23 

C20:4n-6/C18:3n-3 0.25 ± 0.01 0.26 ± 0.04 >0.99 

C22:5n-3/C18:3n-3 0.06 ± <0.01 0.03 ± <0.01 0.02 

C22:6n-3/C18:3n-3 0.07 ± 0.01 0.07 ± 0.03 >0.99 

C22:6n-3/C22:5n-3 1.23 ± 0.07 2.45 ± 1.14 0.99 

C18:2n6/C16:0 2.79 ± 0.15 1.49 ± 0.02 <0.0001 

C18:3n3/C16:0 0.21 ± 0.01 0.07 ± <0.01 <0.0001 

C20:3n-6/C18:3n-6 1.12 ± 0.09 1.27 ± 0.06 0.94 

C22:4n-6/C20:4n-6 3.58 ± 0.19 4.43 ± 0.78 0.99 

1 (% monoenoics) 23.66 ± 0.41 44.02 ± 0.20 <0.0001 

2 (% dienoics)  92.92 ± 2.14 55.11 ± 0.33 <0.0001 

3 (% trienoics) 12.06 ± 0.45 4.80 ± 0.26 <0.0001 

4 (% tetraenoics) 4.60 ± 0.35 1.72 ± 0.29 0.0004 

5 (% pentaenoics) 1.42 ± 0.13 0.18 ± 0.03 <0.0001 

6 (% hexaenoics) 1.45 ± 0.17 0.48 ± 0.22 0.09 

Unsaturation Index 136.10 ± 1.87 106.31 ± 0.69 <0.0001 
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Table 48. Mesenteric cholesteryl ester total lipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat 
diet (HFD-S) (N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the 
mean (SEM), and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S  
 Mean  SEM Mean  SEM p value  

C14:0 0.42 ± 0.04 0.54 ± 0.01 0.13 
C15:0 0.16 ± 0.01 0.08 ± 0.01 <0.0001 
C16:0 12.20 ± 0.46 16.46 ± 0.27 <0.0001 
C17:0 0.26 ± 0.01 0.28 ± 0.01 0.72 
C18:0 1.63 ± 0.05 4.43 ± 0.16 <0.0001 
C20:0 0.07 ± 0.01 0.09 ± 0.01 0.31 
C21:0 0.09 ± 0.01 0.14 ± 0.01 0.0033 
C22:0 0.02 ± 0.01 0.02 ± 0.01 0.58 
∑SFA.DMA 0.08 ± 0.01 0.14 ± 0.02 0.05 
∑SFA 14.96 ± 0.51 22.19 ± 0.38 <0.0001 
C16:1n-7 1.22 ± 0.22 1.50 ± 0.07 0.94 
C17:1 0.10 ± 0.01 0.19 ± 0.01 0.0006 
C18:1n-7 trans 0.04 ± 0.01 0.04 ± 0.01 0.99 
C18:1n-7 1.83 ± 0.10 2.29 ± 0.03 0.007 
C18:1n-9t 0.02 ± 0.01 0.10 ± 0.01 <0.0001 
C18:1n-9 19.27 ± 0.27 38.44 ± 0.45 <0.0001 
C20:1n-9 0.17 ± 0.01 0.28 ± 0.01 <0.0001 
DMA 18:1 0.06 ± 0.01 0.01 ± 0.01 0.002 
C18:1 Total 19.65 ± 0.41 38.99 ± 0.56 <0.0001 
∑n-7 3.1 ± 0.30 2.33 ± 0.03 0.014 
∑n-9 19.49 ± 0.28 38.81 ± 0.44 <0.0001 
∑MUFA 22.74 ± 0.51 42.84 ± 0.47 <0.0001 
C18:2n-6 trans  0.05 ± 0.01 0.01 ± 0.01 0.002 
C18:2n-6 53.60 ± 0.95 31.19 ± 0.56 <0.0001 
C18:3n-6 0.15 ± 0.01 0.09 ± 0.01 0.0001 
C20:2n-6 0.20 ± 0.01 0.18 ± 0.01 0.57 
C20:3n-6 0.15 ± 0.01 0.10 ± 0.01 0.0021 
C20:4n-6 0.92 ± 0.05 0.31 ± 0.03 <0.0001 
C22:4n-6 0.29 ± 0.01 0.07 ± 0.01 <0.0001 
∑n-6 PUFA 55.37 ± 0.96 31.96 ± 0.57 <0.0001 
∑n-6metabolites 1.73 ± 0.06 0.76 ± 0.05 <0.0001 
C18:3n-3 4.22 ± 0.11 1.50 ± 0.08 <0.0001 
C20:3n-3 0.03 ± 0.01 0.02 ± 0.01 0.98 
C20:5n-3 0.07 ± 0.01 0.01 ± 0.01 <0.0001 
C22:5n-3 0.21 ± 0.01 0.04 ± 0.01 <0.0001 
C22:6n-3 0.23 ± 0.02 0.03 ± 0.01 <0.0001 
∑n-3 PUFA 4.76 ± 0.12 1.59 ± 0.08 <0.0001 
∑n-3 metabolites 0.54 ± 0.02 0.09 ± 0.01 <0.0001 
∑PUFA 60.13 ± 1.02 33.55 ± 0.63 <0.0001 
∑UFA 82.87 ± 0.56 76.38 ± 0.35 <0.0001 
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Table 49. Mesenteric Cholesteryl ester fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) and high fat diet 
(HFD-S) (N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with 
Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S   
 Mean  SEM Mean  SEM p value  

∑MUFA/∑PUFA 0.38 ± 0.02 1.28 ± 0.04 <0.0001 
∑MUFA/∑SFA 0.25 ± 0.01 0.66 ± 0.02 <0.0001 
∑PUFA/∑SFA 2.66 ± 0.10 0.79 ± 0.02 <0.0001 
∑UFA/∑SFA 5.60 ± 0.21 3.45 ± 0.07 <0.0001 
C18:0/C16:0 0.13 ± 0.01 0.27 ± 0.01 <0.0001 
C16:1n-7/C16:0 0.10 ± 0.01 0.09 ± 0.01 0.99 
C18:1n-9/C16:0 1.59 ± 0.04 2.34 ± 0.04 <0.0001 
C18:1n-9/C16:1n-7 20.24 ± 3.19 26.17 ± 1.23 0.72 
C18:1n-7/C18:0 1.13 ± 0.07 0.52 ± 0.02 <0.0001 
C18:1/C18:0 12.10 ± 0.20 8.90 ± 0.35 <0.0001 
C15:0/C17:0 0.13 ± 0.01 0.27 ± 0.01 <0.0001 
n-6/n-3 11.68 ± 0.26 20.47 ± 0.86 <0.0001 
C18:2n-6/C18:3n-3 12.77 ± 0.29 21.23 ± 0.91 <0.0001 
C20:4n-6/C20:3n-6 6.17 ± 0.25 3.02 ± 0.14 <0.0001 
C20:4n-6/C22:6n-3 4.01 ± 0.11 13.74 ± 1.27 <0.0001 
C20:4n-6/C18:2n-6 0.02 ± 0.01 0.01 ± 0.01 0.001 
C20:4n-6/C18:3n-3 0.22 ± 0.01 0.21 ± 0.02 0.99 
C20:3n-3/C18:3n-3 0.01 ± 0.01 0.02 ± 0.01 0.08 
C20:5n-3/C18:3n-3 0.02 ± 0.01 0.01 ± 0.01 <0.0001 
C22:5n-3/C18:3n-3 0.05 ± 0.01 0.03 ± 0.01 0.001 
C22:6n-3/C18:3n-3 0.06 ± 0.01 0.02 ± 0.01 <0.0001 
C22:6n-3/C22:5n-3 1.09 ± 0.06 0.60 ± 0.04 <0.0001 
C18:2n6/C16:0 4.47 ± 0.23 1.90 ± 0.06 <0.0001 
C18:3n3/C16:0 0.35 ± 0.02 0.09 ± 0.01 <0.0001 
C20:3n-6/C18:3n-6 1.02 ± 0.04 1.15 ± 0.05 0.53 
C22:4n-6/C20:4n-6 3.20 ± 0.13 4.44 ± 0.20 0.003 
1 (% monoenoics) 22.74 ± 0.51 42.84 ± 0.47 <0.0001 
2 (% dienoics)  107.75 ± 1.89 62.76 ± 1.11 <0.0001 
3 (% trienoics) 13.62 ± 0.33 5.15 ± 0.27 <0.0001 
4 (% tetraenoics) 4.81 ± 0.24 1.54 ± 0.14 <0.0001 
5 (% pentaenoics) 1.41 ± 0.05 0.21 ± 0.03 <0.0001 
6 (% hexaenoics) 1.39 ± 0.10 0.15 ± 0.03 <0.0001 
Unsaturation Index 151.73 ± 1.69 112.65 ± 1.01 <0.0001 
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Table 50. Retroperitoneal Cholesteryl ester fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-
saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid 
results are presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by 
one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE 

  Mean %  SEM 
Mean 

%  SEM 
Mean 

%  SEM    
C14:0 0.54 ± 0.03 0.55 ± 0.01 0.40 ± 0.02 0.99 0.0005 0.0004 
C15:0 0.09 ± <0.01 0.08 ± <0.01 0.07 ± <0.01 0.0004 0.19 0.19 
C16:0 18.36 ± 0.20 18.17 ± 0.44 17.28 ± 0.32 0.20 0.92 0.92 
C17:0 0.27 ± <0.01 0.25 ± 0.01 0.26 ± 0.01 0.29 0.48 0.93 
C18:0 5.36 ± 0.11 5.28 ± 0.31 5.14 ± 0.30 0.97 0.81 0.92 
C20:0 0.09 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.62 0.54 0.99 
C21:0 0.12 ± <0.01 0.13 ± <0.01 0.14 ± 0.01 0.85 0.11 0.28 
DMA18:0 0.03 ± 0.01 <0.01 ± <0.01 0.09 ± 0.02 0.45 0.02 0.0008 
∑SFA 24.86 ± 0.29 24.56 ± 0.72 23.47 ± 0.59 0.92 0.21 0.38 
C16:1n7 1.48 ± 0.06 1.45 ± 0.07 1.41 ± 0.05 0.95 0.75 0.90 
C17:1 0.22 ± 0.01 0.20 ± 0.01 0.21 ± 0.01 0.07 0.31 0.71 
C18:1n7t 0.02 ± 0.01 0.01 ± <0.01 0.03 ± 0.01 0.81 0.53 0.22 
C18:1n7 0.01 ± 0.01 2.03 ± 0.02 2.25 ± 0.05 <0.0001 <0.0001 0.0001 
C18:1n9 trans 0.08 ± <0.01 0.10 ± 0.01 0.10 ± 0.01 0.39 0.46 0.99 
C18:1n9 41.75 ± 0.22 38.71 ± 0.41 39.79 ± 0.31 <0.0001 0.0006 0.06 
C20:1n9 0.33 ± 0.01 0.30 ± 0.02 0.30 ± 0.02 0.44 0.57 0.97 
C24:1n9 0.06 ± 0.02 0.04 ± 0.01 0.02 ± 0.01 0.76 0.24 0.61 
DMA18:1 0.07 ± 0.01 0.11 ± 0.02 0.01 ± <0.01 0.13 0.01 <0.0001 
∑C18:1 41.86 ± 0.22 40.85 ± 0.41 42.17 ± 0.33 0.09 0.79 0.02 
∑n-7 1.50 ± 0.06 3.50 ± 0.06 3.69 ± 0.04 <0.0001 <0.0001 0.04 
∑n-9 42.14 ± 0.22 39.09 ± 0.40 40.15 ± 0.31 <0.0001 0.0004 0.07 
∑MUFA 44.02 ± 0.20 42.99 ± 0.38 44.16 ± 0.32 0.06 0.94 0.03 
C18:2n6 27.35 ± 0.16 28.66 ± 0.75 28.77 ± 0.71 0.30 0.24 0.99 
C18:3n6 0.10 ± 0.01 0.07 ± 0.01 0.08 ± 0.01 0.06 0.12 0.94 
C20:2n6 0.20 ± 0.01 0.19 ± 0.02 0.21 ± 0.01 0.77 0.61 0.25 
C20:3n6 0.12 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.70 0.63 0.99 
C20:4n6 0.33 ± 0.05 0.30 ± 0.04 0.36 ± 0.03 0.87 0.89 0.60 
C22:4n6 0.10 ± 0.04 0.06 ± 0.01 0.06 ± 0.01 0.37 0.41 >0.99 
∑n-6 PUFA 28.20 ± 0.21 29.44 ± 0.78 29.65 ± 0.70 0.49 0.99 0.58 
∑n-6 metabolites 0.85 ± 0.09 0.73 ± 0.07 0.83 ± 0.05 0.49 0.99 0.58 
C18:3n-3 trans 0.13 ± 0.01 0.09 ± 0.01 0.11 ± 0.01 0.10 0.55 0.52 
C18:3n3 1.25 ± 0.05 1.26 ± 0.08 1.29 ± 0.06 >0.99 0.93 0.95 
C22:5n3 0.04 ± 0.01 0.03 ± 0.01 0.04 ± <0.01 0.65 >0.99 0.60 
C22:6n3 0.08 ± 0.04 0.10 ± 0.04 0.03 ± <0.01 0.91 0.44 0.24 
∑n-3 PUFA 1.50 ± 0.07 1.50 ± 0.12 1.47 ± 0.07 >0.99 0.97 0.97 
∑n-3 metabolites 0.12 ± 0.04 0.16 ± 0.04 0.07 ± 0.01 0.69 0.62 0.20 
∑PUFA 29.70 ± 0.28 30.94 ± 0.81 31.12 ± 0.73 0.38 0.29 0.98 
∑UFA 73.72 ± 0.23 73.93 ± 0.66 75.28 ± 0.57 0.96 0.11 0.18 
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Table 51. Retroperitoneal Cholesteryl ester fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet 
with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). 
Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level 
of statistical significance was set at *p < 0.05.   

 
 

HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE 

  Mean  SEM Mean  SEM Mean  SEM p value 

∑MUFA/∑PUFA 1.48 ± 0.02 1.40 ± 0.05 1.43 ± 0.04 0.25 0.53 0.86 
∑MUFA/∑SFA 0.56 ± 0.01 0.57 ± 0.02 0.53 ± 0.01 0.93 0.18 0.09 
∑PUFA/∑SFA 1.20 ± 0.02 1.28 ± 0.07 1.34 ± 0.07 0.59 0.19 0.70 
∑UFA/∑SFA 2.97 ± 0.04 3.04 ± 0.11 3.23 ± 0.11 0.86 0.14 0.33 
C18:0/C16:0 0.29 ± 0.00 0.29 ± 0.01 0.30 ± 0.01 0.98 0.96 0.89 
C16:1n-7/C16:0 0.08 ± 0.00 0.08 ± 0.01 0.08 ± 0.00 >0.99 0.97 0.96 
C18:1n-9/C16:0 2.28 ± 0.02 2.14 ± 0.05 2.31 ± 0.04 0.04 0.82 0.01 
C18:1n-9/C16:1n-7 28.82 ± 1.37 27.31 ± 1.45 28.46 ± 0.99 0.69 0.98 0.80 
C18:1n-7/C18:0 0.01 ± 0.01 0.39 ± 0.02 0.45 ± 0.02 <0.0001 <0.0001 0.07 
C18:1/C18:0 7.83 ± 0.16 7.97 ± 0.44 8.47 ± 0.52 0.97 0.51 0.65 
n-6/n-3 19.19 ± 0.88 20.60 ± 1.64 20.45 ± 0.78 0.67 0.73 >0.99 
C18:2n-6/C18:3n-3 22.21 ± 0.94 23.54 ± 1.50 22.70 ± 0.85 0.69 0.95 0.86 
C20:4n-6/C20:3n-6 2.65 ± 0.34 2.75 ± 0.22 3.27 ± 0.19 0.96 0.23 0.35 
C20:4n-6/C22:6n-3 7.68 ± 1.55 7.67 ± 1.60 14.92 ± 1.67 >0.99 0.01 0.01 
C20:4n-6/C18:2n-6 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.79 0.85 0.46 
C20:4n-6/C18:3n-3 0.26 ± 0.04 0.23 ± 0.02 0.28 ± 0.02 0.0001 0.35 0.004 
C20:3n-3/C18:3n-3 0.00 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.52 0.85 0.84 
C20:5n-3/C18:3n-3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.45 0.98 0.34 
C22:5n-3/C18:3n-3 0.03 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.96 0.38 0.26 
C22:6n-3/C22:5n-3 2.45 ± 1.14 3.35 ± 1.15 0.72 ± 0.08 0.78 0.41 0.14 
C18:2n6/C16:0 1.49 ± 0.02 1.59 ± 0.08 1.68 ± 0.07 0.50 0.11 0.61 
C18:3n3/C16:0 0.07 ± 0.00 0.07 ± 0.01 0.07 ± 0.00 0.98 0.59 0.71 
C18:3n-6/C18:2n-6 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.04 0.08 0.95 
C20:3n-6/C18:3n-6 1.27 ± 0.06 1.61 ± 0.20 1.47 ± 0.10 0.19 0.56 0.73 
C22:4n-6/C20:4n-6 4.43 ± 0.78 5.32 ± 0.43 5.28 ± 0.15 0.46 0.52 >0.99 
1 (% monoenoics) 44.02 ± 0.20 42.87 ± 0.37 43.85 ± 0.34 0.04 0.92 0.09 
2 (% dienoics)  55.11 ± 0.33 57.79 ± 1.51 58.09 ± 1.40 0.27 0.21 0.98 
3 (% trienoics) 4.80 ± 0.26 4.61 ± 0.29 4.81 ± 0.23 0.86 >0.99 0.86 
4 (% tetraenoics) 1.72 ± 0.29 1.44 ± 0.18 1.67 ± 0.13 0.62 0.98 0.73 
5 (% pentaenoics) 0.18 ± 0.03 0.16 ± 0.03 0.19 ± 0.01 0.81 0.98 0.71 
6 (% hexaenoics) 0.48 ± 0.22 0.58 ± 0.22 0.16 ± 0.02 0.91 0.44 0.24 
Unsaturation Index 106.3 ± 0.69 107.5 ± 1.49 108.7 ± 1.28 0.78 0.33 0.72 
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Table 52. Mesenteric cholesteryl ester fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results 
are presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 
HFD-S  

  
HFD-PF  

  
HFD-GbE  

  S Vs PF  S Vs GbE  PF Vs GbE  
 Mean   SEM Mean   SEM Mean   SEM p Value 

C14:0 0.54 ± 0.01 0.57 ± 0.02 0.53 ± 0.02 0.61 0.78 0.25 
C15:0 0.08 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.25 0.08 0.08 
C16:0 16.46 ± 0.27 16.54 ± 0.25 15.82 ± 0.29 0.65 0.97 0.97 
C17:0 0.28 ± 0.01 0.27 ± 0.01 0.26 ± 0.01 0.75 0.17 0.50 
C18:0 4.43 ± 0.16 4.89 ± 0.17 4.27 ± 0.17 0.16 0.77 0.04 
C20:0 0.09 ± 0.01 0.08 ± 0.01 0.09 ± 0.01 0.91 0.99 0.84 
C21:0 0.14 ± 0.01 0.11 ± 0.01 0.12 ± 0.01 0.02 0.25 0.40 
DMA18:0 0.14 ± 0.02 0.19 ± 0.03 0.13 ± 0.14 0.89 >0.99 0.85 
∑SFA 22.19 ± 0.38 22.72 ± 0.35 21.79 ± 0.62 0.70 0.82 0.35 
C16:1n-7 1.50 ± 0.07 1.55 ± 0.10 1.46 ± 0.07 0.87 0.95 0.70 
C17:1 0.19 ± 0.01 0.15 ± 0.01 0.20 ± 0.01 0.05 0.74 0.01 
C18:1n-7 trans 0.04 ± 0.01 0.05 ± 0.01 0.03 ± 0.01 0.50 0.28 0.03 
C18:1n-7 2.29 ± 0.03 2.65 ± 0.10 2.46 ± 0.05 0.001 0.16 0.12 
C18:1n-9 trans 0.10 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.81 0.66 0.97 
C18:1n-9 38.44 ± 0.45 38.82 ± 0.51 38.21 ± 0.48 0.85 0.94 0.65 
C20:1n9 0.28 ± 0.01 0.29 ± 0.04 0.33 ± 0.02 0.95 0.39 0.58 
C22:1n-9 0.01 ± 0.01 0.01 ± 0.01 0.07 ± 0.04 <0.0001 <0.0001 <0.0001 
C24:1n-9 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 <0.0001 <0.0001 <0.0001 
C18:1 Total 38.99 ± 0.56 39.47 ± 0.67 38.77 ± 0.62 0.84 0.97 0.70 
∑n-7 2.33 ± 0.03 2.70 ± 0.10 2.49 ± 0.04 0.001 0.17 0.08 
∑n-9 38.81 ± 0.44 39.19 ± 0.52 38.72 ± 0.47 0.84 0.99 0.76 
∑MUFA 42.84 ± 0.47 43.60 ± 0.45 42.88 ± 0.45 0.47 >0.99 0.51 
C18:2n-6t 0.01 ± 0.01 0.01 ± 0.01 0.08 ± 0.01 0.92 <0.0001 <0.0001 
C18:2n-6 31.19 ± 0.56 30.77 ± 0.50 30.87 ± 0.76 0.88 0.93 0.99 
C18:3n-6 0.09 ± 0.01 0.05 ± 0.01 0.12 ± 0.01 0.01 0.09 <0.0001 
C20:2n-6 0.18 ± 0.01 0.18 ± 0.02 0.16 ± 0.01 0.96 0.52 0.38 
C20:3n-6 0.10 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.08 0.23 0.84 
C20:4n-6 0.31 ± 0.03 0.32 ± 0.03 0.30 ± 0.01 0.99 0.95 0.90 
C22:2n-6 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.63 0.70 0.99 
C22:4n-6 0.07 ± 0.01 0.06 ± 0.01 0.09 ± 0.01 0.57 0.39 0.06 
∑n-6 PUFA 31.96 ± 0.57 31.47 ± 0.55 31.71 ± 0.80 0.85 0.96 0.96 
∑n-6metabolites 0.76 ± 0.05 0.69 ± 0.07 0.76 ± 0.05 0.66 >0.99 0.62 
C18:3n-3 1.50 ± 0.08 1.50 ± 0.10 1.45 ± 0.10 >0.99 0.93 0.92 
C20:3n-3 0.02 ± 0.01 0.01 ± 0.01 0.04 ± 0.02 0.18 0.49 0.02 
C20:5n-3 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.85 0.67 0.35 
C22:5n-3 0.04 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 0.24 >0.99 0.26 
C22:6n-3 0.03 ± 0.01 0.12 ± 0.04 0.10 ± 0.06 0.29 0.44 0.95 
∑n-3 PUFA 1.59 ± 0.08 1.63 ± 0.12 1.63 ± 0.13 0.96 0.96 >0.99 
∑n-3 metabolites 0.09 ± 0.01 0.13 ± 0.04 0.18 ± 0.07 0.90 0.98 0.97 
∑PUFA 33.55 ± 0.63 33.10 ± 0.65 33.34 ± 0.89 0.90 0.98 0.97 
∑UFA 76.38 ± 0.35 76.70 ± 0.34 76.22 ± 0.88 0.92 0.98 0.83 
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Table 53. Mesenteric cholesteryl esters (CE) fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet 
with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). 
Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level 
of statistical significance was set at *p < 0.05.   

 

HFD-S 
  

  

HFD-PF 
  

  

HFD-GbE 
  

  S Vs PF 
S Vs 
GbE 

PF Vs 
GbE 

 Mean   SEM Mean   SEM Mean   SEM p value p value p value 

∑MUFA/∑PUFA 1.28 ± 0.04 1.32 ± 0.04 1.30 ± 0.04 0.74 0.97 0.86 
∑MUFA/∑SFA 0.66 ± 0.02 0.69 ± 0.02 0.66 ± 0.04 0.81 >0.99 0.77 
∑PUFA/∑SFA 0.79 ± 0.02 0.76 ± 0.02 0.78 ± 0.03 0.74 0.98 0.85 
∑UFA/∑SFA 3.45 ± 0.07 3.39 ± 0.07 3.53 ± 0.13 0.86 0.83 0.53 
C18:0/C16:0 0.27 ± 0.01 0.30 ± 0.01 0.27 ± 0.01 0.12 >0.99 0.13 
C16:1n-7/C16:0 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.91 0.96 0.99 
C18:1n-9/C16:0 2.34 ± 0.04 2.35 ± 0.04 2.42 ± 0.03 0.98 0.29 0.39 
C18:1n-9/C16:1n-7 26.17 ± 1.23 26.28 ± 2.26 26.71 ± 1.37 >0.99 0.97 0.98 
C18:1n-7/C18:0 0.52 ± 0.02 0.55 ± 0.03 0.59 ± 0.03 0.77 0.23 0.58 
C18:1/C18:0 8.90 ± 0.35 8.15 ± 0.25 9.20 ± 0.35 0.24 0.79 0.07 
C15:0/C17:0 0.27 ± 0.01 0.30 ± 0.01 0.27 ± 0.01 0.12 >0.99 0.13 
n-6/n-3 20.47 ± 0.86 20.19 ± 1.52 20.27 ± 1.24 0.99 0.99 >0.99 
C18:2n-6/C18:3n-3 21.23 ± 0.91 21.30 ± 1.37 21.92 ± 1.08 >0.99 0.91 0.92 
C20:4n-6/C20:3n-6 3.02 ± 0.14 4.39 ± 0.55 3.78 ± 0.29 0.04 0.32 0.48 
C20:4n-6/C22:6n-3 13.74 ± 1.27 5.97 ± 2.01 9.95 ± 2.53 0.03 0.38 0.36 
C20:4n-6/C20:5n-3 27.00 ± 0.01   ±   27.97 ± 14.18 - <0.0001 - 
C20:4n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.98 0.97 0.90 
C20:4n-6/C18:3n-3 0.21 ± 0.02 0.21 ± 0.01 0.21 ± 0.01 >0.99 >0.99 0.98 
C20:3n-3/C18:3n-3 0.02 ± 0.01 0.01 ± 0.01 0.03 ± 0.02 0.42 0.46 0.05 
C22:5n-3/C18:3n-3 0.03 ± 0.01 0.01 ± 0.01 0.03 ± 0.01 0.17 >0.99 0.20 
C22:6n-3/C18:3n-3 0.02 ± 0.01 0.08 ± 0.03 0.07 ± 0.04 0.32 0.46 0.96 
C22:6n-3/C22:5n-3 0.60 ± 0.04 11.84 ± 8.33 1.76 ± 0.34 0.08 0.96 0.12 
C18:2n6/C16:0 1.90 ± 0.06 1.87 ± 0.05 1.96 ± 0.08 0.91 0.81 0.56 
C18:3n3/C16:0 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 >0.99 0.99 0.99 
C18:3n-6/C18:2n-6 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 <0.0001 <0.0001 <0.0001 
C20:3n-6/C18:3n-6 1.15 ± 0.05 1.91 ± 0.30 0.75 ± 0.10 0.02 0.29 0.001 
C22:5n-3/C20:5n-3 4.92 ± 0.01   ±   5.01 ± 1.58 <0.0001 <0.0001 <0.0001 
C22:4n-6/C20:4n-6 4.44 ± 0.20 5.74 ± 1.16 3.69 ± 0.48 0.36 0.69 0.10 
1 (% monoenoics) 42.84 ± 0.47 43.60 ± 0.45 42.88 ± 0.45 0.47 >0.99 0.51 
2 (% dienoics)  62.76 ± 1.11 61.93 ± 1.03 62.22 ± 1.54 0.89 0.95 0.99 
3 (% trienoics) 5.15 ± 0.27 4.88 ± 0.32 5.09 ± 0.32 0.80 0.99 0.88 
4 (% tetraenoics) 1.54 ± 0.14 1.50 ± 0.17 1.58 ± 0.10 0.97 0.98 0.90 
5 (% pentaenoics) 0.21 ± 0.03 0.09 ± 0.04 0.22 ± 0.08 0.28 >0.99 0.24 
6 (% hexaenoics) 0.15 ± 0.03 0.69 ± 0.25 0.59 ± 0.34 0.29 0.44 0.95 
Unsaturation Index 112.7 ± 1.01 112.7 ± 1.12 112.6 ± 1.92 >0.99 >0.99 >0.99 
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5.5 RET and MES MAG and DAG 

 
As reviewed at the beginning of the chapter and in chapter 1, the breakdown of TAG both in liver, 

adipose tissues and other peripheral tissues produces DAG, MAG, FFA and glycerol molecules. The 

levels of MAG and DAG are therefore a reflection in the breakdown of TAG in the adipocyte, either 

for the incorporation of fatty acids into the PPLs for the cellular membrane, or for energy production.  

5.5.1 RET- MAG + DAG - NFD Vs HFD 

As summarised in (Table 54 and Table 55), several changes occurred in the fatty acid profiles of the 

MAG and DAG fraction in the HFD-S group compared to the NFD group in RET tissue. While no 

significant difference occurred in total SFA (NFD 23.69±0.67%, HFD-S 25.95±0.40%; p=0.38), a 

significant increase of 90% in C18:0 was seen in HFD-S (NFD 2.77±0.07%, HFD-S 5.28±0.14%; 

p<0.0001) (Table 54)) which suggests that DNL might be occurring. This is supported by the increase 

in total MUFA which increased by 76% in HFD-S (NFD 26.48±0.51%, HFD-S 46.62±0.42%; p<0.0001), 

largely attributed to the increase in C18:1n-9 (NFD 21.75±0.25%, HFD-S 44.14±0.42%; p<0.0001) 

(Table 54)). This is partially explained by 50% increase in C18:1n-9 of the HFD-chow, although SFA 

levels of chow are not reflected in MAG and DAG levels. The idea that C16:0 is being utilized for MUFA 

synthesis rather than being converted to C18:0 is supported by the following ratio changes; 

C18:0/C16:0 ratio increased by 89% (NFD 0.14± 0.01; HFD-S 0.27± 0.00, p<0.0001); C18:1n-9/C16:0 

ratio increased by 102% (NFD 1.13±0.03; HFD-S 2.28±0.05, p<0.0001); C18:1n-9/C16:1n-7 ratio 

increased by 139% (NFD 14.06±1.96; HFD-S 33.60±0.88, p<0.0001); MUFA/∑SFA ratio decreased by 

38% (NFD 0.89±0.01; HFD-S 0.56±0.01, p<0.0001) (Table 55).  In the HFD-S group an increase of 224% 

in the MUFA/∑PUFA ratio occurred (NFD 0.56±0.03; HFD-S 1.82±0.03 p<0.0001) indicating a 

significant change between the two FA groups (Table 55). Of note is the decrease of C18:1n-7 to 

undetectable levels in the HFD. Total PUFA decreased by 46% (NFD 47.66±1.32%, HFD-S 

25.68±0.22%; p<0.0001), mostly attributed to the 45% decrease in n-6 fatty acids C18:2n-6 (NFD 

43.30±1.40%, HFD-S 23.86±0.25%; p<0.0001), and 59% decrease in C22:4n-6 (NFD 0.30±0.02%, HFD-

S 0.12±0.01%; p<0.0001) (Table 54). This is again largely representative of the PUFA levels seen in the 

rat chow for both NFD and HFD groups, further corroborating that adipocyte serve as storage vesicles 

for dietary lipids. In the n-3 fatty acids, C18:3n-3 decreased by 72% (NFD 2.09±0.08%, HFD-S 

0.57±0.01%; p<0.0001) (Table 54), with levels representing approximately half of the levels found in 

the diet. A decrease of 82% in n-3 metabolites (NFD 0.48±0.09%, HFD-S 0.08±0.01%; p=0.04) was also 
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seen (Table 54). As the diet only provides n-3 FA in the form of C18:3n-3, n-3 metabolites must be 

synthesised de novo. The n-3 metabolites levels found between the NFD and HFD groups suggest that 

either the fatty metabolism pathway is either affected by the levels of fatty acids available from the 

diet and in the tissue, or that higher n-3 metabolites from MAG and DAG are being liberated and 

utilized in other pathways, such as oxylipin mediation of inflammation. The increase in the n-6/n-3 

ratio 83% in the HFD group (NFD 17.05±1.04; HFD-S 31.22±0.91, p<0.0001), largely attributed to the 

nearly 2-fold change in the C18:2n-6/C18:3n-3 ratio (NFD 20.88±0.73; HFD-S 41.73± 0.93, p<0.0001) 

(Table 55), suggests that larger abundance of C18:2n-6 may be outcompeting C18:3n-3 for synthesis 

pathway enzymes. This is similarly reflected in the unsaturation index that decreased by 21% (NFD 

126.53±2.27; HFD-S 100.29± 0.53, p<0.0001) (Table 55).  

The synthesis of n-6 and n-3 VLCFA utilizes the same desaturation and elongation enzymes in both 

the n-6 and n-3 pathways, with higher levels of C18:2n-6 favoured in the pathway (Kim, Jo and Chung, 

2018; Martin, 2015). Likewise, the enzyme FADS2 which introduces a double bond at the Δ6, Δ4 and 

Δ8 positions is utilized on the fatty acids C16:0, C18:2n-6, and C18:3n-3. Higher levels of C16:0 can 

inhibit the synthesis of highly unsaturated fatty acids EPA and DHA or AA from C18:2n-6 and C18:3n-

3 (Park et al., 2016). In this MAG+DAG a drop in C16:0 levels are seen accompanied by an increase in 

MUFA levels within the HFD group, which suggest that C16:0 might be utilized in MUFA synthesis 

pathway activity.  

5.5.2 MES- MAG + DAG - NFD Vs HFD 

Comparing the NFD group to the HFD-S group (Table 56 and Table 57), total SFA decreased by 35% 

(∑SFA; NFD,44.28±6.57%; HFD-S, 28.57±0.35%, p=0.03). This was due to the 25% decrease in C16:0 

(NFD,27.44±3.1%; HFD-S, 20.7±0.21%,p=0.03) and the 53% decrease in C18:0 (C18:0; 

NFD,13.17±3.06%; HFD-S, 6.18±0.21%, p=0.04) as well as a 90% in C24:0 

(C24:0;NFD,1.84±0.47%;HFD-S, 0.19±0.02%, p=0.003) (Table 56). This was also noted in the decrease 

in the C18:0/C16:0 ratio (C18:0/C16:0; NFD,0.43±0.07; HFD-S,0.30±0.01, p=0.02) (Table 57). Taking 

these changes within context however, it is seen that the NFD MAG+DAG SFA levels are nearly double 

that found in MES-TAG (∑SFA;21.68±0.50%;27.69±0.23%, p<0.0001) (Table 40) while no changes 

occurred between TAG and MAG+DAG HFD-S SFA levels. This suggests that more UFA are being 

liberated from the NFD TAG depot than that of the HFD group. This is also supported by the near 4-

fold decrease in the MUFA/SFA ratio seen in MAG+DAG between the groups (∑MUFA/∑SFA; 

NFD,3.98±2.39; HFD-S,1.10±0.02, p<0.0001) (Table 57), showing that a greater disparity between SFA 
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and MUFA occurs in the NFD compared to HFD. Regarding MUFA percentage levels, total MUFA 

increased in HFD-S by 110% (∑MUFA; NFD,21.25±1.94%; HFD-S, 44.66±0.46%, p<0.0001) (Table 56). 

When comparing SFA and MUFA results, MES MAG+DAG profiles for NFD and HFD are opposite 

reflections of each other; with higher SFA (44.3%) and lower MUFA (21.2%) seen in NFD, and lower 

SFA (28.6%) and higher MUFA (44.6%) seen in HFD-S (Table 56). These profiles are like the MES CE 

fractions for the same groups. MAG+DAG MUFA levels (MES-MAG+DAG-∑MUFA; NFD,21.25±1.94%; 

HFD-S, 44.66±0.46%, p<0.0001) are lower for both NFD and HFD groups than levels seen in TAG 

fraction (MES-TAG; ∑MUFA;NFD, 29.55±0.42%;HFD-S, 48.30±0.32%, p<0.0001) (Table 40) indicating 

that MUFA are being mobilized out of TAG potentially for other uses such as phospholipid membrane 

turnover due to CE or oxylipin production. As UFA are the main FA that were found in the CE fraction, 

largely represented by MUFA, it stands to reason that a replacement of UFA into the phospholipid 

membrane may be warranted, with the nearest available supply coming from TAG storage. C18:1n-9 

levels however decreased twice as much in NFD MAG+DAG compared to TAG (NFD, C18:1n-9 TAG; 

29.6%; MAG+DAG, 29.6%) compared to the HFD (HFD-S, C18:1n-9 TAG; 43.8%; MAG+DAG, 39.7%) 

(Table 40). Furthermore, a substantial decrease of 26% from 77.6% to 50.9% in UFA levels can be 

seen between the TAG and MAG+DAG of the NFD, compared to almost no decrease in MAG+DAG 

(70.4%) compared to TAG (71.6%) in the HFD group (Table 56). This might indicate DNL occurring in 

the HFD group where C18:1n-9 is being replaced at a faster pace within the adipocyte depot 

compared to an NFD. PUFA levels decreased from 47.96% in the NFD group in TAG, to 29.6% in HFD-

S (Table 56)  indicating a substantial mobilization of PUFA out of TAG. Interestingly though is the 

increase in overall PUFA in the HFD-S group which increase from 23.31% in TAG, to 26.08% in 

MAG+TAG. These changes explain why the MAG+DAG PUFA levels decreased by only 12 % the HFD 

group (∑PUFA; NFD,29.60±5.08%; HFD-S, 26.08±0.40%, p=0.01) (Table 56) compared to the NFD. 

Despite this decrease in PUFA however, the unsaturation index increased by 18% in the HFD-S group 

(Unsaturation Index; NFD,84.70±12.23HFD-S,100.27±0.99, p=0.004) (Table 57), likely reflecting the 

changes in the MUFA levels, but also suggesting dynamic changes are occurring in HFD MUFAs, 

perhaps from DNL. No significant differences were seen overall for n-6 PUFA, n-3 PUFA levels or the 

n-6/n-3 ratio. n-6 metabolites however did decrease in the HFD-S group by 12% (∑n-6 metabolites; 

NFD,1.57±0.19%; HFD-S, 0.98±0.10%, p=0.01) (Table 56), which may indicate an increased need for 

n-6 metabolites within the membrane for pro-inflammatory mediation which have been shown to be 

increased following an HFD.   
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5.5.3 RET-MAG + DAG- HFD GbE treatment 

Between the HFD subsets (Table 58 and Table 59), several changes can be seen between the MAG 

and DAG fraction of lipids. The total SFA levels increased in the HFD-PF compared to the HFD-S and 

HFD-GbE groups (P=0.001) (HFD-S 25.95±0.40%; HFD-PF 28.73±0.58%; HFD-GbE 25.92± 0.44%), with 

no changes seen between HFD-S and HFD-GbE (Table 58). C16:0 increased in HFD-PF compared to 

HFD-GbE (p=0.01), while HFD-GbE decreased compared to HFD-S (p=0.01), although not by a large 

percentage (Table 58). HFD-PF C18:0 levels are significantly increased compared to the both the S 

and HFD-GbE groups (p=0.0002 and p=0.003, respectively) (HFD-S 5.28±0.14%; HFD-PF 6.63±0.24%; 

HFD-GbE 5.59±0.20%) (Table 58).  An increase in the ∑MUFA/∑SFA ratio was also seen in HFD-PF 

compared to both HFD-S and HFD-GbE (p=0.0006 and p=0.0006, respectively) (HFD-S 0.56±0.01; HFD-

PF 0.65±0.02; HFD-GbE 0.56±0.01) (Table 59). An increase in the C18:0/C16:0 ratio also occurred in 

HFD-PF compared to HFD-S (p=0.0004) and HFD-GbE (p=0.046) (HFD-S 0.27±0.01, HFD-PF 0.32±0.01; 

HFD-GbE 0.29±0.01) (Table 59) suggesting that changes in C18:0/C16:0 metabolism may be occurring.  

Changes in total MUFA included a decrease in the HFD-PF group compared to both HFD-S and HFD-

GbE groups (p=0.001) (HFD-S 46.62±0.42%; HFD-PF 44.32±0.46%; HFD-GbE 46.49±0.23%) (Table 58). 

This is largely attributed to decrease in HFD-PF C18:1n-9 (HFD-S 44.14±0.42%; HFD-PF 39.85±0.47%; 

HFD-GbE 42.24±0.25%), although n-7 fatty acids increase in both the HFD-PF group (p<0.0001) and 

HFD-GbE group (<0.0001) compared to the saline group, most notably due to the increase in C18:1n-

7 (Table 58). This is reflected in the decrease seen in the HFD-PF group for the C18:1/C18:0 ratios 

compared to HFD-S (p=0.0001) and HFD-GbE (p=0.001) (HFD-S 8.45±0.30; HFD-PF 6.41±0.27; HFD-

GbE 8.05±0.29) as well as the HFD-PF C18:1n-9/C16:0 ratios compared to HFD-S (<0.0001) and HFD-

GbE (0.0001) (Table 59). The return of C18:1n-7 levels in the HFD-PF (2.03±0.04%, p<0.0001) and 

HFD-GbE group (2.13±0.03%, p<0.0001) (Table 58), to similar levels in the NFD group, further suggest 

a shift in MUFA DNL. Moreover, this is like C18:1n-7 level changes in the CE fraction. 

While total PUFA decreased in the HFD-PF group compared to HFD-S (p=0.02), they increased in the 

HFD-GbE group compared to HFD-PF (p=0.001), similar to levels seen in the HFD-S group (p=0.64), 

that largely correspond with changing n-6 PUFA levels (Table 58). Overall, the total UFA decreased in 

the HFD-PF group compared to HFD-S (p=0.0006) and the HFD-GbE group (p=0.0002), but no changes 

were seen between HFD-S and HFD-GbE (p=0.93) (HFD-S 72.30±0.38%; HFD-PF 68.56±0.80%; HFD-

GbE 72.61± 0.52%) (Table 58). A decrease was seen in the ∑PUFA/∑SFA ratios between HFD-PF and 

HFD-S (p=0.002) and HFD-GbE (p=0.0003) (HFD-S 0.99±0.02; HFD-PF 0.85±0.03; HFD-GbE 1.01±0.03). 
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A similar change also occurred in the ∑UFA/∑SFA ratio where HFD-PF decreased compared to HFD-S 

(p=0.0006) and HFD-GbE (=0.0003) (HFD-S 2.79±0.06; HFD-PF 2.40±0.07; HFD-GbE 2.81±0.06) (Table 

59). Lastly these changes were reflected in the unsaturation Index that decreased in the HFD-PF group 

compared to HFD-S (p=0.0007) and HFD-GbE (p=0.0001) (Table 59). To summarise, following an HFD, 

MUFA levels increase and PUFA levels decreased in the MAG and DAG fraction. Of note C18:1n-7 

decreased to undetectable levels in the HFD MAG and DAG fraction.  

 

5.5.4 MES-MAG + DAG- HFD GbE treatment 

Between the MES -CE HFD subsets that received GbE treatment (HFD-GbE), caloric restriction (HFD-

PF) of saline only (HFD-S), as summarised in Table 60 and Table 61, the total percentage levels of SFA 

increased in the HFD-PF compared to HFD-S (p=0.02), while HFD-GbE decreased compared to both 

HFD-S (p=0.09) and HFD-PF (p=0.0001) (∑SFA; HFD-S,28.57±0.35%;HFD-PF,29.92±0.30%;HFD-

GbE,27.56±0.33%) (Table 60). These changes occurred in both C16:0 and C18:0 levels between the 

group, with levels increasing for both FA in the HFD-PF group but decreasing in the HFD-GbE group. 

No changes of note occurred between the groups regarding MUFA levels, PUFA levels or the n-6/n-3 

ratio levels. Changes that occur from either treatment may instead occur from influences of DNL 

activity instead which has been shown to be increased following calorie restriction, and decreased 

with GbE compound treatment (Hirata, Cruz, et al., 2019; Sun et al., 2015). This is very interesting 

considering that both PF and GbE groups underwent calorie restriction, while the HFD-GbE group 

received GbE treatment that caused decreased food intake (caloric restriction). An increase in n-6 

metabolites however did occur in HFD-GbE compared to HFD-S (p=0.04) although not significantly 

compared to HFD-PF (p=0.1) (∑n-6 metabolites; HFD-S,0.98±0.10%; HFD-PF,1.02±0.05%; HFD-

GbE,1.24±0.06%) (Table 60). The increase n-6 metabolites may suggest less need for pro-

inflammatory mediation, allowing for less need for n-6 PUFA mobilisation into the phospholipid 

membrane. This will be explored in the next section. 
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Table 54. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) for normal fat diet (NFD) and 
high fat diet (HFD-S) (N=10 per group). Fatty acid results are presented as area % percentage mean and standard error 
of the mean (SEM), and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

  NFD HFD-S  

 Mean %  SEM Mean % ± SEM p value 

C14:0 0.65 ± 0.05 0.48 ± 0.02 0.36 

C16:0 19.41 ± 0.60 19.37 ± 0.26 >0.99 

C17:0 0.24 ± 0.01 0.25 ± <0.01 0.85 

C18:0 2.77 ± 0.07 5.28 ± 0.14 <0.0001 

C20:0 0.07 ± 0.01 0.06 ± 0.01 >0.99 

C22:0 0.04 ± <0.01 0.04 ± 0.01 >0.99 

C24:0 0.12 ± 0.03 0.16 ± 0.01 0.98 

DMA18:0 0.11 ± 0.01 0.07 ± 0.02 0.95 

∑SFA 23.69 ± 0.67 25.95 ± 0.40 0.38 

C16:1n7 1.79 ± 0.23 1.32 ± 0.04 0.91 

C17:1 0.08 ± 0.02 0.18 ± <0.01 0.04 

C18:1n7 1.97 ± 0.09 0.01 ± 0.01 <0.0001 

C18:1n9 trans 0.02 ± 0.01 0.11 ± 0.01 <0.0001 

C18:1n9 21.75 ± 0.25 44.14 ± 0.42 <0.0001 

C20:1n9 0.23 ± 0.02 0.36 ± 0.01 0.002 

C22:1n9 0.41 ± 0.05 0.38 ± 0.05 >0.99 

C24:1n9 0.01 ± 0.01 0.07 ± 0.01 0.06 

∑DMA18:1 0.05 ± 0.01 0.05 ± 0.02 >0.99 

∑C18:1 23.75 ± 0.30 44.25 ± 0.42 <0.0001 

∑n-7 3.78 ± 0.32 1.32 ± 0.04 <0.0001 

∑n-9 22.53 ± 0.23 44.95 ± 0.41 <0.0001 

∑MUFA 26.48 ± 0.51 46.62 ± 0.42 <0.0001 

C18:2n6 43.30 ± 1.40 23.86 ± 0.25 <0.0001 

C18:3n6 0.10 ± 0.02 0.07 ± 0.01 0.97 

C20:2n6 0.23 ± 0.02 0.21 ± 0.02 >0.99 

C20:3n6 0.18 ± 0.01 0.11 ± 0.02 0.25 

C20:4n6 0.71 ± 0.04 0.50 ± 0.05 0.25 

C22:2n6 0.10 ± 0.01 0.01 ± 0.01 <0.0001 

C22:4n6 0.30 ± 0.02 0.12 ± 0.01 <0.0001 

∑n-6 PUFA 44.97 ± 1.34 24.87 ± 0.21 <0.0001 

∑n-6 metabolites 1.62 ± 0.10 1.01 ± 0.07 0.01 

C18:3n-3 trans 0.13 ± 0.03 0.14 ± 0.02 >0.99 

C18:3n3 2.09 ± 0.08 0.57 ± 0.01 <0.0001 

C20:3n3 0.01 ± 0.01 0.02 ± 0.01 0.96 

C20:5n3 0.02 ± 0.01 <0.01 ± <0.01 0.13 

C22:5n3 0.17 ± 0.01 0.03 ± <0.01 <0.0001 

C22:6n3 0.28 ± 0.09 0.04 ± <0.01 0.45 

∑n-3 PUFA 2.69 ± 0.14 0.80 ± 0.02 <0.0001 

∑n-3 metabolites 0.48 ± 0.09 0.08 ± 0.01 0.04 

∑PUFA 47.66 ± 1.32 25.68 ± 0.22 <0.0001 

∑UFA 74.14 ± 0.89 72.30 ± 0.38 0.93 
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Table 55. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) 
and high fat diet (HFD-S) (N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05. 

  NFD HFD-S  
Name Mean  SEM Mean ± SEM p value 

∑MUFA/∑PUFA 0.56 ± 0.03 1.82 ± 0.03 <0.0001 
∑MUFA/∑SFA 0.89 ± 0.01 0.56 ± 0.01 <0.0001 
∑PUFA/∑SFA 2.04 ± 0.11 0.99 ± 0.02 <0.0001 
∑UFA/∑SFA 3.16 ± 0.13 2.79 ± 0.06 0.52 
C18:0/C16:0 0.14 ± 0.01 0.27 ± <0.01 <0.0001 
C16:1n-7/C16:0 0.09 ± 0.01 0.07 ± <0.01 0.78 
C18:1n-9/C16:0 1.13 ± 0.03 2.28 ± 0.05 <0.0001 
C18:1n-9/C16:1n-7 14.06 ± 1.96 33.60 ± 0.88 <0.0001 
C18:1/C18:0 8.62 ± 0.27 8.45 ± 0.30 >0.99 
n-6/n-3 17.05 ± 1.04 31.22 ± 0.91 <0.0001 
C18:2n-6/C18:3n-3 20.88 ± 0.73 41.73 ± 0.93 <0.0001 
C20:4n-6/C20:3n-6 4.16 ± 0.33 3.88 ± 0.36 >0.99 
C20:4n-6/C22:6n-3 3.43 ± 0.37 15.11 ± 1.69 0.0003 
C20:4n-6/C18:2n-6 0.02 ± <0.01 0.02 ± <0.01 0.97 
C20:4n-6/C18:3n-3 0.34 ± 0.02 0.87 ± 0.10 0.01 
C20:3n-3/C18:3n-3 0.02 ± <0.01 0.06 ± <0.01 0.01 
C22:5n-3/C18:3n-3 0.08 ± 0.01 0.05 ± 0.01 0.52 
C22:6n-3/C18:3n-3 0.14 ± 0.04 0.06 ± 0.01 0.97 
C22:6n-3/C22:5n-3 1.61 ± 0.45 1.35 ± 0.15 >0.99 
C18:2n6/C16:0 2.26 ± 0.14 1.23 ± 0.02 <0.0001 
C18:3n3/C16:0 0.11 ± 0.01 0.03 ± <0.01 <0.0001 
C20:3n-6/C18:3n-6 1.96 ± 0.36 1.66 ± 0.10 >0.99 
C22:4n-6/C20:4n-6 2.40 ± 0.08 3.95 ± 0.16 <0.0001 
1 (% monoenoics) 24.63 ± 0.61 46.62 ± 0.42 <0.0001 
2 (% dienoics)  87.35 ± 2.77 48.15 ± 0.49 <0.0001 
3 (% trienoics) 7.88 ± 0.36 2.68 ± 0.09 0.02 
4 (% tetraenoics) 4.04 ± 0.22 2.49 ± 0.26 <0.0001 
5 (% pentaenoics) 0.96 ± 0.07 0.14 ± 0.02 0.45 
6 (% hexaenoics) 1.66 ± 0.53 0.21 ± 0.03 <0.0001 
Unsaturation Index 126.53 ± 2.27 100.29 ± 0.53 <0.0001 
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Table 56. Mesenteric monoglycerides and diglycerides fatty acid methyl esters (FAME) for normal fat diet (NFD) and high 
fat diet (HFD-S) (N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the 
mean (SEM), and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

   NFD   HFD-S   

  Mean  SEM Mean  SEM p value 

C14:0 0.65 ± 0.08 0.52 ± 0.03 0.12 

C15:0 0.18 ± 0.04 0.07 ± 0.01 0.02 

C16:0 27.44 ± 3.01 20.70 ± 0.21 0.04 

C17:0 0.18 ± 0.04 0.29 ± 0.02 0.02 

C18:0 13.17 ± 3.06 6.18 ± 0.21 0.04 

C20:0 0.09 ± 0.02 0.08 ± 0.02 0.68 

C21:0 0.07 ± 0.02 0.14 ± 0.02 0.02 

C22:0 0.24 ± 0.08 0.04 ± 0.01 0.03 

C24:0 1.84 ± 0.47 0.19 ± 0.02 0.003 

DMA18:0 0.36 ± 0.16 0.36 ± 0.04 0.99 

∑SFA 44.28 ± 6.57 28.57 ± 0.35 0.03 

C16:1n-7 0.88 ± 0.26 1.58 ± 0.11 0.02 

C17:1 0.02 ± 0.01 0.10 ± 0.02 0.01 

C18:1n-7 2.97 ± 0.33 1.23 ± 0.41 0.004 

C18:1n-9 14.77 ± 2.28 39.66 ± 0.51 <0.0001 

C20:1n-9 1.89 ± 0.45 0.39 ± 0.02 0.004 

C22:1n-9 0.47 ± 0.14 0.15 ± 0.06 0.05 

C24:1n-9 0.25 ± 0.07 0.01 ± 0.01 0.004 

DMA 18:1 Total 0.01 ± 0.01 1.44 ± 0.48 0.01 

C18:1 Total 15.21 ± 2.44 40.23 ± 0.65 <0.0001 

∑n-7 3.84 ± 0.36 2.84 ± 0.36 0.08 

∑n-9 17.37 ± 1.79 40.28 ± 0.50 <0.0001 

∑MUFA 21.25 ± 1.94 44.66 ± 0.46 <0.0001 

C18:2n-6 26.28 ± 4.85 23.56 ± 0.32 0.58 

C18:3n-6 0.32 ± 0.13 0.18 ± 0.06 0.35 

C20:2n-6 0.14 ± 0.04 0.15 ± 0.02 0.86 

C20:3n-6 0.47 ± 0.12 0.19 ± 0.01 0.03 

C20:4n-6 0.41 ± 0.13 0.39 ± 0.03 0.93 

C22:2n-6 0.13 ± 0.05 0.01 ± 0.01 0.02 

C22:4n-6 0.11 ± 0.04 0.06 ± 0.01 0.33 

∑n-6 PUFA 27.85 ± 4.93 24.54 ± 0.36 0.51 

∑n-6 metabolites 1.57 ± 0.19 0.98 ± 0.10 0.01 

C18:3n-3 1.47 ± 0.17 1.30 ± 0.18 >0.99 

C22:5n-3 0.09 ± 0.03 0.08 ± 0.03 0.82 

C22:6n-3 0.17 ± 0.06 0.15 ± 0.06 0.49 

∑n-3 PUFA 1.75 ± 0.20 1.55 ± 0.21 0.79 

∑n-3 metabolites 0.28 ± 0.08 0.25 ± 0.09 0.50 

∑PUFA 29.60 ± 5.08 26.08 ± 0.40 0.01 

∑UFA 50.85 ± 6.84 70.74 ± 0.43 <0.0001 
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Table 57. Mesenteric monoglyceride and diglycerides (MAG+DAG) fatty acid methyl esters (FAME) ratios for normal fat 
diet (NFD) and high fat diet (HFD-S) (N=10 per group). Results presented as mean an (SEM), and statistically analysed by 
one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05. 

   NFD   HFD-S   

  Mean  SEM Mean  SEM p value 

∑MUFA/∑PUFA 0.92 ± 0.15 1.72 ± 0.04 0.24 

∑MUFA/∑SFA 3.98 ± 2.39 1.10 ± 0.02 <0.0001 

∑PUFA/∑SFA 1.29 ± 0.15 0.59 ± 0.01 0.11 

∑UFA/∑SFA 1.63 ± 0.40 2.48 ± 0.04 0.08 

C18:0/C16:0 0.43 ± 0.07 0.30 ± 0.01 0.02 

C16:1n-7/C16:0 0.04 ± 0.01 0.08 ± 0.01 <0.0001 

C18:1n-9/C16:0 0.67 ± 0.14 1.92 ± 0.03 0.10 

C18:1n-9/C16:1n-7 17.73 ± 4.48 26.12 ± 1.72 0.15 

C18:1n-7/C18:0 0.40 ± 0.10 0.22 ± 0.07 0.005 

C18:1/C18:0 3.10 ± 1.04 6.60 ± 0.30 0.40 

C15:0/C17:0 0.43 ± 0.07 0.30 ± 0.01 0.61 

n-6/n-3 16.30 ± 2.24 20.06 ± 3.75 0.31 

C18:2n-6/C18:3n-3 17.78 ± 2.61 22.64 ± 3.83 0.37 

C20:4n-6/C20:3n-6 1.52 ± 0.59 2.09 ± 0.19 0.12 

C20:4n-6/C18:3n-3 0.22 ± 0.07 0.39 ± 0.08 0.93 

C20:3n-3/C18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.80 

C20:5n-3/C18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.95 

C22:5n-3/C18:3n-3 0.06 ± 0.03 0.06 ± 0.03 <0.0001 

C22:6n-3/C18:3n-3 0.15 ± 0.07 0.14 ± 0.07 0.57 

C18:2n6/C16:0 1.22 ± 0.30 1.14 ± 0.02 0.75 

C18:3n3/C16:0 0.06 ± 0.01 0.06 ± 0.01 0.77 

1 (% monoenoics) 21.25 ± 1.94 44.66 ± 0.46 >0.05 

2 (% dienoics)  53.09 ± 9.78 47.43 ± 0.63 0.24 

3 (% trienoics) 6.83 ± 0.43 5.06 ± 0.65 0.13 

4 (% tetraenoics) 2.04 ± 0.68 1.81 ± 0.18 0.0002 

5 (% pentaenoics) 0.47 ± 0.16 0.40 ± 0.16 0.91 

6 (% hexaenoics) 1.02 ± 0.34 0.91 ± 0.35 0.06 

Unsaturation Index 84.70 ± 12.23 100.27 ± 0.99 0.004 
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Table 58. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) for high fat diet groups; High 
fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per 
group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at 
*p < 0.05.   

 HFD-S HFD-PF HFD-GbE p value 

 Mean ± SEM Mean ± SEM Mean ± SEM 
S 

Vs PF 
S 

Vs GbE 
PF  

Vs GbE 

C14:0 0.48 ± 0.02 0.46 ± 0.02 0.33 ± 0.02 0.84 0.0001 0.0004 
C15:0 0.09 ± <0.01 0.09 ± 0.01 0.08 ± 0.01 0.0004 0.99 0.99 
C16:0 19.37 ± 0.26 20.74 ± 0.34 19.04 ± 0.25 0.42 0.01 0.01 
C17:0 0.25 ± <0.01 0.28 ± 0.01 0.26 ± <0.01 0.01 0.95 0.02 
C18:0 5.28 ± 0.14 6.63 ± 0.24 5.59 ± 0.20 0.0002 0.53 0.003 
C20:0 0.06 ± 0.01 0.08 ± 0.01 0.03 ± 0.01 0.50 0.14 0.01 
C21:0 0.14 ± <0.01 0.16 ± <0.01 0.18 ± 0.01 0.09 0.001 0.14 
C22:0 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.78 0.64 0.97 
C23:0 0.02 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.46 0.73 0.89 
C24:0 0.16 ± 0.01 0.22 ± 0.02 0.19 ± 0.02 0.06 0.35 0.58 
∑DMA18:0 0.07 ± 0.02 0.00 ± <0.01 0.18 ± 0.02 0.01 <0.0001 <0.0001 
∑SFA 25.95 ± 0.40 28.73 ± 0.58 25.92 ± 0.44 0.001 >0.99 0.001 
C15:1 0.01 ± 0.01 0.00 ± <0.01 0.00 ± <0.01 0.40 0.40 >0.990 
C16:1n7 1.32 ± 0.04 1.26 ± 0.04 1.26 ± 0.04 0.57 0.50 0.992 
C17:1 0.18 ± <0.01 0.18 ± <0.01 0.18 ± 0.01 0.49 >0.99 0.52 
C18:1n7 0.01 ± 0.01 2.03 ± 0.04 2.13 ± 0.03 <0.0001 <0.0001 0.10 
C18:1n9 trans 0.11 ± 0.01 0.09 ± <0.01 0.11 ± 0.02 0.39 0.99 0.43 
C18:1n9 44.14 ± 0.42 39.85 ± 0.47 42.24 ± 0.25 <0.0001 0.01 0.001 
C20:1n9 0.36 ± 0.01 0.41 ± 0.02 0.34 ± 0.02 0.16 0.61 0.02 
C22:1n9 0.38 ± 0.05 0.34 ± 0.06 0.16 ± 0.04 0.87 0.01 0.03 
C24:1n9 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.99 0.95 0.90 
DMA18:1 0.05 ± 0.02 0.04 ± 0.02 0.00 ± <0.01 0.94 0.09 0.16 
∑C18:1 44.25 ± 0.42 41.98 ± 0.47 44.47 ± 0.25 0.001 0.92 0.0003 
∑n-7 1.32 ± 0.04 3.29 ± 0.06 3.38 ± 0.05 <0.0001 <0.0001 0.43 
∑n-9 44.95 ± 0.41 40.72 ± 0.45 42.81 ± 0.23 <0.0001 0.00 0.001 
∑MUFA 46.62 ± 0.42 44.32 ± 0.46 46.49 ± 0.23 0.001 0.97 0.001 
C18:2n6 trans <0.01 ± <0.01 0.01 ± 0.01 0.03 ± 0.01 0.85 0.05 0.13 
C18:2n6 23.86 ± 0.25 22.54 ± 0.39 24.32 ± 0.37 0.03 0.64 0.003 
C18:3n6 0.07 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.66 0.25 0.71 
C20:2n6 0.21 ± 0.02 0.19 ± 0.01 0.21 ± 0.01 0.60 >0.99 0.57 
C20:3n6 0.11 ± 0.02 0.17 ± 0.03 0.13 ± 0.01 0.07 0.62 0.33 
C20:4n6 0.50 ± 0.05 0.39 ± 0.05 0.52 ± 0.05 0.30 0.95 0.16 
C22:2n6 0.01 ± 0.01 0.01 ± 0.01 0.00 ± <0.01 >0.99 0.48 0.42 
C22:4n6 0.12 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.24 0.04 0.62 
∑n-6 PUFA 24.87 ± 0.21 23.44 ± 0.40 25.32 ± 0.37 0.02 0.65 0.002 
∑n-6 metabolites 1.01 ± 0.07 0.90 ± 0.08 0.98 ± 0.09 0.59 0.95 0.77 
C18:3n-3 trans 0.14 ± 0.02 0.13 ± 0.03 0.15 ± 0.01 0.84 0.99 0.75 
C18:3n3 0.57 ± 0.01 0.59 ± 0.02 0.60 ± 0.01 0.84 0.54 0.86 
C20:3n3 0.02 ± 0.01 0.00 ± <0.01 0.00 ± <0.01 0.0001 0.0001 >0.99 
C22:5n3 0.03 ± <0.01 0.03 ± 0.01 0.03 ± <0.01 >0.99 0.80 0.74 
C22:6n3 0.04 ± <0.01 0.06 ± 0.03 0.04 ± 0.01 0.78 >0.99 0.78 
∑n-3 PUFA 0.80 ± 0.02 0.79 ± 0.04 0.80 ± 0.02 0.98 >0.99 0.98 
∑n-3 metabolites 0.08 ± 0.01 0.10 ± 0.04 0.07 ± 0.02 0.60 0.89 0.32 
∑PUFA 25.68 ± 0.22 24.24 ± 0.39 26.12 ± 0.37 0.02 0.64 0.001 
∑UFA 72.30 ± 0.38 68.56 ± 0.80 72.61 ± 0.52 0.0006 0.93 0.0002 
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Table 59. Retroperitoneal monoglyceride and diglyceride fatty acid methyl esters (FAME) ratios for high fat diet groups; 
High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per 
group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. 
The level of statistical significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE p value 

 Mean ± SEM Mean ± SEM Mean ± SEM 
S  

Vs PF 
S  

Vs GbE PF Vs GbE 

∑MUFA/∑PUFA 1.82 ± 0.03 1.83 ± 0.02 1.78 ± 0.02 0.91 0.54 0.30 
∑MUFA/∑SFA 0.56 ± 0.01 0.65 ± 0.02 0.56 ± 0.01 0.0006 >0.99 0.0005 
∑PUFA/∑SFA 0.99 ± 0.02 0.85 ± 0.03 1.01 ± 0.03 0.002 0.84 0.0003 
∑UFA/∑SFA 2.79 ± 0.06 2.40 ± 0.07 2.81 ± 0.06 0.0006 0.98 0.0003 
C18:0/C16:0 0.27 ± <0.01 0.32 ± 0.01 0.29 ± 0.01 0.0004 0.13 0.0457 
C16:1n-7/C16:0 0.07 ± <0.01 0.06 ± <0.01 0.07 ± <0.01 0.12 0.78 0.34 
C18:1n-9/C16:0 2.28 ± 0.05 1.93 ± 0.05 2.23 ± 0.04 <0.0001 0.71 0.0001 
C18:1n-9/C16:1n-7 33.60 ± 0.88 31.89 ± 1.11 33.91 ± 1.08 0.45 >0.99 0.46 
C18:1/C18:0 8.45 ± 0.30 6.41 ± 0.27 8.05 ± 0.29 0.0001 0.59 0.001 
n-6/n-3 31.22 ± 0.91 30.34 ± 1.81 31.73 ± 0.91 0.89 0.96 0.73 
C18:2n-6/C18:3n-3 41.73 ± 0.93 38.86 ± 1.50 40.67 ± 0.57 0.17 0.77 0.46 
C20:4n-6/C20:3n-6 3.88 ± 0.36 2.68 ± 0.44 4.00 ± 0.46 0.16 0.98 0.09 
C20:4n-6/C22:6n-3 15.11 ± 1.69 15.15 ± 3.65 22.34 ± 3.78 >0.99 0.24 0.27 
C20:4n-6/C18:2n-6 0.02 ± <0.01 0.02 ± <0.01 0.02 ± <0.01 0.44 0.99 0.34 
C20:4n-6/C18:3n-3 0.87 ± 0.10 0.66 ± 0.08 0.87 ± 0.09 0.23 >0.99 0.22 
C22:5n-3/C18:3n-3 0.05 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.99 0.90 0.94 
C22:6n-3/C18:3n-3 0.06 ± 0.01 0.12 ± 0.07 0.07 ± 0.03 0.52 >0.99 0.50 
C22:6n-3/C22:5n-3 1.35 ± 0.15 3.38 ± 2.66 1.24 ± 0.50 0.53 0.99 0.47 
C18:2n6/C16:0 1.23 ± 0.02 1.09 ± 0.03 1.28 ± 0.03 0.004 0.47 0.0001 
C18:3n3/C16:0 0.03 ± <0.01 0.03 ± <0.01 0.03 ± <0.01 0.56 0.35 0.05 
C20:3n-6/C18:3n-6 1.66 ± 0.10 2.33 ± 0.32 1.91 ± 0.21 0.06 0.64 0.40 
C22:4n-6/C20:4n-6 3.95 ± 0.16 4.02 ± 0.48 6.05 ± 0.16 0.99 0.0002 0.0002 
1 (% monoenoics) 46.62 ± 0.42 43.71 ± 0.56 46.49 ± 0.23 0.0002 0.97 0.0002 
2 (% dienoics)  48.15 ± 0.49 45.48 ± 0.79 49.10 ± 0.74 0.03 0.61 0.003 
3 (% trienoics) 2.68 ± 0.09 2.93 ± 0.21 2.75 ± 0.07 0.44 0.93 0.6386 
4 (% tetraenoics) 2.49 ± 0.26 1.92 ± 0.22 2.40 ± 0.26 0.26 0.97 0.35 
5 (% pentaenoics) 0.14 ± 0.02 0.19 ± 0.04 0.17 ± 0.02 0.83 0.75 0.99 
6 (% hexaenoics) 0.21 ± 0.03 0.42 ± 0.23 0.24 ± 0.09 0.32 0.99 0.36 
Unsaturation Index 100.29 ± 0.53 94.51 ± 1.22 101.12 ± 0.92 0.0007 0.82 0.0001 
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Table 60. Mesenteric monoglycerides and diglycerides fatty acid methyl esters (FAME) for high fat diet groups; High fat 
diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). 
Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and statistically 
analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD - GbE S Vs PF S Vs GbE PF Vs GbE 

  Mean  SEM Mean  SEM Mean  SEM p value 

C14:0 0.52 ± 0.03 0.56 ± 0.02 0.45 ± 0.02 0.39 0.08 0.003 

C15:0 0.07 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.003 0.69 0.69 

C16:0 20.70 ± 0.21 21.52 ± 0.19 19.93 ± 0.14 0.86 0.01 0.01 

C17:0 0.29 ± 0.02 0.28 ± 0.01 0.25 ± 0.01 0.96 0.07 0.12 

C18:0 6.18 ± 0.21 6.84 ± 0.18 5.98 ± 0.19 0.06 0.75 0.01 

C20:0 0.08 ± 0.02 0.11 ± 0.02 0.10 ± 0.02 0.57 0.83 0.90 

C21:0 0.14 ± 0.02 0.17 ± 0.01 0.17 ± 0.01 0.28 0.31 >0.99 

C24:0 0.19 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 <0.0001 <0.0001 0.99 

DMA18:0 0.36 ± 0.04 0.27 ± 0.03 0.40 ± 0.07 0.38 0.83 0.15 

∑SFA 28.57 ± 0.35 29.92 ± 0.30 27.56 ± 0.33 0.02 0.09 0.0001 

C16:1n-7 1.58 ± 0.11 1.40 ± 0.08 1.23 ± 0.05 0.29 0.02 0.36 

C17:1 0.10 ± 0.02 0.16 ± 0.01 0.16 ± 0.01 0.04 0.04 >0.99 

C18:1n-7 1.23 ± 0.41 2.53 ± 0.03 2.63 ± 0.10 0.002 0.001 0.95 

C18:1n-9 39.66 ± 0.51 39.60 ± 0.35 39.03 ± 0.42 >0.99 0.57 0.62 

C20:1n9 0.39 ± 0.02 0.41 ± 0.02 0.53 ± 0.03 0.83 0.001 0.01 

C22:1n-9 0.15 ± 0.06 0.04 ± 0.03 0.68 ± 0.06 0.24 <0.0001 <0.0001 

C24:1n-9 0.01 ± 0.01 0.06 ± 0.01 0.23 ± 0.04 0.23 <0.0001 <0.0001 

∑C18:1 40.23 ± 0.65 40.19 ± 0.57 39.65 ± 0.63 >0.99 0.79 0.81 

∑n-7 2.84 ± 0.38 4.01 ± 0.10 3.90 ± 0.11 0.002 0.001 0.99 

∑n-9 40.28 ± 0.50 40.17 ± 0.32 40.59 ± 0.36 0.98 0.84 0.73 

∑MUFA 44.66 ± 0.46 44.35 ± 0.28 44.65 ± 0.35 0.82 >0.99 0.83 

C18:2n-6 23.56 ± 0.32 22.54 ± 0.19 19.56 ± 2.19 0.84 0.09 0.24 

C18:3n-6 0.18 ± 0.06 0.11 ± 0.02 0.15 ± 0.03 0.43 0.84 0.78 

C20:2n-6 0.15 ± 0.02 0.17 ± 0.01 0.13 ± 0.01 0.80 0.52 0.21 

C20:3n-6 0.19 ± 0.01 0.18 ± 0.01 0.14 ± 0.01 0.31 0.00 0.01 

C20:4n-6 0.39 ± 0.03 0.36 ± 0.02 0.30 ± 0.02 0.71 0.04 0.20 

C22:2n-6 0.01 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.04 0.05 0.99 

C22:4n-6 0.06 ± 0.01 0.17 ± 0.01 0.49 ± 0.03 0.001 <0.0001 <0.0001 

∑n-6 PUFA 24.54 ± 0.36 23.56 ± 0.20 20.96 ± 2.19 0.85 0.14 0.34 

∑n-6 metabolites 0.98 ± 0.10 1.02 ± 0.05 1.24 ± 0.06 0.91 0.04 0.10 

C18:3n-3 1.30 ± 0.18 1.30 ± 0.18 1.29 ± 0.18 >0.99 >0.99 >0.99 

C22:5n-3 0.08 ± 0.03 0.08 ± 0.03 0.08 ± 0.03 >0.99 >0.99 >0.99 

C22:6n-3 0.15 ± 0.06 0.15 ± 0.06 0.15 ± 0.06 >0.99 >0.99 >0.99 

∑n-3 PUFA 1.55 ± 0.21 1.55 ± 0.21 1.54 ± 0.21 >0.99 >0.99 >0.99 

∑n-3 metabolites 0.25 ± 0.09 0.25 ± 0.09 0.25 ± 0.09 >0.99 >0.99 >0.99 

∑PUFA 26.08 ± 0.40 25.11 ± 0.29 22.50 ± 2.10 0.85 0.12 0.32 

∑UFA 70.74 ± 0.43 69.45 ± 0.44 67.15 ± 2.19 0.77 0.15 0.44 
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Table 61. Mesenteric monoglyceride and diglycerides (MAG+DAG) fatty acid methyl esters (FAME) ratios for high fat diet 
groups; High fat diet with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) 
(N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-
hoc test. The level of statistical significance was set at *p < 0.05. 

 HFD-S   HFD-PF   HFD - GbE   S Vs PF S Vs GbE PF Vs GbE 

  Mean  SEM Mean  SEM Mean  SEM p value 

∑MUFA/∑PUFA 1.72 ± 0.04 1.77 ± 0.02 2.80 ± 0.98 >0.99 0.38 0.41 

∑MUFA/∑SFA 1.10 ± 0.02 1.19 ± 0.02 3.98 ± 2.39 >0.99 0.32 0.34 

∑PUFA/∑SFA 0.59 ± 0.01 0.57 ± 0.01 0.50 ± 0.05 0.89 0.12 0.28 

∑UFA/∑SFA 2.48 ± 0.04 2.32 ± 0.04 2.44 ± 0.09 0.17 0.88 0.37 

C18:0/C16:0 0.30 ± 0.01 0.32 ± 0.01 0.30 ± 0.01 0.31 >0.99 0.35 

C16:1n-7/C16:0 0.08 ± <0.01 0.06 ± <0.01 0.06 ± <0.01 0.10 0.03 0.85 

C18:1n-9/C16:0 1.92 ± 0.03 1.84 ± 0.03 1.96 ± 0.03 0.19 0.60 0.03 

C18:1n-9/C16:1n-7 26.12 ± 1.72 29.48 ± 2.17 32.14 ± 1.41 0.39 0.06 0.56 

C18:1n-7/C18:0 0.22 ± 0.07 0.37 ± 0.01 0.44 ± 0.02 0.05 0.003 0.50 

C18:1/C18:0 6.60 ± 0.30 5.92 ± 0.19 6.70 ± 0.27 0.16 0.95 0.10 

C15:0/C17:0 0.30 ± 0.01 0.32 ± 0.01 0.30 ± 0.01 0.12 >0.99 0.13 

n-6/n-3 20.06 ± 3.75 19.13 ± 3.51 18.33 ± 4.10 0.98 0.94 0.99 

C18:2n-6/C18:3n-3 22.64 ± 3.83 21.64 ± 3.65 19.98 ± 4.16 0.98 0.88 0.95 

C20:4n-6/C20:3n-6 2.09 ± 0.19 2.06 ± 0.09 2.18 ± 0.21 0.99 0.93 0.86 

C20:4n-6/C18:3n-3 0.39 ± 0.08 0.36 ± 0.08 0.30 ± 0.06 >0.99 >0.99 0.98 

C22:5n-3/C18:3n-3 0.06 ± 0.03 0.06 ± 0.03 0.06 ± 0.03 0.32 0.46 0.96 

C22:6n-3/C18:3n-3 0.14 ± 0.07 0.15 ± 0.07 0.15 ± 0.07 0.08 0.96 0.12 

C18:2n6/C16:0 1.14 ± 0.02 1.05 ± 0.02 0.98 ± 0.11 0.91 0.81 0.56 

C18:3n3/C16:0 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 >0.99 0.99 0.99 

1 (% monoenoics) 44.66 ± 0.46 44.35 ± 0.28 44.65 ± 0.35 0.47 >0.99 0.51 

2 (% dienoics)  47.43 ± 0.63 45.48 ± 0.40 39.76 ± 4.35 0.89 0.95 0.99 

3 (% trienoics) 5.06 ± 0.65 4.80 ± 0.58 4.80 ± 0.57 0.80 0.99 0.88 

4 (% tetraenoics) 1.81 ± 0.18 2.13 ± 0.08 3.17 ± 0.14 0.97 0.98 0.90 

5 (% pentaenoics) 0.40 ± 0.16 0.40 ± 0.16 0.39 ± 0.16 0.28 >0.99 0.24 

6 (% hexaenoics) 0.91 ± 0.35 0.92 ± 0.35 0.91 ± 0.35 0.29 0.44 0.95 

Unsaturation Index 100.27 ± 0.99 98.08 ± 0.94 93.68 ± 4.18 >0.99 >0.99 >0.99 

 

 
  



208 
 

5.6 RET and MES PPL 

 
As covered in the introduction, PPLs (PPL) make up approximately 50 per cent of cellular membrane 

with glycolipids, cholesterol, and intercalated transmembrane proteins embedded in the bilayer 

structure accounting for the rest. In mammalian cells, the major PPL are PC, PE, PS, PI and SM (Stryer 

et al., 2019). Cell membrane function is influenced by the fluidity and stability of the cell membrane, 

which is dependent of the type of FA incorporated into the PPL structure, and the amount of 

cholesterol-rich microdomains. The membrane serves as a barrier and facilitator of ionic exchange 

and molecular transport in and out of the cell. If the membrane is rich in SFA, the bilayer will become 

a more rigid gel-like structure, while a membrane rich in cis-UFA will be more flexible (Weijers, 2012, 

2015b, 2015a; Hulbert et al., 2005, 2007). Fatty acids can alter the physiochemical properties of cell 

membrane permeability by influencing cellular channels and G protein-coupled receptors (GPCR) 

(Endo and Arita, 2016).  

5.6.1 RES-PPL - NFD vs HFD 

As summarized in Table 62 and Table 63, a significant increase in total SFA occurred in the PPL fraction 

of HFD-S compared to the NFD, largely due to the 48% increase in C18:0 (NFD 13.82±1.05%; HFD-S 

20.46±0.59%, p =0.002) and a 2-fold increase in C24:0 (NFD 1.01±0.20%; HFD-S 2.10±0.10%, p=0.01). 

Table 62). Total PUFA decreased in the HFD-S group by 29% (NFD 34.29±1.15%; HFD-S 24.28±1.57%, 

p=0.01), mostly due to the 37% decrease in n-6 PUFA (NFD, 30.06±1.37%; HFD-S, 19.06±0.34%, 

p<0.0001), predominantly from C18:2n-6 (NFD, 24.91±1.65%; HFD-S, 13.87±0.44%, p=0.0003) (Table 

62). This is in keeping with the other fractions that also saw decreases in PUFA following an HFD. 

Interestingly, PUFA levels in TAG were ~23% for HFD-S, compared to ~45% for NFD. Similar PUFA % 

level of 24% for HFD rats was also seen in the PPL fraction while NFD-PUFA was around ~34%. 

Interestingly, n-3 PUFA levels did not decrease in line with n-6 PUFA as was generally seen in the 

other fractions, remaining relatively comparable between both NFD and HFD in the PPL fraction.  

When comparing fatty acid ratios, summarised in Table 63, a decrease of 45% was seen ∑PUFA/∑SFA 

in the HFD-S group compared to NFD (NFD, 0.91±0.06; HFD-S, 0.50±0.04, P=0.002). SFA and PUFA in 

PPLs are of similar ratios resulting in a ratio of 0.91 in an NFD, but this ratio decreases to 0.5 in the 

HFD, with double the amount of SFA incorporated into PPL than PUFA. A similar decrease of 35% was 

also seen in ∑UFA/∑SFA in HFD-S compared to NFD (NFD, 1.55±0.09; HFD-S, >0.99±0.03, P=0.002) 

Table 63). These results would suggest that the levels of unsaturation would decrease in the PPLs. 
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But this was not reflected in the unsaturation index between the NFD and HFD-S (NFD ,105.58±4.26; 

HFD-S 94.66±9.25, P=>0.99) (Table 63) where no changes occurred. The unsaturation index (UI) 

describes the fluidity of a biological membrane (Weijers, 2012). This suggests that while overall PUFA 

% levels decrease, the level of unsaturation within the membrane remains the same, meaning a 

similar level of fluidity exists between the biological membrane of the two groups. This is an 

interesting result as HFDs have been associated with decreased membrane fluidity, affecting insulin 

signalling (Parrish et al., 1997; Storlien et al., 1991). 

 

5.6.2 MES-PPL - NFD vs HFD 

When comparing the HFD-S group compared to the NFD group, shown in Table 64 and Table 65, the 

total SFA in HFD-S decreased by 16% (∑SFA; NFD,59.50±2.95%; HFD-S,50.22±>0.99%, p=0.002), 

predominantly influenced by the 24% decrease in C16:0 (C16:0; NFD,27.38±1.53%; HFD-

S,20.74±0.52%, p=0.0001) (Table 64). This resulted in an increase in the C18:0/C16:0 ratio 

(C18:0/C16:0; NFD,1.03±0.04; HFD-S,1.31±0.04, p=0.002) (Table 65). Total MUFA levels increased by 

84% in the HFD-S group (∑MUFA; NFD,10.47±0.47%; HFD-S,19.30±1.02%, p<0.0001) with 117% and 

89% increases seen in both n-7 (∑ω7NFD,2.43±0.07%; HFD-S,5.27±0.74%, p=0.0002) and n-9 MUFA 

(n-9; NFD,7.43±0.42%; HFD-S,14.03±0.52%, p<0.0001) (Table 64), respectively. This increase was 

largely associated with the increase in C18:1 (C18:1 Total; NFD,8.28±0.50%; HFD-S,14.82±0.52%, 

p=0.06) (Table 64). Furthermore, a 71% increase in the C18:1n-9/C16:1n-7 ratio was seen (C18:1n-

9/C16:1n-7; NFD,27.55±3.04; HFD-S,47.08±.83, p=0.001) (Table 65). n-3 PUFA decreasing by 32% 

compared to NFD (∑n-3 PUFA; NFD,1.57±0.07%; HFD-S,2.89 ±0.04%, p.01) (Table 64). This caused the 

n-6/n-3 ratio to increase by 56% (n-6/n-3; NFD,17.04±0.92; HFD-S,26.54±1.01, p<0.001). The 

PUFA/SFA ratio also decreased (∑PUFA/∑SFA; NFD,2.72±0.17; HFD-S,1.55±0.09, p<0.001) (Table 65). 
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5.6.3 RET-PPL HFD GbE treatment 

In the HFD subsets, several significant changes occurred in the PPL fraction (Table 66 and Table 67). 

When compared to S group, total SFA decreased in the PF group by only 6% (p=0.79) but while not 

significant, SFA in the GbE group increased by 20% (p=0.09) (Table 66). When comparing PF to GbE, 

GbE SFA levels increased by 27% (p=0.02) (HFD-S, 49.24±0.95%; HFD-PF, 46.36±4.44%; HFD-GbE, 

58.87±2.90%). DMA18:0 decreased by 65% in PF (p=0.0002) and by 32% in GbE group (p=0.01) 

compared to the S group, while no significant difference occurred between the PF and GbE group 

(HFD-S, 1.63±0.28%; HFD-PF, 0.33±0.20%; HFD-GbE, 0.70±0.06%) (Table 66). A dramatic increase in 

MUFA in PF rats and the decrease in GbE treatment is an interesting finding. The greatest change is 

seen in metabolites in the MUFA group. A 40% increase in PF (p=0.01) and a 20% decrease in GbE 

(p=0.27) was seen as compared to HFD-S in total MUFA levels, while GbE was significantly decreased 

by 43% compared to PF (p=0.0002) (HFD-S, 24.81±1.26%; HFD-PF, 34.78±3.14%; HFD-GbE, 

19.78±1.87%) (Table 66). Several dynamic changes in the MUFA pathway occurred from C16:1n-7 

through to C24:1n-9. C16:1n-7, a recognised lipokine, increased by 235% in PF (p<0.0001) and but 

not significantly so in GbE (p=0.11) compared to HFD-S, although GbE levels were 45% than the PF 

group (p=0.002) (HFD-S, 0.48±0.09%; HFD-PF, 1.61±0.20%; HFD-GbE, 0.88±0.08%) (Table 66). A 

dramatic 48% and 52% decrease of C18:1n-9 in PF (p=0.003) and GbE (p=0.001), respectively was 

seen compared to HFD-S, while PF and GbE levels remaining relatively similar (p=0.95) (HFD-S 

20.93±1.12%; HFD-PF, 10.96±2.92%; HFD-GbE, 10.10±1.07%) (Table 66). In the PF group, this was 

accompanied by a significant increase in C20:1n-9, C22:1n-9 and C24:1n-9, which were also increased 

in the GbE group compared HFD-S, but not to the extent of the PF group. C24:1n-9 increase by nearly 

4568% in PF (p<0.0001) compared to HFD-S, while GbE was 84% less than PF (p<0.0001) (HFD-S 

0.07±0.03%; HFD-PF, 3.26±0.57%; HFD-GbE, 0.54±0.06%) (Table 66). This led to an overall n-7 

increase of 86% in PF compared to HFD-S (p=0.001) and HFD-GbE (p=0.001). n-9 levels did not 

significantly change in PF (p=0.23) compared to HFD-S it did decrease by 24% in GbE (p=0.04), while 

GbE levels were 43% less than PF (p=0.001) (HFD-S, 1.94±0.22%; HFD-PF, 3.62±0.40%; HFD-GbE, 

1.99±0.19) (Table 66). Conversely, as PPL-MUFA percentage levels dropped to ~20% following GbE 

treatment, this drop in GbE MUFA was accompanied by an increase in SFA to nearly 59% of total 

sample levels compared to PF (~46%) and S (49%). In the previous section, lipolysis and DNL following 

calorie restriction was discussed. DNL produces C16:0 that can then be converted to C18:0 or MUFA. 

In the PF group, we see a decrease in C16:0 and an increase in C18:0, followed by increased varieties 
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of MUFA compared to the S group. These changes were also accompanied by a decrease in total PUFA 

by 37% in PF (p=0.001), but only 19% in GbE (p=0.1), compared to HFD-S, while GbE was 29% higher 

than the PF group (0.1) (HFD-S 24.28±1.57%: HFD-PF, 15.37±1.65%; 1 HFD-GbE, 19.76±1.17%) (Table 

66). n-6 PUFA decreased by 38% in PF (p<0.0001), and 21% in GbE, (p=0.02) compared to HFD-S, 

although GbE was 48% higher than the PF group (0.09) (HFD-S 19.06±0.34%: HFD-PF, 11.77±1.58%; 

HFD-GbE, 14.98±0.77%) (Table 66). In contrast, for n-6 metabolites no differences were seen 

between the PF and HFD-S group, while GbE was 33% (p=0.02) and 48 % higher (p=0.003) than HFD-

S and HFD-PF (Table 66), respectively.  

5.6.4 MES-PPL HFD GbE treatment 

A dynamic range of changes occurred in MES PPL HFD subset groups that received GbE treatment 

(HFD-GbE), caloric restriction (HFD-PF) of saline only (HFD-S) (Table 68 and Table 69). Compared to 

HFD-S, total SFA percentage levels increased by 36% in HFD-GbE (p=0.001) but decreased by 26% in 

HFD-PF (p=0.05) (Table 68). Due to these changes, HFD-GbE increased by 84% compared to HFD-PF 

(p<0.0001) (∑SFA; HFD-S, 50.22±1.01%: HFD-PF,33.04±1.86%: HFD-GbE,60.81±1.42%) (Table 68). 

These changes were largely due to the 7% and 42% decrease in C16:0 (p=0.01) and C18:0 (p=0.0001), 

respectively in HFD-PF, and a 59% increase in C16:0 (p=0.0002) in HFD-GbE, compared to HFD-S 

(C16:0; HFD-S,  20.74±0.52%:HFD-PF, 16.60±1.41%:HFD-GbE, 28.43±1.67%) (C18:0;HFD-S, 

26.94±0.68%:HFD-PF,13.91±0.98%:HFD-GbE,26.55±0.91%) (Table 68). While no overall difference 

occurred between HFD-S and HFD-GbE C18:0 levels, a 91% increase in C18:0 in the GbE group 

occurred compared to HFD-PF (p=0.0001) (Table 68). Total MUFA levels increased 2-fold in the HFD-

PF group accounted for 35% of the total sample (p<0.0001) but only decreased by 12% in HFD-GbE 

to 14% of the sample (p=0.25), compared to 16% in the HFD-S (∑MUFA; HFD-S,32.49±0.89%: HFD-

PF,33.46±1.84%: HFD-GbE,14.11±0.63%) (Table 68). Dynamic changes occurred across most 

individual MUFA, dominated by overall increases in HFD-PF levels compared to both HFD-S and HFD-

GbE. Overall, in HFD-PF, n-7 MUFA increased over 5-fold compared to HFD-S (p<0.0001) and (HFD-

GbE (p<0.0001) (∑n-7; HFD-S, 4.53±0.74%: HFD-PF,1.17±1.17%: HFD-GbE, <0.53±0.01%). Similarly, n-

9 PUFA increased 2-fold in HFD-PF compared to HFD-S (p<0.0001) and HFD-GbE (p<0.0001) (∑n-9; 

HFD-S, 13.93±0.52%: HFD-PF,25.96±1.76%: HFD-GbE,10.89±0.82%) (Table 68), while levels remained 

relatively similar between HFD-S and HFD-GbE. These changes were also reflected in the C18:1/C18:0 

ratio that increased in HFD-PF, compared to both HFD-S (p=0.03) and HFD-GbE (p=0.02), but with 

levels remaining similar between HFD-S and HFD-GbE (p=0.99) (C18:1/C18:0; HFD-S,0.39±0.03; HFD-
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PF,0.89±0.42; HFD-GbE,0.36±0.04) (Table 69). Overall total PUFA decreased by 52% in HFD-PF 

(p<0.0001) and 17% in HFD-GbE (p<0.0001), compared to HFD-S, although HFD-GbE PUFA levels 

remained 74% higher than HFD-PF (p=0.008) (∑PUFA; HFD-S, 29.90±0.89%: HFD-PF,9.53±0.05%: HFD-

GbE,18.33±0.1%) (Table 68). These changes are largely attributed to the 61% and 25% decrease in n-

6 PUFA seen in the HFD-PF (p<0.0001) and HFD-GbE group (p<0.0001) compared to HFD-S (∑n-6 

PUFA;HFD-S, 28.11±0.05%:HFD-PF,9.23±0.07%:HFD-GbE,17.90±0.13%) and the 82% and 29% 

decrease in HFD-PF (p<0.0001) and HFD-GbE (p<0.0001) n-6 metabolites compared to HFD-S, 

although n-6 metabolites levels remained 3 times higher in HFD-GbE compared to HFD-PF (p=0.0003)  

(∑n-6 metabolites; HFD-S, 13.64±0.28%:HFD-PF,2.19±0.28%:HFD-GbE,8.86±0.42%) (Table 68). n-3 

PUFA levels decreased in both HFD-PF (p<0.0001) and HFD-GbE (p<0.0001) compared to HFD-S, but 

not between the HFD-PF and HFD-GbE groups (HFD-S, 1.79±0.04%; HFD-PF, 0.30±0.04%; HFD-GbE, 

0.43± 0.07%) (Table 68). Interestingly, the C18:2n-6/C18:3n-3 ratio increased in both HFD-PF (p=0.01) 

and HFD-GbE (p=0.01) compared to HFD-S (C18:2n-6/C18:3n-3; HFD-S,66.97±11.53; HFD-

PF,84.72±25.90; HFD-GbE,76.26±26.37) (Table 69) although the opposite was seen in the n-6/n-3 

ratio that decreased in HFD-PF (p=0.01), and increased in HFD-GbE (0.02) compared to HFD-S, but 

still remained similar between the HFD-PF and HFD-GbE group  (n-6/n-3;HFD-S,41.25±3.31;HFD-

PF,23.90±8.42;HFD-GbE,59.95±10.25) (Table 69). Overall total UFA increased by 7% in the HFD-PF 

group (p=0.27) but decreased significantly in the HFD-GbE group (p<0.0001) compared to HFD-S 

(∑UFA; HFD-S, 62.39±0.47%: HFD-PF,42.99±0.95%: HFD-GbE,32.44±0.36%) (Table 68). UFA levels 

were 35% less in HFD-GbE compared to HFD-PF (p<0.0001). despite this, the unsaturation index 

decreased more in the HFD-PF group (p<0.0001) than the HFD-GbE group (p=0.002) compared to 

HFD-S (Unsaturation Index; HFD-S,81.39±9.67; HFD-PF, 61.36±3.74; HFD-GbE, 66.79±3.17) (Table 69). 

This change is reflected in the MUFA/PUFA ratio that increased in the HFD-PF group (p<0.0001) but 

not in the HFD-GbE group (p=0.66) when compared to HFD-S (∑MUFA/∑PUFA;HFD-S,0.67±0.05;HFD-

PF,2.57±0.23;HFD-GbE,0.85±0.09) (Table 69)  indicating more change between MUFA and PUFA 

levels occurred in HFD-PF compared to the other two groups. Similarly, looking at the PUFA/SFA ratio, 

more changes occurred in the HFD-PF group with a decrease in the ratio seen compared to both HFD-

S (<0.0001) and HFD-GbE (<0.0001), although HFD-GbE levels did decrease as well compared to HFD-

S although not significantly (p=0.07) (∑PUFA/∑SFA; HFD-S,1.53±0.12; HFD-PF,0.30±0.04; HFD-

GbE,1.34±0.09) (Table 69). 
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Table 62. Retroperitoneal phospholipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-
S) (N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), 
and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S  
 Mean  SEM Mean  SEM p value 

C14:0 0.24 ± 0.07 0.32 ± 0.03 0.24 
C16:0 21.90 ± 0.74 24.26 ± 0.65 0.74 
C17:0 0.13 ± 0.04 0.17 ± 0.04 0.5 
C18:0 13.82 ± 1.05 20.46 ± 0.59 0.002 
C20:0 0.08 ± 0.03 0.07 ± 0.02 0.91 
C22:0 0.07 ± 0.03 0.20 ± 0.04 0.66 
C24:0 1.01 ± 0.20 2.10 ± 0.10 0.01 
DMA 16:0 0.02 ± 0.02 0.00 ± 0.00 0.32 
DMA 18:0 1.17 ± 0.16 1.63 ± 0.28 0.18 
∑SFA.DMA 1.19 ± 0.16 1.63 ± 0.28 0.20 
∑SFA 38.43 ± 1.36 49.24 ± 0.95 0.0004 
C15:1 0.52 ± 0.15 0.00 ± 0.00 0.12 
C16:1n7 0.77 ± 0.11 0.48 ± 0.09 0.94 
C17:1 <0.01 ± 0.00 0.05 ± 0.03 0.17 
C18:1n7 1.90 ± 0.20 1.46 ± 0.17 0.99 
C18:1n9 14.91 ± 1.33 20.93 ± 1.12 0.18 
C20:1n9 1.30 ± 0.43 0.66 ± 0.15 0.16 
C20:3n9 0.22 ± 0.22 0.00 ± 0.00 0.31 
C22:1n9 2.05 ± 0.85 0.27 ± 0.08 0.85 
C24:1n9 0.85 ± 0.42 0.07 ± 0.03 0.95 
DMA18:1 1.90 ± 0.19 0.80 ± 0.13 0.01 
∑C18:1 16.81 ± 1.51 22.48 ± 1.22 0.42 
n-7 2.67 ± 0.21 1.94 ± 0.22 0.74 
n-9 19.33 ± 0.86 21.93 ± 1.07 0.96 
∑MUFA 24.42 ± 0.77 24.81 ± 1.26 0.80 
C18:2n6 24.91 ± 1.65 13.87 ± 0.44 0.0003 
C20:2n6 0.02 ± 0.02 0.11 ± 0.02 0.05 
C20:3n6 0.32 ± 0.10 0.76 ± 0.06 0.09 
C20:4n6 3.39 ± 0.30 3.53 ± 0.28 >0.99 
C22:2n6 0.01 ± 0.01 0.31 ± 0.04 <0.0001 
C22:4n6 0.19 ± 0.10 0.11 ± 0.06 >0.99 
∑ n-6 PUFA 30.06 ± 1.37 19.06 ± 0.34 <0.0001 
∑ n-6 metabolites 5.16 ± 0.40 4.82 ± 0.29 0.51 
C18:3n-3 trans 2.37 ± 0.46 2.22 ± 0.20 0.76 
C18:3n3 0.95 ± 0.16 0.31 ± 0.08 0.13 
C22:6n3 0.22 ± 0.05 2.67 ± 1.76 0.21 
∑ n-3PUFA 4.23 ± 0.80 5.21 ± 1.72 0.62 
∑ n-3 metabolites 0.91 ± 0.70 2.68 ± 1.77 0.38 
∑PUFA 34.29 ± 1.15 24.28 ± 1.57 0.01 
∑UFA 58.72 ± 1.34 49.09 ± 0.75 0.001 
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Table 63. Retroperitoneal phospholipid fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-
saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results 
presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of 
statistical significance was set at *p < 0.05. 

 NFD HFD-S   

 Mean  SEM Mean  SEM p value 

∑MUFA/∑PUFA 0.72 ± 0.04 1.07 ± 0.09 0.22 
∑MUFA/∑SFA 1.60 ± 0.10 2.03 ± 0.10 0.42 
∑PUFA/∑SFA 0.91 ± 0.06 0.50 ± 0.04 0.002 
∑UFA/∑SFA 1.55 ± 0.09 >0.99 ± 0.03 0.002 
C18:0/C16:0 0.64 ± 0.05 0.85 ± 0.03 0.18 
C16:1n-7/C16:0 0.04 ± 0.01 0.02 ± 0.00 0.74 
C18:1n-9/C16:0 0.68 ± 0.06 0.86 ± 0.03 0.53 
C18:1n-9/C16:1n-7 18.32 ± 3.00 38.80 ± 4.56 0.15 
C18:1n-7/C18:0 0.15 ± 0.03 0.07 ± 0.01 0.36 
C18:1/C18:0 1.34 ± 0.21 1.11 ± 0.07 >0.99 
n-6/ n-3 11.22 ± 3.98 6.45 ± 1.11 >0.99 
C18:2n-6/C18:3n-3 26.58 ± 3.27 55.74 ± 10.46 0.70 
C20:4n-6/C20:3n-6 8.12 ± 1.80 4.87 ± 0.51 0.89 
C20:4n-6/C22:6n-3 11.02 ± 0.68 22.62 ± 9.89 >0.99 
C20:4n-6/C18:2n-6 0.15 ± 0.02 0.26 ± 0.02 0.24 
C20:4n-6/C18:3n-3 3.68 ± 0.89 14.41 ± 3.50 0.53 
C20:5n-3/C18:3n-3 0.68 ± 0.68 0.00 ± 0.00 >0.99 
C22:5n-3/C18:3n-3 <0.01 ± 0.00 0.09 ± 0.07 >0.99 
C22:6n-3/C18:3n-3 0.19 ± 0.06 14.28 ± 12.27 >0.99 
C18:2n6/C16:0 1.14 ± 0.07 0.57 ± 0.01 <0.0001 
C18:3n3/C16:0 0.04 ± 0.01 0.01 ± 0.00 0.11 
C22:4n-6/C20:4n-6 5.19 ± 0.52 8.89 ± 1.68 0.99 
1 (% monoenoics) 21.35 ± 3.00 24.81 ± 1.26 >0.99 
2 (% dienoics) 49.87 ± 3.29 29.33 ± 0.76 0.001 
3 (% trienoics) 15.26 ± 1.83 9.87 ± 0.76 0.50 
4 (% tetraenoics) 14.33 ± 1.16 14.56 ± 1.14 >0.99 
5 (% pentaenoics) 3.43 ± 3.43 0.06 ± 0.04 >0.99 
6 (% hexaenoics) 1.35 ± 0.29 16.03 ± 10.58 >0.99 
Unsaturation Index 105.58 ± 4.26 94.66 ± 9.25 >0.99 
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Table 64. Mesenteric phospholipid fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), 
and statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S p value 

 Mean  SEM Mean  SEM  
C14:0 0.23 ± 0.02 0.58 ± 0.03 0.001 
C16:0 27.38 ± 1.53 20.74 ± 0.52 0.0001 
C18:0 27.86 ± 1.39 26.94 ± 0.68 0.24 
C20:0 0.22 ± 0.01 0.12 ± 0.02 <0.0001 
C21:0 0.03 ± 0.01 0.04 ± 0.01 0.03 
C23:0 0.24 ± 0.02 0.11 ± 0.02 0.0001 
C24:0 0.77 ± 0.05 0.11 ± 0.02 <0.0001 
∑SFA.DMA 2.13 ± 0.13 1.58 ± 0.13 <0.0001 
∑SFA 59.50 ± 2.95 50.22 ± >0.99 0.002 
C16:1n-7 0.24 ± 0.02 0.23 ± 0.02 0.70 
C18:1n7 2.09 ± 0.07 4.30 ± 0.24 0.0002 
C18:1n-9 6.14 ± 0.46 10.41 ± 0.57 0.02 
C20:1n9 0.75 ± 0.04 3.22 ± 0.30 <0.0001 
C22:1n-9 0.25 ± 0.07 0.10 ± 0.03 0.97 
C24:1n-9 0.24 ± 0.02 0.20 ± 0.01 0.12 
C18:1 Total 8.28 ± 0.50 14.82 ± 0.52 0.06 
∑n-7 2.43 ± 0.07 5.27 ± 0.74 0.0002 
∑n-9 7.43 ± 0.42 14.03 ± 0.52 <0.0001 
∑MUFA 10.47 ± 0.47 19.30 ± 1.02 <0.0001 
C18:2n-6 14.36 ± 1.52 14.47 ± 0.67 >0.99 
C18:3n-6 0.27 ± 0.07 0.12 ± 0.02 0.0004 
C20:2n-6 0.40 ± 0.08 0.21 ± 0.02 0.36 
C20:3n-6 0.46 ± 0.04 0.54 ± 0.02 0.98 
C20:4n-6 10.62 ± 1.19 12.14 ± 0.44 >0.99 
C22:2n-6 0.13 ± 0.01 0.08 ± 0.01 0.02 
C22:4n-6 0.88 ± 0.13 0.55 ± 0.07 <0.0001 
∑n-6 PUFA 27.28 ± 2.55 28.11 ± 0.88 >0.99 
∑n-6 metabolites 12.75 ± 1.36 13.64 ± 0.47 >0.99 
C18:3n-3 1.13 ± 0.10 1.3 ± 0.14 >0.99 
C20:5n-3 0.32 ± 0.03 0.2 ± 0.02 0.33 
C22:5n-3 0.25 ± 0.04 0.32 ± 0.02 0.96 
C22:6n-3 0.55 ± 0.05 1.07 ± 0.03 0.02 
∑n-3 PUFA 1.57 ± 0.07 2.89 ± 0.04 0.01 
∑n-3 metabolites 1.25 ± 0.07 0.86 ± 0.03 0.02 
∑PUFA 28.86 ± 2.62 29.17 ± 0.89 0.96 
∑UFA 39.33 ± 3.02 62.39 ± 0.47 0.01 
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Table 65. Mesenteric Phospholipids (PPL) fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet 
with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). 
Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level 
of statistical significance was set at *p < 0.05. 

 NFD HFD-S p value 

 Mean  SEM Mean   SEM  
∑MUFA/∑PUFA 0.38 ± 0.02 0.67 ±  0.05 0.008 
∑MUFA/∑SFA 0.38 ± 0.02 0.67 ±  0.05 0.008 
∑PUFA/∑SFA 2.72 ± 0.17 1.55 ±  0.09 <0.001 
∑UFA/∑SFA 0.70 ± 0.09 0.97 ±  0.04 0.44 
C18:0/C16:0 1.03 ± 0.04 1.31 ±  0.04 >0.99 
C18:1n-9/C16:0 0.24 ± 0.03 0.51 ±  0.04 0.001 
C18:1n-9/C16:1n-7 27.55 ± 3.04 47.08 ±  2.83 0.01 
C18:1/C18:0 0.31 ± 0.03 0.56 ±  0.03 0.003 
n-6/n-3 17.04 ± 0.92 26.54 ±  1.01 <0.001 
C18:2n-6/C18:3n-3 45.92 ± 3.94 67.27 ±  3.85 0.07 
C20:4n-6/C20:3n-6 23.35 ± 2.19 22.84 ±  1.49 >0.99 
C20:4n-6/C22:6n-3 19.24 ± 0.83 39.94 ±  2.97 0.99 
C20:4n-6/C18:2n-6 0.76 ± 0.07 0.85 ±  0.04 0.93 
C20:3n-3/C18:3n-3 1.56 ± 0.19 1.56 ±  0.09 0.99 
C22:5n-3/C18:3n-3 0.86 ± 0.18 0.91 ±  0.04 0.67 
C22:6n-3/C18:3n-3 1.87 ± 0.27 1.37 ±  0.06 >0.99 
C22:6n-3/C22:5n-3 2.46 ± 0.24 1.71 ±  0.22 0.99 
C18:2n6/C16:0 0.57 ± 0.09 0.71 ±  0.05 >0.99 
C18:3n-6/C18:2n-6 0.02 ± 0.01 0.01 ±  0.00 0.88 
C20:3n-6/C18:3n-6 3.58 ± 1.29 5.57 ±  0.94 >0.99 
C22:4n-6/C20:4n-6 12.69 ± 0.76 24.63 ±  2.33 0.96 
1 (% monoenoics) 10.47 ± 0.47 19.30 ±  1.02 <0.001 
2 (% dienoics)  30.11 ± 3.03 29.52 ±  1.31 >0.99 
3 (% trienoics) 4.52 ± 0.25 3.65 ±  0.14 0.29 
4 (% tetraenoics) 45.98 ± 5.25 50.73 ±  1.91 >0.99 
5 (% pentaenoics) 1.24 ± 0.19 0.98 ±  0.06 >0.99 
6 (% hexaenoics) 3.30 ± 0.33 1.91 ±  0.14 0.07 
Unsaturation Index 95.62 ± 8.30 106.10 ±  2.04 >0.99 
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Table 66. Retroperitoneal phospholipid fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results 
are presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE 
PF Vs 
GbE 

Name Mean  SEM Mean  SEM Mean  SEM p value 

C16:0 24.26 ± 0.65 19.53 ± 2.07 24.43 ± 2.19 0.15 0.01 0.01 
C17:0 0.17 ± 0.04 0.03 ± 0.02 0.13 ± 0.03 0.19 0.01 0.27 
C18:0 20.46 ± 0.59 24.83 ± 2.54 28.69 ± 1.49 0.89 0.96 0.74 
C20:0 0.07 ± 0.02 0.09 ± 0.04 0.06 ± 0.02 0.002 0.92 0.001 
C22:0 0.20 ± 0.04 0.02 ± 0.02 0.22 ± 0.04 0.47 0.01 0.0007 
C24:0 2.10 ± 0.10 1.28 ± 0.18 4.21 ± 0.82 0.02 0.15 0.0002 
∑DMA18:0 1.63 ± 0.28 0.33 ± 0.20 0.70 ± 0.06 0.0002 0.01 0.40 
∑SFA 49.24 ± 0.95 46.36 ± 4.44 58.87 ± 2.90 0.79 0.09 0.02 
C16:1n7 0.48 ± 0.09 1.61 ± 0.20 0.88 ± 0.08 <0.0001 0.11 0.002 
C18:1n7 1.46 ± 0.17 0.90 ± 0.21 0.68 ± 0.10 0.07 0.01 0.61 
C18:1n9 20.93 ± 1.12 10.96 ± 2.92 10.10 ± 1.07 0.003 0.001 0.95 
C20:1n9 0.66 ± 0.15 2.35 ± 0.21 1.33 ± 0.16 <0.0001 0.03 0.001 
C22:1n9 0.27 ± 0.08 8.54 ± 0.95 1.72 ± 0.20 <0.0001 0.18 <0.0001 
C24:1n9 0.07 ± 0.03 3.26 ± 0.57 0.54 ± 0.06 <0.0001 0.59 <0.0001 
∑DMA18:1 0.80 ± 0.13 3.79 ± 0.27 2.68 ± 0.35 <0.0001 0.0001 0.02 
∑C18:1 22.48 ± 1.22 11.86 ± 3.12 10.81 ± 1.14 0.003 0.001 0.93 
∑n-7 1.94 ± 0.22 3.62 ± 0.40 1.99 ± 0.19 0.001 0.99 0.001 
∑n-9 21.93 ± 1.07 26.78 ± 3.03 14.43 ± 1.45 0.23 0.04 0.001 
∑MUFA 24.81 ± 1.26 34.78 ± 3.14 19.78 ± 1.87 0.01 0.27 0.0002 
C18:2n6 13.87 ± 0.44 7.43 ± 1.47 8.56 ± 0.50 0.0001 0.001 0.67 
C18:3n6 - ± - 1.42 ± 0.17 0.66 ± 0.14 - - 0.001 
C20:2n6 0.11 ± 0.02 - ± - 0.03 ± 0.02 - 0.0002 - 
C20:3n6 0.76 ± 0.06 0.30 ± 0.07 0.43 ± 0.04 <0.0001 0.001 0.26 
C20:4n6 3.53 ± 0.28 2.62 ± 0.33 4.72 ± 0.25 0.09 0.02 0.0001 
C22:2n6 0.31 ± 0.04 - ± - 0.26 ± 0.02 - 0.31 - 
C22:4n6 0.11 ± 0.06 - ± - 0.32 ± 0.05 0.20 0.01 0.0001 
∑n-6 PUFA 19.06 ± 0.34 11.77 ± 1.58 14.98 ± 0.77 0.0001 0.02 0.09 
∑n-6 metabolites 4.82 ± 0.29 4.34 ± 0.52 6.42 ± 0.35 0.68 0.02 0.003 
C18:3n-3 trans 2.22 ± 0.20 3.06 ± 0.26 4.09 ± 0.50 0.22 0.002 0.11 
C18:3n3 0.31 ± 0.08 0.11 ± 0.06 0.20 ± 0.04 0.09 0.43 0.61 
C22:5n3 0.01 ± 0.01 - ± - 0.09 ± 0.02 - 0.0001 - 
C22:6n3 2.67 ± 1.76 0.42 ± 0.16 0.35 ± 0.04 0.28 0.26 >0.99 
∑n-3 PUFA 5.21 ± 1.72 3.60 ± 0.22 4.78 ± 0.51 0.53 0.95 0.71 
∑n-3 metabolites 2.68 ± 1.77 0.42 ± 0.16 0.49 ± 0.07 0.06 0.04 >0.99 
∑PUFA 24.28 ± 1.57 15.37 ± 1.65 19.76 ± 1.17 0.001 0.10 0.11 
∑UFA 49.09 ± 0.75 50.15 ± 4.42 39.54 ± 2.97 0.97 0.09 0.06 
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Table 67. Retroperitoneal phospholipid fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-
saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results 
presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of 
statistical significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE S Vs PF 
S Vs 
GbE 

PF Vs 
GbE 

Name Mean  SEM Mean  SEM Mean  SEM  p value  

∑MUFA/∑PUFA 1.07 ± 0.09 2.35 ± 0.17 0.98 ± 0.05 <0.0001 0.84 <0.0001 
∑MUFA/∑SFA 2.03 ± 0.10 1.56 ± 0.30 3.52 ± 0.66 0.72 0.05 0.01 
∑PUFA/∑SFA 0.50 ± 0.04 0.39 ± 0.07 0.35 ± 0.03 0.33 0.13 0.85 
∑UFA/∑SFA 1.00 ± 0.03 1.28 ± 0.24 0.71 ± 0.08 0.39 0.35 0.03 
C18:0/C16:0 0.85 ± 0.03 1.31 ± 0.12 1.22 ± 0.07 0.002 0.01 0.72 
C16:1n-7/C16:0 0.02 ± <0.01 0.10 ± 0.02 0.04 ± 0.01 0.004 0.71 0.02 
C18:1n-9/C16:0 0.86 ± 0.03 0.72 ± 0.22 0.47 ± 0.07 0.76 0.12 0.39 
C18:1n-9/C16:1n-7 38.80 ± 4.56 9.92 ± 4.81 11.35 ± 0.74 <0.0001 0.0001 0.96 
C18:1n-7/C18:0 0.07 ± 0.01 0.05 ± 0.02 0.02 ± <0.01 0.80 0.07 0.26 
C18:1/C18:0 1.11 ± 0.07 0.75 ± 0.35 0.40 ± 0.05 0.47 0.06 0.47 
n-6/n-3 6.45 ± 1.11 3.36 ± 0.54 3.34 ± 0.25 0.01 0.01 >0.99 
C18:2n-6/C18:3n-3 55.74 ± 10.46 33.89 ± 8.90 37.36 ± 4.82 0.38 0.28 0.97 
C20:4n-6/C20:3n-6 4.87 ± 0.51 7.23 ± 0.57 11.56 ± 1.13 0.16 <0.0001 0.01 
C20:4n-6/C22:6n-3 22.62 ± 9.89 7.07 ± 2.42 14.46 ± 1.42 0.07 0.40 0.39 
C20:4n-6/C18:2n-6 0.26 ± 0.02 0.48 ± 0.08 0.56 ± 0.03 0.02 0.001 0.53 
C20:4n-6/C18:3n-3 14.41 ± 3.50 7.81 ± 3.26 20.64 ± 3.32 0.57 0.40 0.15 
C22:6n-3/C18:3n-3 14.28 ± 12.27 0.42 ± 0.21 1.35 ± 0.12 0.55 0.31 >0.99 
C18:2n6/C16:0 0.57 ± 0.01 0.47 ± 0.12 0.38 ± 0.04 0.60 0.18 0.67 
C18:3n3/C16:0 0.01 ± <0.01 0.01 ± <0.01 0.01 ± <0.01 0.23 0.68 0.08 
1 (% monoenoics) 24.81 ± 1.26 11.29 ± 7.59 9.44 ± 1.46 0.11 0.06 0.95 
2 (% dienoics)  29.33 ± 0.76 14.87 ± 2.94 17.71 ± 1.04 <0.0001 0.0004 0.53 
3 (% trienoics) 9.87 ± 0.76 19.71 ± 1.99 18.37 ± 1.95 0.001 0.004 0.84 
4 (% tetraenoics) 14.56 ± 1.14 10.49 ± 1.34 20.15 ± 1.02 0.05 0.01 <0.0001 
6 (% hexaenoics) 16.03 ± 10.58 2.54 ± 0.97 2.12 ± 0.22 0.06 0.03 0.99 
Unsaturation Index 94.66 ± 9.25 58.90 ± 8.44 68.45 ± 4.19 0.01 0.06 0.65 
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Table 68.Mesenteric phospholipid fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results 
are presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S     HFD-PF   HFD - GbE    S Vs PF S Vs GbE PF Vs GbE 

 Mean  SEM Mean  SEM Mean  SEM  p value  

C14:0 0.58 ± 0.03 0.75 ± 0.08 1.36 ± 0.22 0.06 <0.0001 0.01 
C16:0 20.74 ± 0.52 16.60 ± 1.41 28.43 ± 1.67 0.01 0.0002 0.003 
C18:0 26.94 ± 0.68 13.91 ± 0.98 26.55 ± 0.91 0.0001 >0.99 0.0001 
C20:0 0.12 ± 0.02 0.01 ± 0.01 0.23 ± 0.07 0.85 0.004 0.02 
C21:0 0.04 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.004 >0.99 0.004 
C22:0 0.11 ± 0.02 0.34 ± 0.05 0.32 ± 0.05 <0.0001 <0.0001 <0.0001 
C24:0 0.53 ± 0.05 0.54 ± 0.14 2.02 ± 0.25 0.03 0.03 >0.99 
∑SFA.DMA 1.58 ± 0.13 0.66 ± 0.11 1.32 ± 0.26 0.09 0.01 0.46 
∑SFA 50.22 ± >0.99 33.04 ± 1.86 60.81 ± 1.42 0.05 0.001 <0.0001 
C16:1n-7 0.23 ± 0.02 0.18 ± 0.09 0.26 ± 0.07 0.0001 <0.0001 0.74 
C18:1n-7 4.30 ± 0.24 0.99 ± 0.19 0.27 ± 0.08 <0.0001 <0.0001 <0.0001 
C18:1n-9 10.41 ± 0.57 9.73 ± 3.24 9.03 ± 0.97 0.81 0.02 0.01 
C20:1n-9 3.22 ± 0.30 7.50 ± 0.96 1.37 ± 0.26 <0.0001 0.44 <0.0001 
C22:1n-9 0.10 ± 0.03 8.49 ± 1.12 0.20 ± 0.02 0.02 0.85 0.07 
C24:1n-9 0.20 ± 0.01 0.24 ± 0.08 0.29 ± 0.03 0.36 0.17 0.89 
DMA 18:1 14.03 ± 0.52 6.33 ± 0.75 2.69 ± 0.37 <0.0001 <0.0001 <0.0001 
C18:1 Total 14.82 ± 0.52 9.98 ± 3.22 9.30 ± 0.94 0.001 0.77 0.0002 
∑n-7 4.53 ± 0.74 1.17 ± 1.17 0.53 ± 0.07 <0.0001 0.01 <0.0001 
∑n-9 13.93 ± 0.52 25.96 ± 1.76 10.89 ± 0.82 <0.0001 0.86 0.0001 
∑MUFA 32.49 ± 0.89 33.46 ± 1.84 14.11 ± 0.63 <0.0001 0.25 <0.0001 
C18:2n-6 14.47 ± 0.67 7.04 ± 1.52 9.04 ± 0.66 0.002 0.004 0.96 
C18:3n-6 0.12 ± 0.02 0.01 ± 0.01 1.33 ± 0.19 0.08 <0.0001 <0.0001 
C20:2n-6 0.21 ± 0.02 0.16 ± 0.05 0.27 ± 0.07 0.93 0.001 0.003 
C20:3n-6 0.54 ± 0.02 0.44 ± 0.07 0.73 ± 0.06 0.85 0.0004 0.002 
C20:4n-6 12.14 ± 0.44 1.36 ± 0.46 5.77 ± 0.57 <0.0001 <0.0001 0.01 
C22:2n-6 0.08 ± 0.01 0.16 ± 0.03 0.33 ± 0.04 0.002 <0.0001 <0.0001 
C22:4n-6 0.55 ± 0.07 0.07 ± 0.03 0.43 ± 0.15 0.01 >0.99 0.02 
∑n-6 PUFA 28.11 ± 0.05 9.23 ± 0.07 17.90 ± 0.13 <0.0001 <0.0001 0.01 
∑n-6 metabolites 13.64 ± 0.28 2.19 ± 0.28 8.86 ± 0.42 <0.0001 <0.0001 0.0003 
C18:3n-3 0.20 ± 0.02 0.06 ± 0.03 0.05 ± 0.02 0.01 <0.0001 0.02 
C20:5n-3 0.20 ± 0.01 0.09 ± 0.09 0.01 ± 0.01 0.03 0.59 0.20 
C22:5n-3 0.32 ± 0.02 0.02 ± 0.01 0.01 ± 0.01 <0.0001 <0.0001 <0.0001 
C22:6n-3 1.07 ± 0.03 0.13 ± 0.03 0.37 ± 0.10 <0.0001 0.002 0.02 
∑n-3 PUFA 1.79 ± 0.04 0.30 ± 0.04 0.43 ± 0.07 <0.0001 <0.0001 0.15 
∑n-3 metabolites 1.59 ± 0.04 0.24 ± 0.08 0.38 ± 0.08 <0.0001 <0.0001 0.61 
∑PUFA 29.90 ± 0.04 9.53 ± 0.05 18.33 ± 0.10 <0.0001 <0.0001 0.008 
∑UFA 62.39 ± 0.47 42.99 ± 0.95 32.44 ± 0.36 <0.0001 <0.0001 0.0007 

  



220 
 

Table 69. Mesenteric phospholipids (PPL) fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet 
with-saline (HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). 
Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level 
of statistical significance was set at *p < 0.05. 

 HFD-S     HFD-PF   HFD - GbE    S Vs PF S Vs GbE PF Vs GbE 

 Mean  SEM Mean  SEM Mean  SEM  p value  
∑MUFA/∑PUFA 0.67 ± 0.05 2.57 ± 0.23 0.85 ± 0.09 <0.0001 0.66 <0.0001 
∑MUFA/∑SFA 1.74 ± 0.07 3.13 ± 0.25 3.14 ± 0.24 0.51 0.19 0.02 
∑PUFA/∑SFA 1.53 ± 0.12 0.30 ± 0.04 1.34 ± 0.09 <0.0001 0.07 <0.0001 
∑UFA/∑SFA 0.91 ± 0.05 1.42 ± 0.12 0.54 ± 0.03 0.09 0.005 <0.0001 
C18:0/C16:0 1.34 ± 0.05 0.88 ± 0.08 0.96 ± 0.06 0.0002 0.002 0.58 
C16:1n-7/C16:0 0.01 ± <0.01 0.01 ± <0.01 0.01 ± <0.01 0.001 0.01 0.49 
C18:1n-9/C16:0 0.52 ± 0.05 0.53 ± 0.14 0.33 ± 0.04 0.98 0.01 0.004 
C18:1n-9/C16:1n-7 66.53 ± 4.27 41.56 ± 3.98 26.54 ± 1.88 <0.0001 <0.0001 0.0003 
C18:1n-7/C18:0 0.02 ± <0.01 0.08 ± 0.02 <0.01 ± <0.01 <0.0001 <0.0001 <0.0001 
C18:1/C18:0 0.39 ± 0.03 0.89 ± 0.42 0.36 ± 0.04 0.03 0.99 0.02 
n-6/n-3 41.25 ± 3.31 23.90 ± 8.42 59.95 ± 10.25 0.01 0.02 0.93 
C18:2n-6/C18:3n-3 66.97 ± 11.53 84.72 ± 25.90 76.26 ± 26.37 0.01 0.01 0.96 
C20:4n-6/C20:3n-6 26.98 ± 1.95 3.78 ± 1.10 8.92 ± 1.76 <0.0001 <0.0001 0.88 
C20:4n-6/C22:6n-3 44.39 ± 2.66 8.29 ± 3.62 27.05 ± 6.29 <0.0001 <0.0001 0.97 
C20:4n-6/C18:2n-6 0.84 ± 0.05 0.22 ± 0.08 0.65 ± 0.06 <0.0001 <0.0001 <0.0001 
C20:4n-6/C18:3n-3 65.44 ± 6.86 21.06 ± 15.05 40.80 ± 9.71 <0.0001 0.02 0.06 
C20:3n-3/C18:3n-3 <0.01 ± <0.01 2.32 ± 2.32 <0.01 ± <0.01 <0.0001 <0.0001 0.34 
C22:5n-3/C18:3n-3 0.94 ± 0.09 0.33 ± 0.31 <0.01 ± <0.01 0.36 0.87 0.24 
C22:6n-3/C18:3n-3 1.47 ± 0.15 1.59 ± 0.60 1.21 ± 0.64 <0.0001 <0.0001 <0.0001 
C22:6n-3/C22:5n-3 1.63 ± 0.13 3.33 ± 0.60 5.12 ± <0.01 <0.0001 0.001 0.18 
C18:2n6/C16:0 0.65 ± 0.10 0.41 ± 0.07 0.33 ± 0.03 0.84 0.77 0.49 
C18:3n-6/C18:2n-6 0.04 ± 0.01 <0.01 ± <0.01 0.16 ± 0.03 0.88 0.74 0.45 
C22:4n-6/C20:4n-6 16.23 ± 0.80 21.50 ± 12.65 9.68 ± 2.22 0.0007 0.0001 0.61 
1 (% monoenoics) 14.50 ± 1.70 35.12 ± 2.05 14.10 ± 0.91 0.99 0.27 0.33 
2 (% dienoics)  20.94 ± 3.65 14.72 ± 3.02 19.30 ± 1.25 0.05 <0.0001 0.001 
3 (% trienoics) 2.64 ± 0.38 4.42 ± 1.46 6.31 ± 0.64 0.01 0.0001 0.21 
4 (% tetraenoics) 41.27 ± 4.97 5.73 ± 1.90 24.79 ± 2.60 0.15 0.03 0.71 
5 (% pentaenoics) 0.70 ± 0.09 0.59 ± 0.45 0.07 ± 0.07 <0.0001 <0.0001 <0.0001 
6 (% hexaenoics) 1.34 ± 0.16 0.78 ± 0.17 2.21 ± 0.62 <0.0001 <0.0001 <0.0001 
Unsaturation Index 81.39 ± 9.67 61.36 ± 3.74 66.79 ± 3.17 <0.0001 0.25 <0.0001 
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5.7 Discussion 

 
 
A high fat diet is associated with metabolic disturbances including inflammation, IR and dyslipidaemia 

(Koenen et al. 2021; Lopes et al. 2016). Increased VAT which includes RET and MES WAT is considered 

more pathogenic and metabolically disturbing with greater risk of disease than SAT (Mittal, 2019; 

Hung et al., 2014; Jialal, Kaur and Devaraj, 2014; Abete et al., 2011; Costa et al., 2011; Gealekman et 

al., 2011; Mittendorfer, 2011; Ibrahim, 2010; Fang et al., 2008; Yim et al., 2007; Furukawa et al., 2004; 

Wajchenberg, 2000). The use of tissue fatty acid profiles and fatty acid metabolites are becoming 

more useful as biomarkers for the prediction and diagnosis of disease and its link to diet including 

cardiometabolic, hepatic and renal disorders, obesity as well as cognitive disfunction (Cisbani and 

Bazinet, 2021; Parry et al., 2021; Song and Jensen, 2021; Koch et al., 2020; Santos, Price and Bueno, 

2020). 

Overall, the MES results are consistent with the findings in RET tissue with RET and MES have very 

similar adipocyte lipid profiles. Of the lipid classes explored, the greatest differences were seen in the 

PPL fraction in both RET and MES. PPL are responsible for the fluidity and stability of the cell 

membrane which is dependent of the type of FA incorporated into the PPL structure (Weijers, 2012, 

2015b, 2015a; Hulbert et al., 2005, 2007). Intestinal phospholipid remodelling has also been reported 

in a high-fat diet (Wang et al. 2016). Higher SFA incorporation in cellular membranes is generally 

associated with decreased membrane fluidity, insulin resistance (IR) and impaired GLUT4 trafficking 

(Pilon, 2016; van Meer, 2011; van Meer and de Kroon, 2011). Interestingly, the UI levels were 

opposite in RET and MES PPL. While the UI decreased in RET-PPL from 105.6 (NFD) to 94.7 (HFD-S) it 

increased from 95.6 (NFD) to 106.1 (HFD-S) in MES-PPL. This indicates that changes in the membrane 

fluidity may be occurring due to the HFD diet. The MES-PPL UI decreased significantly further in both 

the HFD-PF and HFD-GbE group to 77.2 and 72.8, respectively, lower than that of the NFD group. A 

similar decrease in unsaturation occurred in the RET-PPL fraction, both in the HFD-PF (58.9) and HFD-

GbE (68.6) groups. This would suggest that the membrane is becoming less fluid in the HFD-PF and 

HFD-GbE groups. When taking into consideration that previous results from our group under the 

same experimental conditions have shown that disordered insulin signalling was recovered following 

GbE treatment, another explanation may lie in the fluid nature of PPL lipid raft microdomain 

formation to facilitate cell signalling. For example, caveolae vesicles contain cholesterol and 

C16:0/C18:0-rich lipid raft microdomain and create small pits in the plasma membrane participating 
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in endocytosis and exocytosis, associated with regulating lipid trafficking, storage, and metabolism, 

known to positively activate insulin receptors (Parton, 2018). An increase in caveolae within the 

membrane to facilitate signalling will also be accompanied with an increase in the SFA C16:0 and 

C18:0 as they make up some of the integral structure of the caveolae molecule. The increased levels 

of SFA following GbE treatment to levels like that of a NFD and may explain IR changes observed 

previously in our HFD obese rat study, particularly as IR are anchored across the phospholipid 

membrane (Hirata et al., 2015).  

In nutrient excess, caveolin-1 (CAV1), a protein related to caveolae formation in the membrane, is 

upregulated in the aorta of HFD-obese rats (Yang et al., 2007) along with increased phosphorylation 

of PKB/Akt and eNOS (Ser1177) which negatively regulates eNOS expression (Ju et al., 1997; Michel 

and Feron, 1997). As reviewed by Sansbury & Hill (2014), the NO-producing activity of eNOS is 

diminished in metabolic disease. With a decrease in eNOS shown in obese humans and rodent models  

(Enos, Velázquez and Murphy, 2014; Sansbury et al., 2012; Zhang et al., 2012; Georgescu et al., 2011; 

Perez-Matute et al., 2009; Valerio et al., 2006). eNOS increases fat oxidation and lipid synthesis in 

adipose tissue, liver and skeletal muscle and is associated with anti-obesity, increased insulin-

sensitivity, and glucose metabolism rate (Kashiwagi et al., 2013; Sansbury et al., 2012). Similarly, 

ceramides, formed from metabolic changes in overloaded or dysfunctional adipocytes is associated 

with IR-related lipolysis and mobilisation of FA (Vegiopoulos, Rohm and Herzig, 2017), decreases 

eNOS activity by disrupting the eNOS-Akt complex from HSP90 (Zhang et al., 2012). Cav-1 

phosphorylation has also been shown to the increased in inflammatory macrophages, activated 

microglia and endothelial cells in the spinal cord injury (Shin, 2007). Structural studies have shown 

that caveolae are the primary location of insulin receptors within the cell membrane (Karlsson et al., 

2002; Gustavsson et al., 1999). As eNOS is primarily found in the perinuclear region of cells and must 

be trafficked to from the golgi to plasma membranes, García-Cardeña and colleagues (1996) showed 

that palmitoylation of eNOS, is necessary for its targeting into caveolae within the membrane. 

Furthermore, Shaul and colleagues (1996) showed that both myristoylation and palmitoylation are 

required to target the enzyme to caveolae and that each acylation process enhances targeting by 10-

fold (Shaul et al., 1996). Palmitoylation is where cysteine (and to a lesser degree serine and threonine) 

residues of proteins are covalently attached to FA such as palmitic acid (C16:0) while myristoylation 

is that addition of mysteric acid (C14:0) to the N-terminal glycine of proteins (Jennings and Linder, 

2010). Reports have shown that N-myristoylation of eNOS is a prerequisite to palmitoylation of 

membrane-bound eNOS where palmitoylation helps stabilize the membrane bound protein 
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(Udenwobele et al., 2017; Prabhakar, Cheng and Michel, 2000; Liu, García-Cardeña and Sessa, 1996). 

Once eNOS localizes to the caveolae of the plasma membrane, it binds to caveolin-1. eNOS bound to 

Caveolin-1 prevents the binding of Calmodulin (CaM) and renders eNOS inactive, however increased 

calcium influx activates the calcium/CaM complex which displaces CAV-1 turning eNOS active 

(Udenwobele et al., 2017; Ju et al., 1997; Michel and Feron, 1997; Michel et al., 1997).  

In the phospholipid fraction of MES-HFD-GbE treated rats in this study, the levels of C16:0 returned 

to a similar level (27%) seen in the NFD group (28%), while both HFD-S and HFD-PF showed decreased 

levels of 21% and 17%, respectively. GbE treatment over 7 days has been shown to increase eNOS 

mRNA levels and protein expression and NO release in mesenteric arterioles of senile rats (Chen et 

al., 2019). Similar studies with GbE treatment for 1- 2 days showed similar increased eNOS promoter 

activity and eNOS expression in endothelial cells (Chiu et al., 2020; Koltermann et al., 2007). In cardiac 

hypertrophy, GbE treatment for 8 days restored eNOS protein expression which was decreased by 

chronic β-adrenergic receptor stimulation and consequent autonomic imbalance and baroreflex 

dysfunction (Mesquita et al., 2017). A similar activation of Akt/eNOS was seen following Bilobalide 

treatment, a compound within GbE, in Cerebral Ischemia Reperfusion (Zheng et al., 2018). Taken 

together, the fact that GbE treatment has been shown to increase eNOS expression and protein 

levels, and that eNOS is trafficked to plasma membrane-bound caveolae by the covalent bonding of 

C14:0 and C16:0 to eNOS by myristoylation palmitoylation, the increase in C14:0 and C16:0 seen in 

the PPL fraction of the GbE-treated group may be attributed to increase trafficking of eNOS to the 

plasma membrane. Furthermore, as insulin signalling has been shown to be is restored following GbE 

treatment and caveolae are known to be the main location of insulin receptors, and that eNOS is 

known to increase insulin-sensitivity, the trafficking of C14:0/C16:0-bound-eNOS to caveolae may 

also play a role in the recovery of insulin signalling seen following GbE treatment. This may also 

explain the increase in C14:0 and C16:0 levels withing the PPL fraction of the GbE treated group that 

is not seen in the other HFD-S and HFD-PF groups. 

In the RET-PPL fraction, SFA increased and PUFA decreased in the HFD-S group compared to the NFD. 

In the RET HFD treatment groups, several significant changes occurred in the PPL fraction following 

treatment. Following GbE treatment SFA increased again by 20% (p=0.09) compared to HFD-S only, 

an increase not seen in the PF group. This was similarly seen in the MES PPL fraction. A dramatic 

increase in RET MUFA was seen in the PF group, while GbE treatment decreased levels. This may be 

linked to changes in DNL Acetyl-CoA to C16:0 to C18:0 conversion. The enzymes ACC and FASN that 

are responsible for initial Acetyl-CoA to C16:0 conversion, have been shown to be upregulated in 
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calorie restriction (Ameer et al., 2014; Bruss et al., 2010) and downregulated by GbE as shown 

previously  (Hirata, Cruz, et al., 2019), which may explain the changes seen RET PPL. Interestingly, this 

increase of MUFA in the PF group was not seen in the MES fraction.  

Total PUFA in RET-PPL also decreased by 37% in PF and 19% in GbE compared to HFD-S. Specifically, 

n-6 PUFA decreased by 38% in PF and 21% in GbE, compared to HFD-S. Interestingly n-6 metabolites 

following GbE treatment were 33% and 48% higher compared to HFD-S and HFD-PF. The changes in 

PUFA may be a result of calorie restriction. Alternatively, PUFAs may be cleaved and utilized for other 

purposes such as inflammation mediation. In comparison, the RET-PPL GbE group has more n-6 

metabolites compared to the other groups, and the decreased levels of C18:2n-6 following caloric 

restriction is partially ameliorated. Interestingly, n-3 metabolites levels did not differ between PF and 

GbE RET PPL but did similarly decrease by 84% in PF and 82% in GbE groups compared to HFD-S. 

Together, as both PF and GbE received the same quantity of food and availability of PUFA, this might 

suggest that GbE may not influence n-3 DNL or the production of n-3-derived oxylipins but may 

influence n-6 PUFA oxylipin production following calorie restriction. As oxidised PPLs are utilized 

directly for pro-resolving mediation or their FA cleaved for oxylipin production, a continual 

replacement of PPLs is necessary for the membrane.  

 A similar change occurred in the MES-PPL fraction. In the MES-PPL fraction, n-6 PUFA decreased by 

61% and 25% in HFD-PF and HFD-GbE group compared to HFD-S. This decrease brings levels close to 

that seen in the NFD group for both the HFD-PF and HFD-GbE groups. An even more dramatic 

decrease in n-6 metabolites was seen in the HFD-PF group, compared to HFD-S (p<0.0001) and HFD-

GbE (p=0.0003) (∑n-6 metabolites; HFD-S, 13.64±0.88%: HFD-PF,2.20±0.50%: HFD-GbE,8.85±0.71%), 

although it appears that GbE treatment was able to partially ameliorate the dramatic effects of caloric 

restriction on PUFA levels within the membrane that can be seen in the HFD-PF group. The decrease 

in MES-PPL Σn-6 PUFA especially C18:2n-6 in both PF and GbE groups may also suggest a switch to 

increased n-6 PUFA mobilization/utilization for metabolic activities such as inflammatory-mitigating 

cytokine production involved in intracellular and intercellular signalling. As levels of n-6 metabolites 

did not decrease as much in the GbE group, compared to caloric restriction (PF) alone, this suggests 

GbE has some influence on the utilization of n-6 metabolites from the PPL membrane, perhaps owing 

to the antioxidant capacity of GbE. The fact that n-3PUFA levels significantly decreased in HFD-PF 

(p<0.0001) and HFD-GbE (p<0.0001) compared to HFD-S (∑n-3 PUFA; HFD-S, 1.79±0.04%: HFD-

PF,0.3±0.04%: HFD-GbE,0.43±0.07%) but to lesser extent following GbE treatment, with an increase 

in n-3 metabolites seen following GbE treatment comparing to either HFD-S or HFD-PF (∑n-3 
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metabolites; HFD-S, 0.20±0.02%:HFD-PF,0.24±0.04%:HFD-GbE,0.38±0.11%) further supports the 

partial protection of GbE on PUFA in PPL membrane.  

Metabolic changes associated with metabolically unhealthy obesity (MUO) associated with visceral 

VAT (Iacobini et al., 2019) and a HFD include impaired insulin signalling, immune cell infiltration, 

increased proinflammatory cytokines (e.g., CRP, IL-1β, IL-6, and TNF-alpha) and vasoconstriction 

(Wali et al., 2020; Li et al., 2015; Bigornia et al., 2012; Lam et al., 2012). Inflammation in the GI tract 

resulting from an HFD, is likely caused by the transport of lipids across the intestinal barrier causing 

lymphoid cell recruitment and consequent epithelial cellular injury. Gut-associated lymphoid tissue 

(GALT) contains a multitude of immune cells responsible for defending against pathogenic substances 

from the intestines. A high SFA diet has been shown to stimulate chronic inflammation disrupting the 

intestinal barrier and further proliferating inflammation (Rohr et al., 2020; Lam et al., 2012, 2015).  

As reviewed by Rohr and colleagues (2020), a HFD affects multiple cytokines involved in increasing 

intestinal barrier permeability. These includes HFD-related increase in NF- κβ and as well as increased 

proinflammatory and barrier disrupting cytokines; IL-1β, IL-4, IL-13, IL-6, IL-12, IL-23, IL-18, IFNγ, 

TNFα, perforin and Granzyme B; and a decrease  in barrier-forming cytokines IL-10, IL-17 and IL-22 

(Rohr et al., 2020; Magnuson et al., 2018; Zou et al., 2018; Ng et al., 2017; Robles et al., 2017; Kawano 

et al., 2016; Luck et al., 2015; Teixeira et al., 2011). Furthermore, a HFD is shown to disrupt the gut 

microbiota profiles, in favour of short-chain-FA (SCFA)-producing Firmicutes bacteria (Overby and 

Ferguson, 2021; den Besten et al., 2015; Murugesan et al., 2015; Rahat-Rozenbloom et al., 2014; 

Samuel et al., 2008). SCFAs regulate the production of leukocyte-derived cytokines (TNF-α, IL-2, IL-6 

and IL-10) as well as eicosanoids and chemokines such as monocyte chemoattractant protein-1 (MCP-

1) and cytokine-induced neutrophil chemoattractant (CINC-2) further enhancing immune cell 

recruitment and activation (Vinolo et al., 2011). An increase in macrophage specific proteins (F4/80+ 

and CD68) in perigonadal, perirenal, mesenteric, and subcutaneous adipose tissue is positively 

correlated with body mass, with macrophages largely responsible for the increase in TNF-α, iNOS and 

IL-6 expression involved in inflammatory pathways (Weisberg et al., 2003). The infiltration of 

macrophages into mesenteric tissue is also associated with inflammatory diseases such as colitis and 

Crohn’s disease (Yin et al., 2021; Scoville et al., 2018; Sideri et al., 2015). It has been shown in vitro 

by Yoshida and colleagues (2001) that epithelial cells release IL-6 and growth-related 

oncogene/cytokine-induced neutrophil chemoattractant-1 (GRO/CINC-1) in the presence of the LCFA 

LA and AA, stimulating locomotion and activation of neutrophils. They also reported that the 

secretion of IL-6 and GRO/CINC-1 was further enhanced in the presence of IL-1β or TGF-β. 
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Furthermore, they found that MAPK activity, involved in survival signalling pathways and Akt 

signalling was also significantly enhanced following LCFA treatment (Yoshida et al., 2001). 

Macrophage-derived cytokines have been reported to inhibit insulin signalling by phosphorylating 

serine residues of insulin receptor substrate (IRS) proteins  (Wali et al., 2020). This leads to increased 

lipolysis and liberation of FA from adipose tissue into circulation (Samuel and Shulman, 2016). 

Furthermore, Magnuson and colleagues (2018) also reported that following a high fat diet for 7 

weeks, C57BL/6 mice had increased immune cell numbers in visceral lymph nodes, most likely 

recruited from immune cells from the intestines and retained by cytokine secretion from VAT 

(Magnuson et al., 2018) 

Interestingly, under the same experimental conditions, previously published work has shown that an 

HFD-S group experienced elevated glycemia compared to an NFD, which was ameliorated with GbE 

treatment. Likewise, while IRS-1 levels were decreased in an HFD, compared to an NFD, GbE 

treatment ameliorated IRS-1 levels, above that of baseline (Banin et al., 2014). Likewise, GbE 

treatment increased insulin-induced IR phosphorylation levels 2.81-fold, in retroperitoneal WAT 

depot compared to HFD-S nontreated obese rats. GbE also significantly reduced the phosphorylation 

of NF-𝜅B p65 by 60% along with TNF-𝛼 levels, while increasing the gene expression of the anti-

inflammatory cytokine IL-10 in comparison to the nontreated obese rats (Hirata et al., 2015). It has 

also been shown in vitro in a HFD guinea pig model that the phospholipids of proliferating lymphoid 

cells in immune-stimulated lymph nodes are most likely obtained from and reflect the TAG profiles 

of close surrounding adipocytes (Pond and Mattacks, 2003). If this is assumed, then local immune cell 

phospholipid membranes in the HFD model will contain a greater abundance of SFA and MUFA, 

compared to PUFA, of which the majority will be n-6 PUFA with levels 36 times higher than that of n-

3 PUFA, leading to much more pro-inflammatory oxylipin and cytokine production (Khalili, Valdes-

Ramos and Harbige, 2021; Malesza et al., 2021; von Frankenberg et al., 2017). These metabolic and 

pro-inflammatory disturbances can lead to chronic low-grade inflammation, oxidative stress, obesity, 

insulin resistance, metabolic syndrome, T2DM and cardiovascular disease (Malesza et al., 2021). 

Dynamic changes occurred across most individual MUFA in MES-PPL, dominated by overall increases 

in HFD-PF levels compared to both HFD-S and HFD-GbE. The dramatic increase in MUFA in the HFD-

PF group suggests that a greater phospholipid turnover may be occurring in this group, with a need 

to utilize more abundantly available MUFA rather than PUFA in the membrane. This is further 

supported by the overall total PUFA decrease of 52% in HFD-PF (p<0.0001) and but only 17% in HFD-

GbE (p=0<0.0001), compared to HFD-S, while HFD-GbE PUFA levels remained 74% higher than HFD-
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PF (p=0.008) (MES-PPL ∑PUFA; HFD-S, 29.17±0.89%: HFD-PF,10.51±1.41%: HFD-GbE,18.34±0.97%). 

This suggests that following GbE treatment, the PUFAs within the phospholipid membrane are being 

partially spared either from CE or oxylipin production, or perhaps being oxidized less in situ compared 

to caloric restriction alone. This may have occurred due to the antioxidant capacity attributed to GbE. 

Furthermore, considering that both HFD-PF and HFD-GbE both experienced the same level of caloric 

restriction, the vast difference between groups regarding MUFA and PUFA is most likely due to GbE 

treatment. Throughout the lipid fraction of the HFD-PF group, there have been indicators of DNL from 

the changes in the SFA and MUFA levels. MUFA levels increased 3.5 times in the MES-PPL HFD-PF 

group compared to the other groups but no comparable changes occurred in any of the HFD groups 

in MES-TAG total MUFA levels (~48-49% for all group),  MES-CE MUFA levels (~42-43% for all groups), 

or the MES-MAG+DAG group (~44% for all groups), firmly suggested that DNL is occurring in the HFD-

PF group allowing for MUFA synthesis and supply into the phospholipid membrane. This is further 

supported by SFA levels also remaining similar in all fractions for all HFD groups (TAG ~27%; CE- ~22%; 

MAG+DAG 28-29%) but decreased from 50% in HFD-S to 33% in HFD-PF, while returning to 61% in 

HFD-GbE, which is comparable to NFD PPL levels. Results also suggest that DNL may be occurring in 

the RET-PPL PF group, producing MUFA that are being incorporated into the PPL membrane, with 

percentage levels nearly 10% higher in PF (~34%) compared to HFD-S (~25%) or NFD (~24%). The 

increase in C16:0, C18:0 and total SFA in the RET PPL PF group as well as the drop in C18:1n-9 and 

total n-9 levels and increase n-7 levels suggests that calorie restriction may influence DNL and MUFA 

synthesis pathways. As total SFA goes up, total MUFA levels decrease. Also, as n-7 levels increase, 

this may suggest that the conversion of C16:0 to C18:1n-7 MUFA may be promoted rather than that 

of C18:1n-9 that showed decreased levels. This may suggest that SCD1-mediated conversion of C16:0 

to C16:1n-7 and C18:1n-7 is favoured, rather than the conversion of C18:0 to C18:1n-9. Conversely, 

as the PF group is in a reduced caloric state compared to S and GbE groups, it is more likely that 

lipolysis may occur which should restrict DNL through endocrine and paracrine negative feedback 

including adiponectin, leptin or oxylipin signalling. Studies have identified that adipose tissue DNL 

produces cytokine-like lipids known as lipokines that function as endocrine signallers affecting distant 

organs and controlling metabolic homeostasis. C16:1n-7 (Palmitoleate) can function as a lipokines 

and has been shown to stimulate muscle insulin action, suppress hepatic steatosis and reduce 

inflammation (Yore et al., 2014; Cao et al., 2008). Lipokines act on fatty acid binding proteins (FABPs) 

that function as lipid chaperones controlling the partitioning of lipids inside the cell. Cao and 

colleagues (2008) observed that C16:1n-7 was the most enriched and significantly regulated lipid 
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species in adipose tissue of FABP−/− mice. Mice lacking the FABPs are resistant to diet-induced 

obesity, fatty liver disease, insulin resistance, and T2DM (Maeda et al., 2005). Cao and colleagues 

(2008) found that C16:1n-7 was increased in plasma in both regular and high-fat diet fed 

FABP−/− mice. They also found that C16:1n-7 was reduced by 50% in WT mice adipose tissue after 

an HFD, but only decreased by 10% in FABP−/− mice. They also found that C16:1n7 functioned as an 

insulin-sensitizing hormone improving glucose metabolism. Cao and colleagues (2008) found TAG-

C16:1n-7 potentiated the entire hepatic proximal insulin-signalling pathway including insulin 

receptor activation and phosphorylation of insulin receptor substrate 1, 2 and Akt (Cao et al., 2008). 

LXR receptors control the expression of several genes including SREBP1c through insulin levels within 

the plasma, with SREBP1c upregulates all genes in the FA biosynthetic pathway including DNL (Song 

et al. 2018). In ob/ob mice (LOKO mice) which lack LXR, DNL glucose utilization shifts from the liver 

to adipose tissue, which acts as a sink for glucose, improving insulin sensitivity and protects from 

hepatic steatosis. Unfortunately, in the study adipose tissue inflammatory markers became elevated 

compared to the control group, perhaps from adipocyte hypertrophic growth due to excess glucose 

uptake and DNL as in the seen in ob/ob mice (Beaven et al., 2013). Overnight fasting has been shown 

to suppress DNL enzymes and FA desaturation and elongase activity, particularly involving ELOVL6. 

The Loss of ELOVL6 function has been shown in vivo to increase C16:0 and C16:1n-7 and reduce C18:0 

and C18:1n-9 (Matsuzaka et al., 2007) like that observed in the RET – PPL PF and GbE groups. ELOVL6, 

SCD1, and FASN mRNA levels show similar changes in hepatic SREBP-1c mRNA and protein levels 

(Wang et al., 2006) after fasting which can be decreased by up to 60% (Gosmain et al., 2005; 

Shimomura et al., 1999; Horton et al., 1998). One clinical study involving impaired fasting glycemia 

showed that higher activities of ELOVL6 accompanied lower percentage levels of C18:1n-7 (MacÁšek 

et al., 2021). This makes the increase of C18:1n-7 levels in both the RET – PPL PF and GbE group, 

comparable to the NFD group, particularly interesting, especially when ELOVL6 activity is purported 

to decrease with fasting, which both groups essentially underwent. C18:1n-7 is a major component 

of the PPL cardiolipin (CL) found in mitochondrial membranes with CL accounting for up to 20% of 

mitochondrial PPL membranes (Bueno et al., 2015). Mainly located in the inner mitochondrial 

membrane (IMM), CL is an important co-factor for cholesterol translocation from the outer 

mitochondrial membrane to the IMM, playing an important role in the importing of proteins 

(Schlattner et al., 2014). Adenylate cyclase activity is reported to be enhanced with the incorporation 

of C18:1n-7 in erythrocytes (Henis, Rimonl and Felderl, 1982; Orly and Schramm, 1975). Adenylate 

cyclase catalyses the conversion of ATP (Seifert et al., 2012) (c-AMP) (Seifert et al., 2012). Increased 
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c-AMP levels result in the activation of protein kinase A/ cAMP-dependent protein kinase (PKA). PKA 

phosphorylates cytosolic lipid droplets (LDs)-protein PLIN1 and cytoplasmic HSL. PLIN1 stimulates the 

release of comparative gene identification-58 (CGI-58), which in turn activates ATGL. This stimulates 

lipolysis and the conversion of TAG to DAG (Nielsen, Jessen, Jens et al., 2014; Reid et al., 2008). 

Phosphorylated/activated HSL translocate from the cytosol to the surface of the LDs, where it docks 

with activated PLIN1 and thus able to interact with ATGL-generated DAG promoting lipolysis. DAG 

also activates PKC which phosphorylates serine residues on IRS and inhibits insulin PI3K-Akt signaling. 

Normally the activation of Akt leads to the degradation of cAMP back to 5′-AMP, which leads to the 

deactivation of PLIN1 and HSL thus suppressing lipolysis. Therefore, the production of DAG through 

PLIN1 and ATGL activity by further promotes lipolysis (Saponara and Bosisio, 1998; Nielsen et al., 

2014). Alterations in PDE activity has also been reported in obesity, with body mass index BMI 

inversely correlated to total PDE activity in omentum WAT (Omar et al., 2011). Adenylate cyclase 

activity has been shown to be significantly lower in women living with obesity compared to normal-

weight women. From the same study by Martin and colleagues, they also showed that in post-obesity 

women that had undergone weight loss by gastric stapling, levels of hormone-stimulated cAMP 

matched that of normal-weight women (Martin et al., 1990). Furthermore, GbE biflavones have been 

shown to inhibit PDE activity in rat adipose tissue thereby reducing the catalytic breakdown of cAMP 

and promoting lipolysis (Saponara and Bosisio, 1998b). Additionally, quercetin, a polyphenolic 

flavonoid found in GbE has been reported to improve hepatic dyslipidaemia by downregulating 

SREBP-1c and FAS levels and significantly upregulate PPARα protein levels involved in β-oxidation 

(Sun et al., 2015) as well as carnitine palmitoyl-transferase1 and medium-chain acyl-coenzyme A 

dehydrogenase expression (Wang et al., 2016). Kaempferol, and other flavanol abundant in GbE has 

been shown to protect against hyperglycaemic metabolic changes similar to that of insulin by 

ameliorating increased serum glucose levels and increased glucose uptake in rat soleus muscle via 

the PI3K-Akt pathway (Cazarolli et al., 2009; Jorge et al., 2004), as well as reduced caspase-3 activity 

in β-cells and islets caused by hyperglycaemia and IL-1β and TNF-α levels (Al-Numair et al., 2015; Abo-

Salem, 2014; Zhang et al., 2013). OS and cellular apoptosis were also reduced by the reduction of 

anti-apoptotic Akt and Bcl-2 protein expression (Al-Numair et al., 2015; Zhang and Liu, 2011). These 

cellular changes improved cAMP levels, lipid peroxidation and β-cells synthesis and secretion of 

insulin and plasma glucose levels (Al-Numair et al., 2015; Zhang and Liu, 2011). Zang and colleagues 

(2015) found that in HFD-fed mice, kaempferol treatment exhibited anti-obesity and anti-diabetic 

effects, reducing body weight, adipose tissue TAG levels and decreased fasting blood glucose, serum 
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HbA1c (haemoglobin A(1c)) levels while improving insulin resistance compared to HFD with no 

treatment. They found that hepatic gene expression of peroxisome proliferator-activated receptor 

(PPAR-γ) and sterol regulatory element-binding protein (SREBP-1c) were down-regulated, increasing 

lipid metabolism (Zang et al., 2015). Ginkgetin, a biflavone found in GbE blocked the differentiation 

of preadipocytes into adipocytes preventing hypertrophy in HFD-fed mice WAT, by acting as a STAT5 

inhibitor, inhibiting PPARγ and C/EBPα expression (Cho et al., 2019). GbE treatment has also been 

shown to inhibit adipocyte differentiation, downregulating the expression of adipogenesis genes 

PPAR-γ and Ap2 (Wu et al., 2016). Similarly, GbE has been shown to modulate hepatic GLUT-2 

(glucose transporter 2), PPAR-α (Peroxisome proliferator-activated receptor alpha), and PGC1-α (The 

peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1), improving hepatic 

dyslipidaemia, glucose metabolism and storage (Awad, Araby and Albaiomy, 2021). Although body 

weight did not decrease in the PF and GbE groups, body weight gain did decrease after 14 days of 

treatment, significantly so in the PF group. It is possible that in both PF and GbE groups, the rats 

began to undergo lipolysis, and this may correspond with C18:1n-7 levels although this would need 

to be further explored. Bruss and colleagues (2010) found that caloric-restricted mice oxidized four 

times as much fat per day compared to ad libitum-fed control mice despite a reduction in energy 

intake from fat. This FA oxidation was accompanied by alternating diurnal periods of FA synthesis 

which was increased threefold in the caloric-restricted mice that received 70% of food compared to 

the control group, from day 2 of calorie deficit. They reported that CR mice gorged when presented 

with food, consuming all of it within 1 hour, which left them in a state of fasting for 23 hours post 

food ingestion. During this time of gorging, they ate 10 times the number of calories to that of the 

control group that were fed ad-libitum and consumed food over the course of the day. They found 

that before gorging, energy expenditure was lower in the CR mice, but energy expenditure levels 

increased rapidly post-gorging to levels seen in the control group for approximately 6 hours but 

returned to pre-gorging levels by 10 hours post-feeding (Bruss et al., 2010). They found that that 

respiratory quotient values increase from 0.7, indicating FA oxidation, to 1, indicating DNL in the 6 

hours post feeding, with DNL highest in the thermogenic response post-feeding. They also 

demonstrated newly synthesised lipids occurring both in the liver and adipose tissue following 

gorging. Accompanying this was an increased expression of FAS and ACC mRNA levels in adipose 

tissue, reduced FAS levels in the liver of the CR group while pre-gorging FAS and ACC levels increased 

beyond that of the control group post-feeding. The elevated ACC and FAS levels seen in adipose tissue 

suggested that DNL occurs first to adipose tissue, followed by the liver, and acted as a protective 
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mechanism to protect against excess glucose and calorie levels after a gorging feed (Bruss et al., 

2010). Duivenvoorde and colleagues (2011), also showed that in an HFD model, 12 weeks of caloric 

restriction has a vast influence on gene regulation involved in lipid metabolism and mitochondrial 

functioning. Interestingly the transcription of Ppara and Pparg, key regulators of lipid metabolism, 

were not altered. However, significant upregulation of all genes involved in cholesterol synthesis 

(Cyp51, Fdps, Hmgcr, Insig1, Lss, Mvd, Sqle and Tm7sf2), FAS and elongation 

(Acaca, Acly, Elovl3, Elovl6, and Pecr) were reported. NADPH-producing Me1 was also upregulated 

which has been shown to play a central role in adipose metabolism, linking gluconeogenesis and fatty 

acid metabolism. Both Aspg and Lpcat3, encoding for lipolysis-related proteins were upregulated as 

were Stard4 and Stard5 encoding for cholesterol transfer proteins that regulate transfer between 

different cellular compartments (e.g., endoplasmic reticulum, Golgi apparatus). Rdh11 and Sorl1 

were also upregulated which help reduce short-chain (fatty) aldehydes as well as the uptake of 

proteases and lipoproteins. The downregulation of BC005764 that is involved in TAGs formation was 

also reported (Duivenvoorde et al., 2011). Additionally, a study by Viguerie et al., (2005) looked at 

adipose tissue gene expression in patients living with obesity undergoing low-fat and high-fat 

hypocaloric diets. They took two groups of 25 subjects each and placed them on a 10-week 

hypocaloric diet with either 20–25 or 40–45% of total energy derived from fat, the later like that of 

the HFD chow in our study. They measured the mRNA levels of 38 genes, including ten genes 

regulated by energy restriction but did not find any significant changes. They did find however that 

levels of PPAR1α mRNA were increased, while the expression of the genes encoding leptin, 

osteonectin, phosphodiesterase 3B, hormone-sensitive lipase, receptor A for natriuretic peptide, 

fatty acid translocase, lipoprotein lipase, uncoupling protein 2 and PPARγ were decreased (Viguerie 

et al., 2005). Viguerie and colleagues concluded that it was energy restriction and/or weight loss and 

not the ratio of fat: carbohydrate in a low-energy diet that played the highest role in modifying the 

expression of genes in human adipose tissue., as both groups lost weight despite difference nutrient 

profiles of the diets. Parks and colleagues 2012 also found that calorie restriction with a HFD was 

effective at attenuating inflammatory response and oxidative stress-related markers in obese tissues 

of the HFD-fed rats (Park et al., 2012). They found that high fat caloric restriction (HFCR) affected a 

variety of metabolites known to be altered in inflammation and OS caused be obesity. Parks and 

colleagues reported lowered hepatic triglyceride levels and total cholesterol levels and a return to 

normal levels in the plasma leptin/adiponectin ratio. HFCR also improved glucose tolerance and 

normalized adipocyte size and morphology. Expression levels of CRP and manganese superoxide 
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dismutase was also suppressed in adipose tissue. Lipid peroxidation was reduced and a decrease in 

the expression of inducible NOS, COX-2, Nrf2, and heme oxygenase-1 in the liver (Park et al., 2012). 

GbE treatment has been shown to downregulate lipogenesis and upregulate lipolysis, while 

significantly decreasing OS and inflammatory markers such as highly sensitive C-reactive protein (Hs-

CRP), tumour necrosis factor-α (TNF-α), interleukin-6 (IL-6) and malondialdehyde levels (Aziz, 

Hussain, Mahwi, Ahmed, et al., 2018; Aziz, Hussain, Mahwi and Ahmed, 2018; Siegel et al., 2014; 

Thanoon, Abdul-Jabbar and Taha, 2012; Kudolo et al., 2006). The flavonoid Ginkgolide C, isolated 

from GbE leaves, has been shown to increase lipolysis and inhibit adipogenesis in adipocytes through 

increased phosphorylation of AMP-activated protein kinase (AMPK), resulting in decreased activity 

of acetyl-CoA carboxylase for fatty acid synthesis. Treatment also decreased the expression of PPAR 

and CCAAT/enhancer-binding protein, and increased lipolysis through enhanced adipose triglyceride 

lipase and HSL production (Liou et al., 2015). Quercetin, a polyphenolic flavonoid found in GbE has 

been shown to significantly upregulate PPARα protein levels and FA β-oxidation (Sun et al., 2015) and 

improve hepatic dyslipidaemia by downregulating SREBP-1c and fatty acid synthase (FASN) levels, 

and upregulating PPARα, carnitine palmitoyl-transferase1 and medium-chain acyl-coenzyme A 

dehydrogenase expression, increasing lipolysis and β-oxidation (Wang et al., 2016). Ginkgetin, a 

biflavone from GbE leaves, blocked the differentiation of preadipocytes into adipocytes preventing 

hypertrophy in HFD-fed mic white adipose tissue, by acting as a STAT5 inhibitor, inhibiting PPARγ and 

C/EBPα expression (Cho et al., 2019). Wu et al., (2016) reported a similar finding that GbE treatment 

inhibited adipocyte differentiation and downregulated the expression of adipogenesis genes PPAR-γ 

and Ap2 (Wu et al., 2016). Similarly, GbE has been shown to modulate hepatic GLUT-2, PPAR-α and 

PGC1-α improving hepatic dyslipidaemia, glucose metabolism and storage (Awad, Araby and 

Albaiomy, 2021). Finally, GbE has also been shown to inhibit oxidised low-density lipoprotein (oxLDL) 

upregulation of matrix metalloproteinases (MMP1, MMP2, MMP3) associated with atherosclerotic 

lesions, supressing ROS generation. The same study by Tsai and colleagues (2016) also showed GbE 

reduced lectin-like ox-LDL receptor 1 (LOX-1) expression ameliorating oxLDL-inhibited PPAR-γ 

function (Tsai et al., 2016).  

Increased adipocyte volume and cytokine production associated with obesity is also associated with 

increased 11-beta-hydroxysteroid-dehydrogenase type 1 (11β-HSD1, encoding gene, HSD11B1). 11β-

HSD1 is expressed in all BAT, SAT, and WAT adipose depots in both preadipocytes and adipocytes 

with 11β-HSD1 activity induced during adipogenesis to assist in differentiation and maturation 

(Vargovic et al., 2011; Paulsen et al., 2007; Goedecke et al., 2006). SFA are particularly associated 
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with increased 11β-HSD1 expression (Petrus et al., 2015) which have been shown to be increased 

here in mesenteric and retroperitoneal depots. Generally, glucocorticoids facilitate both lipogenesis 

and lipolysis and may be dependent on dosage and circulating levels (Gathercole et al., 2011). They 

are thought to have a more significant impact at a local tissue level, rather than in circulation, with a 

slow turnover rate in tissues such as adipose tissue controlled by 11β-HSD1 activity (Hughes et al., 

2010). They stimulate the uptake of fatty acids by stimulating lipoprotein lipase and increase hepatic 

de novo lipogenesis via increased FAS expression, although this has been shown to be suppressed 

following low exogenous glucocorticoid treatment. Furthermore, insulin-stimulated lipogenesis has 

also been shown to be augmented by glucocorticoids (Gathercole et al., 2011). Counteractively, while 

glucocorticoid have an acute antilipolytic effect on adipocytes, they also stimulate lipolysis via 

hormone-sensitive lipase and adipose triglyceride lipase, but only after 48 hours of exposure 

(Chapman, Holmes and Seckl, 2013; Gathercole et al., 2011; Peckett, Wright and Riddell, 2011). While 

11β-HSD1 regenerates cortisol from cortisone within both adipose tissue and liver, it has been shown 

that in obesity, 11β-HSD1 levels can increase up to 3-fold in SAT tissue accompanied by leptin 

deficiency as well as decreased 11β-HSD1 activity in the liver  (Chapman, Holmes and Seckl, 2013; 

Mlinar et al., 2011; Paulsen et al., 2007; Sandeep et al., 2005; Livingstone and Walker, 2003; 

Paulmyer-Lacroix et al., 2002; Rask et al., 2002). Interestingly, quercetin, a compound found in GbE 

has been shown to dock and inhibit 11β-HSD1 (Zhu et al., 2018; Torres-Piedra et al., 2010). Under 

similar experimental condition to this study GbE treatment decreased Protein tyrosine phosphatase 

1B (PTP-1B) expression levels (Banin et al., 2014). Similarly, quercetin has also been shown to bind to 

and decrease mRNA levels of PTP-1B affecting the downstream activation of protein kinase B (PKB) 

and MAPK that trigger the GLUT4 transporter translocation to the plasma membrane (Chuang et al., 

2010; Zheng, Kar and Quirion, 2002) which is enhanced by LCFAs (Yoshida et al., 2001). In mesenteric 

WAT, 11β-HSD1 inhibition has been shown to decrease lipid synthesis and fatty acid cycling gene 

expression and increase fatty acid oxidation via CPT-1, while having the opposite effect in epididymal 

WAT (Hirata, Cruz et al., 2019; Hirata, Pedroso et al., 2019; Chapman, Holmes and Seckl, 2013; 

Berthiaume et al., 2007).  

Hypertrophy is associated with reduced adiponectin production, macrophage infiltration, hypoxia 

and the secretion of pro-inflammatory cytokines (e.g., TNF-a, IL-6, IL-1b). Together these contribute 

to low-grade inflammation and insulin resistance. As well as providing fatty acids for CE synthesis, 

PPL-PUFA also function as precursors for inflammation-mediating oxylipins such as eicosanoids. LA 

derived n-6 metabolites include 1 and 2 series prostaglandins (PGs), 2 series thromboxanes (TXs), 4 
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series leukotrienes (LTs) and lipoxins, and n-3 ALA derived n-3 metabolites include 3 series PGs and 

TXs, 5-series LTs along with resolvins and neuroprotectins (Nakamura et al., 2001, Ratnayake and 

Galli, 2009, Bhagat et al., 2015, Martin, 2015.) As mentioned before, there is a significant decrease in 

Ret-PPL C18:2n-6 in the HFD group (NFD, 24.91±1.65%; HFD-S, 13.87±0.44%, p=0.0003). This is in 

keeping with decreases in C18:2n-6 seen across all fractions; TAG, CE and MAG+DAG fractions. 

C18:2n-6 levels seen in the HFD-PPL fraction however fall below levels found in the HFD rat chow 

while levels in TAG, CE and MAG+DAG all sit above the 21% of HFD-chow C18:2n-6. The 29% decrease 

in RET-PPL PUFA levels in the HFD-S group may suggest that these are being utilized in an 

inflammation-mediated capacity, being cleaved to produce pro-resolving mediators. C18:2n-6 

derived oxylipins include hydroxyoctadecadienoic acid (HODE), keto-octadecadienoic acid (KODE), 

epoxyoctadecamonoenoic acid (EpOME), and dihydroxyoctadecenoic acid (DiHOME) (Liput et al., 

2021) and have been shown to be both pro- and anti-inflammatory (Caligiuri et al., 2013; Choque et 

al., 2014; Cole et al., 2020). Under the same experimental conditions previously published comparing 

NFD, HFD diet and GbE supplementation in rats, when comparing adipocyte size and morphology, 

the adipocyte volume was significantly larger by 114% (p=0.01) in an HFD-S compared to NFD group, 

but GbE supplementation reduced this by 42.5% (p=0.03) and was of a statistically similar volume in 

HFD+GbE compared to NFD (Hirata, Cruz et al., 2019). PLIN1, FASN mRNA, and FASN protein levels 

were also reduced following GbE treatment along with acetate accumulation and oleate 

incorporation. GbE treatment also showed a tendency to reduce oleate incorporation into lipids by 

43% (p= 0.06) compared to a HFD alone, which was found to have a 130% higher oleate incorporation 

(p = 0.01) in HFD cells compared to NFD (Hirata, Cruz, et al., 2019)). Similarly, again under the same 

experimental conditions but in the retroperitoneal fat depot proteome, GbE treatment caused a 30% 

significant increase in catalase activity and a 40% decrease in Malondialdehyde (MDA) levels between 

HFD-S and HFD-GbE groups of diet-induced obese rats. GbE treatment also resulted in the RET 

adipocyte volume decreasing by 56% (p=0.04) compared to HFD-S treatment, along with a 30% 

significant increase in catalase activity and a 40% decrease in Malondialdehyde (MDA) levels. Both 

catalase and MDA levels suggest an upregulation in antioxidant activity following g GbE treatment. 

Following proteomic analysis by mass spectrometry, 605 proteins were found to have altered 

expression between the two groups. These were narrowed down to 198 proteins, of which, 20 were 

downregulated following GbE treatment, 5 upregulated following GbE treatment while 10 were no 

longer detectable following GbE treatment and were only detectable in the HFD-S group. Of those 

identified as significantly different in expression levels were proteins involved in lipid and carbon 
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metabolism, inflammation, and OS. This is in keeping with other findings that GbE bilobalides 

protected against H2O2-induced oxidative damage in melanocytes (Lu et al., 2016), hippocampus 

(Kaur et al. 2013), renal nephropathy (Chang et al., 2021; Yu et al., 2021) and colitis (Zhou et al., 

2006). Firstly, GbE treatment significantly reduced the protein expression levels of peroxiredoxin, an 

enzyme involved regulating endogenous H2O2 levels, resulting in a 0.54-fold change (GbE/S) 

compared to HFD-S. This was in keeping with the increased catalase activity and reduced MDA levels, 

further supporting the antioxidant and OS modulating capacity of GbE. Those proteins altered and 

involved in fatty acid metabolism were 3-Ketoacyl-CoA thiolase B, Trifunctional enzyme subunit alpha 

and citrate synthase. 3-Ketoacyl-CoA thiolase B was decreased beyond detection in HFD-GbE. 3-

ketoacyl-CoA thiolase is part of the PPAR activated peroxisomal FA β-oxidation pathway, and is the 

last step involved in converting FA to one acetyl-CoA molecule and a two-carbon-shortened acyl-CoA 

for energy synthesis in the Krebs cycle (Tahri-Joutey et al., 2021). A 0.58-fold decrease was seen in 

trifunctional enzyme subunit alpha with GbE which catalyses the later reactions in the mitochondrial 

β-oxidation pathway. A 1.98-fold increase in citrate synthase was seen with GbE which is the first of 

the eight enzymes involved in the Krebs cycle. These finding suggest that in GbE treatment, an 

increase in energy production due to citrate synthase activity as the first enzymatic step of energy 

production in the Krebs cycle may take place, while 3-Ketoacyl-CoA thiolase B and trifunctional 

enzyme subunit alpha, involved in the last steps in peroxisomal β-oxidation and mitochondrial β-

oxidation pathway, respectively, appear to be down regulated. The decrease in aspartate 

aminotransferase (AST), an indicator of liver damage or disease, also found in the RET proteome 

study (Hirata, Pedroso, et al., 2019) following GbE treatment is consistent with findings from Yan and 

colleagues (2015) that reported GbE attenuated HFD-induced liver injury through reducing hepatic 

steatosis, TAG accumulation, serum AST, Alanine transaminase (ALT), Aspartate transaminase and 

Alkaline phosphatase (ALP) (Yan et al., 2015). The 1.65-fold increase in Decorin following GbE 

treatment is also consistent with other findings. The extracellular matrix (ECM) of the adipose tissue 

has been implicated in insulin resistance with decorin, a proteoglycan and component of the ECM, 

associated with glucose tolerance. Svärd and colleagues looked at decorin knockout (DcnKO) mice 

fed either a low fat or high fat diet for 10 weeks. They found that DcnKO mice had greater food 

efficiency during overfeeding. They also exhibited impaired glucose tolerance, elevated expression 

and circulation of leptin, downregulated TAG biosynthesis genes and an upregulation of adipose 

genes involved in complement and coagulation cascades (Svärd et al., 2019). While GbE treatment 

did not cause weight loss in this study over the 14-day treatment, it did reduce weight gain, which 
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was more notable in the caloric-restricted PF group. Interestingly CAV2 showed a 0.4-fold decrease 

following GbE treatment in the RET proteome study (Hirata, Pedroso et al., 2019). Caveolae within 

the lipid rafts of membranes, are formed from cholesterol, glycosphingolipids and other proteins 

which are aided by CAV1 and CAV2 in a highly cholesterol‐dependant process. CAV1 and CAV2 are 

the main structural components of caveolae (He, Cui and Zhu, 2021; Gámez-Ruiz et al., 2011; Le Lay 

and Kurzchalia, 2005). Cav-1 is abundantly expressed in terminally differentiated cells such as 

adipocytes, while CAV2 is co-expressed with CAV1. Caveolae have a characteristic scaffolding domain 

in the plasma membrane due to CAV1 and CAV2 that allows interaction with signalling molecules, 

facilitating membrane transport including GLUT4 translocation and receptor signalling such as insulin 

(He, Cui and Zhu, 2021; Haczeyni, Bell-Anderson and Farrell, 2018; Gámez-Ruiz et al., 2011; Le Lay 

and Kurzchalia, 2005). Gámez-Ruiz and colleagues (2011) found that caveolin expression did not 

change in RET adipocytes of rats fed with a control or high-fat (HF) diet for 72 days, although they did 

find that HFD subcutaneous adipocytes exhibited a reduction. For the control diet rat, food intake 

decreased CAV-1 phosphorylation in RET adipocytes and increased in subcutaneous adipocytes. CAV-

2 phosphorylation increased in both RET and subcutaneous adipocytes in non-fasting rats, 

irrespective of the type of diet (Gámez-Ruiz et al., 2011). This may suggest that the 0.4-fold decrease 

in CAV2 in GbE treatment, may be caused by decreased food intake.  
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5.8 Summary 

In summary, a HFD causes an increase in SFA and MUFA and a decrease in PUFA in total lipid profiles 

is seen in TAG, CE, MAG+DAG and PPL fractions compared to a NFD in both MES and RET adipose 

tissue. Table 70 and Table 71 shows the key changes that occurred in both Ret and MES tissues across 

all diets and treatment groups. No changes in SFA, MUFA or PUFA are seen in total lipid profiles 

following caloric restriction or GbE treatment. Higher SFA and lower PUFA, would indicate a risk for 

a pro-inflammatory environment. When MES and RET adipose tissue is separated into separate lipid 

classes, more dynamic changes can be seen with caloric restriction and GbE treatments. RET-TAG 

fatty acid profiles showed increased SFA and MUFA and decreased PUFA levels while MES-TAG 

showed reduced levels of SFA in TAG but no changes MUFA or PUFA. Following either caloric 

restriction (PF) or GbE treatment, no overall changes were seen in RET-TAG SFA, MUFA or PUFA levels 

compared to saline-only treated (HFD-S) group while reduced levels of SFA in TAG-HFD-GbE are seen 

in MES-TAG. In the both the MES- and RET-CE fraction increased SFA and MUFA levels and decreased 

PUFA levels occurred in HFD-S like the changes seen in total lipid profiles and TAG. In both MES and 

RET three HFD groups, few significant changes occurred in the caloric restricted (PF) group and the 

GbE treatment groups compared to the HFD-S group. Changes of note include a significant increase 

in C18:1n-7 in both the RET-HFD-PF and RET-HFD-GbE groups compared to RET-HFD-S coinciding with 

significantly lower levels of C18:1n-9 RET-HFD-PF and RET-HFD-GbE groups compared to RET-HFD-S. 

This may indicate changes in fatty acid enzyme activity involved in DNL and lipolysis.  

The most notable change was seen in the PPL fraction for both MES and RET where increased SFA 

and decreased MUFA and n-6 PUFA occurred following an HFD, compared to a NFD. In HFD-fed 

animals, when compared to the HFD-saline only group, SFA levels increased further in PPL fatty acids 

following GbE treatment. MUFA levels significantly increased and PUFA decreased following caloric 

restriction. With GbE treatment MUFA levels decreased in contrast to the PF group, while PUFA levels 

also decreased but not to the extent seen in the PF group. Moreover, the changes seen in GbE 

treatment are often contradictory to those seen in the HFD-PF calorically restricted group, despite 

both groups receiving the same amount of food for 14 days. This indicates that GbE may have some 

protective effect on over lipid profiles despite caloric restriction, such as that seen with PPL PUFA and 

UI levels when compared to the PF group. These findings may suggest changes in enzyme activity 

involved in DNL and lipogenesis such as HSL, PLIN1, FAS and ELOVL6 and/or CAV related lipid 

trafficking and oxylipin production associated with inflammation mediation. 
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Table 70. Summary of retroperitoneal and mesenteric fatty acid profiles comparing the effects of a normal fat diet (NFD) 
and high fat diet (HFD) in total lipid sample, Triglycerides (TAG), Cholesteryl esters (CE), monoglycerides and diglycerides 
(MAG+DAG) and phospholipids (PPL). ↑=increased Vs NFD, ↓=decreased Vs NFD 

 Retroperitoneal Mesenteric 

  NFD HFD   NFD HFD   

  Sample %  Sample % HFD Vs NFD Sample % Sample % HFD Vs NFD 

Total Sample             

SFA 24.1 28.4 ↑ p=0.0004 22.1 28.2 ↑p <0.001 

MUFA 29.6 47.3 ↑ p<0.0001 29.6 47.3 ↑ p<0.001 

PUFA 45.2 23.5 ↓ p<0.0001 46.9 23.7 ↓ p<0.001 

n-6 42.7 22.9 ↓ p<0.0001 44.5 23.0 ↓ p<0.001 

n-3 2.5 0.7 ↓ p<0.0001 2.1 0.6 ↓p<0.001 

n-6/n-3 17.0 34.7 ↑ p<0.0001 18.5 36.8 ↑ p<0.001 

TAG       
∑SFA 23.5 27.6 ↑ p=0.0007 21.7 27.7 ↑ p<0.0001 

∑MUFA 29.0 48.3 ↑ p<0.0001 29.6 48.3 ↑ p<0.0001 

∑PUFA 45.8 23.4 ↓ p<0.0001 48.0 23.3 ↓ p<0.0001 

∑n-6 PUFA 44.1 22.8 ↓ p<0.0001 45.8 22.8 ↓ p<0.0001 

∑n-3PUFA 1.7 0.6 p=0.2 2.2 0.6 ↓ p<0.0001 

n-6/n-3 37.0 37.7 p>0.99 21.0 40.8 ↑ p<0.0001 

CE       
∑SFA 20.8 24.9 ↑ p=0.001 15.0 22.2 ↑ p<0.0001 

∑MUFA 25.2 44.0 ↑ p<0.0001 22.7 42.8 ↑ p<0.0001 

∑PUFA 52.1 29.7 ↓ p<0.0001 60.1 33.6 ↓ p<0.0001 

∑n-6 PUFA 48.0 28.2 ↓ p<0.0001 55.4 32.0 ↓ p<0.0001 

∑n-3PUFA 0.6 0.1 ↓ p<0.0001 4.8 1.6 ↓ p<0.0001 

n-6/n-3 11.8 19.2 ↑ p<0.0001 11.7 20.5 ↑ p<0.0001 

MAG+DAG          
∑SFA 23.7 26.0 p=0.38 44.3 28.6 ↓ p=0.03 

∑MUFA 26.5 46.6 ↑ p<0.0001 21.3 44.7 ↑ p<0.0001 

∑PUFA 47.7 25.7 ↓ p<0.0001 29.6 26.1 ↓ p=0.01 

∑n-6 PUFA 45.0 24.9 ↓ p<0.0001 27.9 24.5 p=0.5 

∑n-3PUFA 2.7 0.8 ↓ p<0.0001 1.8 1.6 p=0.8 

n-6/n-3 17.1 31.2 ↑ p<0.0001 16.3 20.1 p=0.3 

PPL          
∑SFA 38.4 49.2 ↑ p=0.0004 59.5 50.2 ↓ p=0.002 

∑MUFA 24.4 24.8 p=0.80 10.5 19.3 ↑ p<0.0001 

∑PUFA 34.3 24.3 ↓ p=0.01 28.9 29.2 p=0.96 

∑ n-6 PUFA 30.1 19.1 ↓ p<0.0001 27.3 28.1 p>0.99 

∑ n-3PUFA 4.2 5.2 p=0.62 1.6 2.9 ↑ p=0.01 

n-6/ n-3 11.2 6.5 p>0.99 17.0 26.5 ↑ p<0.001 
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Table 71. Summary of retroperitoneal and mesenteric fatty acid profiles comparing the effects of a high fat diet (HFD) and treatment with saline (HFD-S), pairfed (PF) and 
Ginkgo biloba (HFD-GbE) in total lipid sample, triglycerides (TAG), Cholesteryl esters (CE), monoglycerides and diglycerides (MAG+DAG) and phospholipids (PPL). 
↑=increased Vs NFD, ↓=decreased Vs NFD 

 HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE HFD-S HFD-PF HFD-GbE S Vs PF S Vs GbE PF Vs GbE 

 Sample % p Value Sample % p Value 

Total sample             

∑SFA 28.4 28.9 28.7 0.39 0.78 0.78 28.2 28.6 27.8 0.42 0.34 ↓0.03 
∑MUFA 47.3 46.9 47.0 0.63 0.85 0.92 47.3 47.2 48.0 0.96 0.19 0.12 
∑PUFA 21.2 23.5 23.5 0.47 0.46 >0.99 23.7 23.5 23.4 0.86 0.55 0.86 
∑n-6 PUFA 22.9 22.8 22.8 0.96 >0.99 0.98 23.0 22.9 22.8 0.84 0.55 0.88 
∑n-3 PUFA 0.6 0.7 0.7 0.56 0.45 0.98 0.6 0.6 0.6 >0.99 0.76 0.81 
n-6/n-3 34.7 35.2 34.4 0.91 0.97 0.79 36.8 37.2 37.9 0.96 0.83 0.94 

TAG             
∑SFA 27.6 28.4 28.0 0.05 0.44 0.44 27.7 27.7 27.0 0.98 ↓0.04 0.07 
∑MUFA 48.3 47.8 48.0 0.31 0.59 0.87 48.3 48.6 49.0 0.65 0.13 0.54 
∑PUFA 23.4 23.2 23.3 0.39 0.88 0.68 23.3 23.2 23.2 0.42 >0.99 0.44 
∑n-6 PUFA 22.8 22.5 22.7 0.22 0.89 0.43 22.8 22.6 22.7 0.86 0.99 0.92 
∑n-3 PUFA 0.6 0.7 0.6 0.39 0.99 0.34 0.6 0.6 0.5 0.54 0.61 0.99 
n-6/n-3 37.7 35.0 37.8 0.37 >0.99 0.36 40.8 40.9 44.6 >0.99 0.09 0.1 

CE             
∑SFA 24.9 24.6 23.5 0.92 0.21 0.38 22.2 22.7 21.8 0.7 0.82 0.35 
∑MUFA 44.0 43.0 44.2 0.06 0.94 ↑ 0.03 42.8 43.6 42.9 0.47 >0.99 0.51 
∑PUFA 29.7 30.9 31.1 0.38 0.29 0.98 33.6 33.1 33.3 0.9 0.98 0.97 
∑n-6 PUFA 28.2 29.4 29.7 0.49 0.99 0.58 32.0 31.5 31.7 0.85 0.96 0.96 
∑n-3 PUFA 1.5 1.5 1.5 >0.99 0.97 0.97 1.6 1.6 1.6 0.96 0.96 >0.99 
n-6/n-3 19.2 20.6 20.5 0.67 0.73 >0.99 20.5 20.2 20.3 0.99 0.99 >0.99 

MAG+DAG             
∑SFA 26.0 28.7 25.9 ↑ 0.001 >0.99 ↓ 0.001 28.6 29.9 27.6 ↑ 0.02 0.09 ↓ 0.0001 
∑MUFA 46.6 44.3 46.5 ↓ 0.001 0.97 ↑ 0.001 44.7 44.4 44.7 0.82 >0.99 0.83 
∑PUFA 25.7 24.2 26.1 ↓ 0.02 0.64 ↑ 0.001 26.1 25.1 22.5 0.85 0.12 0.32 
∑n-6 PUFA 24.9 23.4 25.3 ↓ 0.02 0.65 ↑ 0.002 24.5 23.6 21.0 0.85 0.14 0.34 
∑n-3 PUFA 0.8 0.8 0.8 0.98 >0.99 0.98 1.6 1.6 1.5 >0.99 >0.99 >0.99 
n-6/n-3 31.2 30.3 31.7 0.89 0.96 0.73 20.1 19.1 18.3 0.98 0.94 0.99 

PPL             
∑SFA 49.2 46.4 58.9 0.79 0.09 ↑ 0.02 50.2 33.0 60.8 ↓ 0.05 ↑ 0.001 ↑ <0.0001 
∑MUFA 24.8 34.8 19.8 ↑ 0.01 0.27 ↓ 0.0002 32.5 33.5 14.1 ↑ <0.0001 0.25 ↓ <0.0001 
∑PUFA 24.3 15.4 19.8 ↓ 0.001 0.1 0.11 29.9 9.5 18.3 ↓ <0.0001 ↓ <0.0001 ↑ 0.008 
∑n-6 PUFA 19.1 11.8 15.0 ↓ 0.0001 ↓ 0.02 0.09 28.1 9.2 17.9 ↓ <0.0001 ↓ <0.0001 ↑ 0.01 
∑n-3 PUFA 5.2 3.6 4.8 0.53 0.95 0.71 1.8 0.3 0.4 ↓ <0.0001 ↓ <0.0001 0.15 
n-6/n-3 6.5 3.4 3.3 ↓ 0.01 ↓ 0.01 >0.99 41.3 23.9 60.0 ↓ 0.01 ↑ 0.02 0.93 
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Chapter 6 - Hippocampus and Hypothalamus  
 

6.1 Introduction 

Obesity is related to a number of comorbidities, which include metabolic syndrome, cardiovascular 

disease and cognitive dysfunction (Balasubramanian et al., 2021; Karunathilaka and Rathnayake, 

2021; Buie et al., 2019; Forny-Germano, de Felice and do Nascimento Vieira, 2019; Hovens, 

Dalenberg and Small, 2019; Salama et al, 2018; Dye et al., 2017; Prickett, Brennan and Stolwyk, 2015; 

André et al., 2014; Miller and Spencer, 2014; Nguyen, Killcross and Jenkins, 2014; Riggs, 2012; Kanoski 

and Davidson, 2011; Cserjesi, 2009; Braet, 2003). Obesity occurs from chronic over ingestion of 

calories, in excess of energy output. The association between obesity and a high- fat Western-style 

diet (WD) are well established (Victorio et al., 2021). As previously discussed in other chapters, a HFD 

and obesity is also associated with impaired glucose processing and the development of metabolic 

disease. In contrast to a HFD are studies that suggest that a higher adherence to the Mediterranean 

diet is associated with significantly lower odds of developing metabolic syndrome (Babio et al. 2009) 

along with lower incidence of mortality and cardiovascular disease (Giroli et al. 2021; Menotti and 

Puddu 2015). A Mediterranean diet is associated with reduced risk of developing mild cognitive 

impairment and AD (Singh et al., 2014; Gardener et al., 2012) with adherence to the diet reported to 

reduce disease progression by up to 33% (Singh et al., 2014). A Mediterranean diet boasts of lower 

levels of saturated fat, better omega-6:3 PUFA ratios, and an abundance of phytochemicals including 

plant antioxidants and polyphenolic compounds (Menotti and Puddu, 2015; Estruch and Salas-

Salvadó, 2013; Babio et al., 2009). 

As discussed in more detail in the Chapter 1 Section 1.1, major neurocognitive disorders (MND) such 

as AD are associated with a significant decline in cognitive functioning (Sherman et al., 2016). 

Predictive factors for MND can be categorised by sociodemographic factors, bio-behavioural factors, 

and health factors (Sousa, Teixeira and Paúl, 2020). Health factors used to determine MND include 

some modifiable factors such as nutritional status, cholesterol levels, cardiovascular health, diabetes, 

obesity and dyslipidemia as well as handgrip strength and cerebrovascular diseases (Prakash et al., 

2021; Sousa, Teixeira and Paúl, 2020; Tini et al., 2020; Mayeux and Stern, 2012; Skoog et al., 1996). 

With regards to AD and the effect of obesity, recent reports have shown that there is a higher risk of 

developing dementia in an older population who are overweight or obese (Ma et al. 2020) although 

late-life obesity has been suggested as protective against AD (Fitzpatrick et al. 2009). Obesity in 
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middle-age is also identified as a risk factor for MND, particularly AD (Anstey et al., 2011; Fitzpatrick 

et al., 2009; Calle et al., 1999, 2003). It has been reported that there is a three-fold increased risk in 

developing AD in people with high waist circumferences, and that the risk ratio of developing 

dementia increased for people suffering obesity in the 30-40 years-old category compared to those 

that developed obesity in later years (Pugazhenthi, Qin and Reddy, 2017). Interestingly, while 

studying the effect of late life obesity and weight loss on brain structure, with weight loss categorised 

as 5% loss of weight between clinical visits, Pegueroles and colleagues (2018), found atrophy in 

occipital, inferior temporal, precuneus and frontal brain regions of weight stable individuals. In 

contrast they found increased cortical thickness in the weight-loss group suggesting a reverse 

causation for atrophy due to weight loss (Pegueroles et al., 2018).  

The brain contains high levels of lipids, essential for structure and function. Lipids make up 50% of 

the dry weight of the brain, while the brain contains the second highest concentration of lipids within 

the body, second only to adipose tissue (Dyall, 2015; Singh, 2005; Youdim, Martin and Joseph, 2000; 

Edmond et al., 1998; Robinson et al., 1992). While adipocytes store FA predominantly in TAG, brain 

lipids are mostly contained within the phospholipids of the cell membrane (Bruce, Zsombok and 

Eckel, 2017; Hamilton et al., 2007). Brain lipids are rich in LC-PUFA, particularly the n-6 AA (C20:4n-

6) and the n-3 DHA (C22:6n-3). DHA accounts for 10-15% of FA in the brain and may account for up 

to 50% of brain tissue PUFA (Diau et al. 2005). Essential FA must be transported into the brain across 

the BBB from circulating plasma. In rats a daily turnover has been reported of up to 5% for esterified 

AA and 8% of esterified DHA replaced by unesterified PUFA from plasma, while daily AA replacement 

is estimated at only 0.3% in humans (Rapoport, Chang and Spector, 2001). It has been reported that 

the brain is a major consumer of circulating PUFA, where the levels of uptake from plasma into PPL 

mimics the consumption rates in the brain (Chen et al., 2008). It has been shown in rat studies that 

unesterified forms of plasma FA rather than esterified forms are incorporated into the brain (Chen et 

al., 2015; Sublette et al., 2007; Spector, 2001; Purdon et al., 1997). Esterified forms of circulating FA 

include TAG, FAG, CE and PPL while unesterified are counted as FFA. Furthermore, reports show that 

the brain concentration of DHA is kept at a steady-state even in brain injury (Kim, 2014; DeMar et al., 

2004), and as DHA synthesis from lower n-3 FA such as ALA (C18:3n-3) is low in the brain, it is agreed 

that the brain supply of DHA predominantly comes from plasma (DeMar et al., 2005). AA and DHA 

are crucial for cell signalling and are used to produce oxylipins such as eicosanoids mediated by COX, 

LOX and cytochrome P450 (CYP) enzymes (Melissa Gabbs et al., 2015; Bazinet, 2014). An increase in 
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the dietary LA/ALA ratio has been found to reduce DHA and increase AA levels in the rat brain (Lands, 

Morris and Libelt 1990). 

The brain consumes high levels of energy compared to other organs, mostly in the form of glucose. 

As discussed in the Chapter 1, a typical human brain consumes approximately 120 g of glucose daily, 

which is transported across the permeably restrictive blood brain barrier (BBB) mediated by 

astrocytes and a large family of sodium independent glucose transporters (GLUTs) and sodium-

dependent glucose co-transporters (SGLT) (Shah, DeSilva and Abbruscato, 2012). Most glucose in the 

brain is consumed via mitochondrial oxidative phosphorylation, converted to ATP and used to 

maintain normal neural function (Hall et al., 2012). Normal glucose metabolism is rate limited by the 

enzyme cytochrome C oxidase and results in naturally occurring reactive oxygen species (ROS) which, 

when in excess, leads to exacerbated OS (Perez-Pardo et al., 2017; Nilsson and Busto, 1976). With 

age comes the decline in the efficiency of the highly regulated mitochondrial enzymatic process 

leading to increasing levels of ROS and OS (Ahmad et al., 2017; Pérez-Gracia, Torrejón-Escribano and 

Ferrer, 2008) supported by the finding of increased OS biomarkers in brain and peripheral blood 

tissues of MND patients such as seen in AD (Sultana and Butterfield, 2010). A metabolic feature 

regularly seen in AD is a decline of approximately 50% in glucose based-ATP production, which tends 

to deteriorate as the disease progresses (Hoyer 1992) with impaired glucose transport and ATP 

production correlated with increased levels of Aβ protein (Gella et al., 2009). Decreased levels of 

both GLUT-1 and GLUT-3 transporters have been reported in AD (Liu et al., 2008; Mooradian, Chung 

and Shah, 1997; Harr, Simonian and Hyman, 1995; Simpson et al., 1994) with each transporter 

respectively responsible for glucose transport across the BBB (Brockmann 2009) and into neurons 

(Augustin 2010; Shepherd et al. 1992). With decreased levels of these transporters correlating to 

abnormal hyperphosphorylation of tau (Liu et al., 2008), it is believed that such perturbations in GLUT 

levels disrupts brain glucose homeostasis and mitochondrial function which increases OS, neuro-

inflammation and eventually neurodegeneration (Cong et al., 2011; Cunnane et al., 2011; Hoyer, 

2004). In contrast, increased levels of GLUT-2 (Liu et al., 2008) and GLUT-12 (Pujol-Gimenez et al., 

2014) have been recently found in AD and is thought to be a compensation mechanism to continue 

glucose supply to neural tissue. Glucose transported via GLUT-12 however enters anaerobic glycolytic 

metabolism, which further augments OS (Zawacka-Pankau et al. 2011). Recent, compelling evidence 

has associated AD with T2DM due to similar s hared clinical, biochemical and pathophysiological 

manifestations (Chen and Zhong, 2013) particularly OS (Rosales-Corral et al., 2015).  
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LCFA are an also a source of energy for the body and are required for the synthesis of structural lipids 

(e.g., phospholipids and sphingolipids) (Schäffler and Schölmerich, 2010) which are essential to 

reproduction, cell differentiation, inflammation, and cognition (Clarke and Nakamura, 2013; Harbige, 

2003). As discussed under Section 1.15, where glucose is not available, β-oxidation of lipids occurs 

within the mitochondria. In times of energy demand, the protein kinase AMPK is activated, which 

phosphorylates both ACC1 and ACC2, inactivating them, leading to a decrease in fatty acid synthesis 

and an increase in fatty acid β-oxidation. Similarly, as discussed under Section 1.15, PPAR receptors 

are responsible for triggering gene transcription of lipid metabolism mediators involved in 

adipogenesis and β-oxidation, and contribute to the regulation of oxidative stress, inflammation, and 

neuroprotection (Han et al., 2017; Duvall and Levy, 2016; Echeverría et al., 2016; Motojima et al., 

1998; Martin et al., 1997). PPAR is predominantly expressed in tissues that underdo high rates of 

fatty acid catabolism, including the digestive tract, liver, heart, skeletal muscle, kidneys and brain 

tissue, particularly in neurons and astrocytes (Tahri-Joutey et al., 2021). A wide variety of lipophilic 

molecules/ ligands activate PPARα, which when bound, undergoing conformational changes and 

trigger gene transcription involved in lipid metabolism and oxidation (Tahri-Joutey et al., 2021).  

Within the β-oxidation system VLCFA are shortened to LCFA in the peroxisome which participates in 

cellular thermogenesis and produces H202 (Cherkaoui-Malki et al., 2012) while shortened LCFA are 

further metabolised by mitochondrial β-oxidation for ATP synthesis (Tahri-Joutey et al., 2021).  

PPAR ligands include SFA, UFA and PUFA as well as their metabolites (Chen et al., 2020; Forman et 

al., 1997; Kliewer et al., 1997). LC-PUFA are the natural ligands of PPARα/γ, where n-3 PUFA, namely 

EPA (C20:5n-3) and DHA (C22:6n-3) bind with high affinity for activation (Duszka et al., 2020; Kosgei 

et al., 2020; Laleh et al., 2019; Kersten et al., 2017; Pawar et al., 2003). n-6 LC-PUFA such as LA 

(C18:2n-6) and AA (C20:4n-6), n-3 DPA (C22:5n-3) and ω-9 erucic acid (C22:1n-9) have also been 

shown to stimulate PPAR activity (Chen et al., 2020; Laleh et al., 2019; Duvall et al., 2016; Echeverría 

et al., 2016; Hostetler et al., 2006; Pawar et al., 2003).  Endogenous FA metabolites also act as PPAR 

ligands including acyl CoAs, oxidised fatty acids, hydroxylated fatty acids, PPL, eicosanoids, 

endocannabinoid-like molecules and lipoprotein lipolytic products (Liput et al. 2021). Exogenous 

PPAR activators include dietary PUFA such as EPA and DHA and plant extracts such as GbE and other 

polyphenolic flavonoids, isoflavonoids, terpenes, steroids, carotenoids, coumarins, lignans, and 

tannins (Tahri-Joutey et al., 2021; Grygiel-Górniak, 2014). PPARα activators and PPARγ agonists are 

used for treating dyslipidemia and T2DM with PPARβ/δ overexpression is shown to prevent obesity 
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in a HFD and increase glucose metabolism while protecting against ischemia-reperfusion injury (Yu 

et al., 2008).  

To explore the effect of a HFD on brain lipid profiles, in this study both the hippocampus and 

hypothalamus tissue were collected from NFD, HFD-S, HFD-PF and HFD-GbE treated rats. Total fatty 

acids were extracted, subjected to acid-catalysed esterification to produce FAMEs and analysed by 

GC-FID spectrometry and reported as mean %±SEM. Differences between NFD and HFD-S feeding 

was statistically analysed by Student’s T test, while HFD-fed subsets were analysed by one-way 

ANOVA with Tukey’s post hoc test.  The level of statistical significance was set at *p < 0.05.   
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6.2 Hypothalamus  

 
In total hypothalamus fatty acids profiles, few changes occurred FA percentage levels when 

comparing a NFD to an HFD-S diet. Those of note are a 7.5% increase in C18:0 in the HFD-S (C18:0; 

NFD, 18.45±0.14%; HFD-S, 19.83±0.57%, p=0.05) and a 3% increase in total SFA levels (∑SFA; NFD, 

44.56±0.46%; HFD-S,46.17±0.52%, p=0.04) (Table 72). Total MUFA levels also decreased by 4.6% in 

the HFD-S compared to the NFD (∑MUFA; NFD, 25.83±0.44%; HFD-S, 24.64±0.29%, p=0.03) (Table 

72). Although no significant changes were seen in the ∑MUFA/∑SFA ratio and ∑UFA/∑SFA ratio, a 

decreasing trend was seen in both.  Likewise, an increasing trend was seen in the C18:1n-7/C18:0 

ratio, along with a significant increase in the C22:5n-3/C18:3n-3 ratio (C22:5n-3/C18:3n-3; NFD, 

0.01±0.01; HFD-S,0.07±0.01, p=0.002) (Table 73). 

When comparing the HFD subsets a decreasing trend in C16:1n-7 was seen in HFD-PF (p=0.06) and 

significant decrease in HFD-GbE (p=0.01) compared to thew HFD-S group (Table 74). This affected the 

∑ω7 level in a similar way where a decreasing trend in was seen in HFD-PF (p=0.09) and significant 

decrease in HFD-GbE (p=0.01) compared to thew HFD-S group (∑ω7; HFD-S,3.34±0.09; HFD-

PF,3.06±0.10; HFD-GbE,2.95±0.09) (Table 74). This was also reflected in the C18:1n-9/C16:1n-7 ratio 

that significantly increase in the HFD-GbE group compared to HFD-S (p=0.02) (C18:1n-9/C16:1n-7; 

HFD-S,70.45±9.20; HFD-PF,97.50±9.59; HFD-GbE,108.54±8.24) (Table 75). Finally, a C22:5n-3 levels 

decreased 2-fold in the HFD-PF group compared to HFD-S (p=0.002) while a decreasing trend was 

seen in HFD-GbE compared to HFD-S (p=0.08) (C22:5n-3; HFD-S,0.14±0.02; HFD-PF,0.07±0.01; HFD-

GbE,0.10±0.01). This change in C22:5n-3 was reflected in the C22:5n-3/C18:3n-3 ratio where both 

HFD-PF (p=0.002) and HFD-GbE (p=0.005) decreased approximately 2-fold for each group compared 

to HFD-S (C22:5n-3/C18:3n-3; HFD-S,0.07±0.01; HFD-PF,0.03±0.01; HFD-GbE,0.04±0.01) (Table 75). 

The C22:6n-3/C22:5n-3 ratio was increased significantly in the HFD-PF group compared to both the 

HFD-S group (p=0.004), and the HFD-GbE group (p=0.02), although no significant difference was seen 

between HFD-S and HFD-GbE (C22:6n-3/C22:5n-3; HFD-S,89.26±14.56; HFD-PF,140.75±9.10; HFD-

GbE,98.12±3.47). Finally, the C22:6n-3/C18:3n-3 ratio showed a decreasing trend between the HFD-

S and HFD-GbE groups (p=0.06) (C22:6n-3/C18:3n-3; HFD-S,5.74±0.62; HFD-PF,4.11±0.68; HFD-

GbE,3.61±0.52) indicating a relative increase in C18:3n-3 land decrease in C22:6n-3 levels (Table 68).  
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Table 72. Hypothalamus total fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) (N=10 
per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

 NFD HFD-S  
 MEAN %  SEM MEAN %  SEM p value 

C14:0 0.06 ± 0.01 0.11 ± 0.02 0.12 
C16:0 19.52 ± 0.62 20.14 ± 0.22 0.32 
C17:0 0.13 ± 0.01 0.13 ± 0.02 0.98 
C18:0 18.45 ± 0.14 19.83 ± 0.57 0.05 
C20:0 0.74 ± 0.05 0.64 ± 0.04 0.12 
C22:0 0.35 ± 0.03 0.34 ± 0.03 0.85 
C23:0 0.16 ± 0.01 0.15 ± 0.01 0.41 
DMA 16:0  1.10 ± 0.09 1.10 ± 0.10 0.97 
DMA 18:0 4.05 ± 0.06 3.73 ± 0.23 0.25 
∑SFA DMA 5.15 ± 0.14 4.83 ± 0.30 0.40 
∑SFA 44.56 ± 0.46 46.17 ± 0.52 0.04 
C16:1n-7 0.23 ± 0.02 0.27 ± 0.03 0.41 
C18:1n-7 3.06 ± 0.05 3.04 ± 0.08 0.84 
C18:1n-9t 0.09 ± 0.02 0.08 ± 0.03 0.90 
C18:1n-9 17.02 ± 0.27 16.56 ± 0.17 0.15 
C20:1n-9 1.27 ± 0.07 1.27 ± 0.09 0.99 
C22:1n-9 0.25 ± 0.01 0.21 ± 0.01 0.04 
C24:1n-9 1.05 ± 0.08 0.91 ± 0.06 0.16 
DMA 18:1 1.42 ± 0.04 1.17 ± 0.12 0.10 
C18:1 Total 20.14 ± 0.26 19.65 ± 0.21 0.15 
∑ω7 3.30 ± 0.06 3.34 ± 0.09 0.72 
∑ω9 19.65 ± 0.36 18.97 ± 0.23 0.12 
∑MUFA 25.83 ± 0.44 24.64 ± 0.29 0.03 
C18:2n-6 0.81 ± 0.14 0.78 ± 0.06 0.84 
C18:3n-6 0.07 ± 0.01 0.08 ± 0.01 0.77 
C20:2n-6 0.11 ± 0.01 0.10 ± 0.01 0.78 
C20:3n-6 0.28 ± 0.01 0.28 ± 0.01 0.89 
C20:4n-6 7.39 ± 0.10 7.87 ± 0.33 0.22 
C22:4n-6 3.99 ± 0.06 3.98 ± 0.07 0.93 
∑n-6 PUFA 12.64 ± 0.13 13.08 ± 0.35 0.31 
∑n-6metabolites 11.84 ± 0.05 12.30 ± 0.38 0.30 
C18:3n-3 2.43 ± 0.25 2.02 ± 0.23 0.25 
C20:3n-3 0.17 ± 0.01 0.19 ± 0.02 0.32 
C22:5n-3 0.08 ± 0.02 0.14 ± 0.02 0.14 
C22:6n-3 10.18 ± 0.23 10.51 ± 0.34 0.47 
∑n-3 PUFA 12.81 ± 0.25 12.81 ± 0.46 >0.99 
∑n-3 metabolites 10.38 ± 0.22 10.79 ± 0.34 0.36 
∑PUFA 25.45 ± 0.17 25.88 ± 0.59 0.53 
∑UFA 51.29 ± 0.39 50.53 ± 0.53 0.28 
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Table 73. Hypothalamus total fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-
hoc test. The level of statistical significance was set at *p < 0.05. 

 NFD HFD-S  
 MEAN %  SEM MEAN %  SEM p value 

∑MUFA/∑PUFA 1.02 ± 0.02 0.96 ± 0.03 0.16 

∑MUFA/∑SFA 0.58 ± 0.01 0.53 ± 0.01 0.008 

∑PUFA/∑SFA 0.99 ± 0.02 1.05 ± 0.03 0.13 

∑UFA/∑SFA 1.15 ± 0.02 1.10 ± 0.02 0.09 

C18:0/C16:0 6.22 ± 1.15 5.37 ± 0.52 0.48 

C16:1n-7/C16:0 1.82 ± 0.15 2.30 ± 0.34 0.26 

C18:1n-9/C16:0 137.03 ± 14.28 144.34 ± 17.26 0.76 

C18:1n-9/C16:1n-7 76.68 ± 6.37 70.45 ± 9.20 0.60 

C18:1n-7/C18:0 4.24 ± 0.22 4.87 ± 0.22 0.06 

C18:1/C18:0 27.99 ± 1.61 31.77 ± 1.76 0.14 

n-6/n-3 0.99 ± 0.03 1.03 ± 0.05 0.49 

C20:4n-6/C18:2n-6 11.39 ± 2.03 10.85 ± 1.19 0.81 

C20:4n-6/C20:3n6 27.30 ± 1.69 28.42 ± 0.81 0.53 

C20:4n-6/C22:6n3 0.73 ± 0.01 0.75 ± 0.04 0.54 

C20:4n-6/C18:2n6 11.39 ± 2.03 10.85 ± 1.19 0.81 

C20:4n-6/C18:3n3 3.30 ± 0.37 4.50 ± 0.78 0.22 

C20:3n-3/C18:3n-3 0.08 ± 0.01 0.09 ± 0.03 0.63 

C22:5n-3/C18:3n-3 0.01 ± 0.01 0.07 ± 0.01 0.002 

C22:6n-3/C18:3n-3 4.56 ± 0.52 5.74 ± 0.62 0.18 

C22:6n-3/C22:5n-3 137.00 ± 38.14 89.26 ± 14.56 0.17 
1 (% monoenoics) 25.83 ± 0.44 24.64 ± 0.29 0.03 

2 (% dienoics)  0.92 ± 0.15 0.87 ± 0.06 0.76 

3 (% trienoics) 2.95 ± 0.26 2.52 ± 0.22 0.23 

4 (% tetraenoics) 11.38 ± 0.07 11.86 ± 0.37 0.27 

5 (% pentaenoics) 0.03 ± 0.02 0.13 ± 0.02 0.005 

6 (% hexaenoics) 10.18 ± 0.23 10.51 ± 0.34 0.47 

Unsaturation Index 51.29 ± 0.39 50.53 ± 0.53 0.28 
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Table 74. Hypothalamus total fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline (HFD-S), 
High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results are 
presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 HFD-S HFD-PF HFD-GbE    

 
MEAN 

%  SEM 
MEAN 

%  SEM 
MEAN 

%  SEM 
S Vs 
PF 

S Vs 
GbE 

PF Vs 
GbE 

C14:0 0.11 ± 0.02 0.06 ± 0.01 0.06 ± 0.01 0.09 0.11 >0.99 
C16:0 20.14 ± 0.22 19.49 ± 0.63 19.83 ± 0.62 >0.99 0.64 0.64 
C17:0 0.13 ± 0.02 0.15 ± 0.06 0.09 ± 0.02 0.89 0.91 0.91 
C18:0 19.83 ± 0.57 18.70 ± 0.44 18.52 ± 0.30 0.20 0.14 0.96 
C20:0 0.64 ± 0.04 0.83 ± 0.16 0.71 ± 0.05 0.37 0.87 0.70 
C22:0 0.34 ± 0.03 0.30 ± 0.02 0.35 ± 0.03 0.61 0.91 0.39 
C23:0 0.15 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 >0.99 0.81 0.83 
DMA 16:0  1.10 ± 0.10 0.96 ± 0.04 >0.99 ± 0.04 0.30 0.56 0.90 
DMA 18:0 3.73 ± 0.23 3.59 ± 0.22 3.53 ± 0.22 0.90 0.81 0.98 
∑SFA DMA  4.83 ± 0.30 4.55 ± 0.24 4.53 ± 0.23 0.72 0.70 >0.99 
∑SFA 46.17 ± 0.52 44.18 ± 0.94 44.24 ± 0.80 0.17 0.21 >0.99 
C16:1n-7 0.27 ± 0.03 0.19 ± 0.02 0.16 ± 0.02 0.06 0.01 0.69 
C18:1n-7 3.04 ± 0.08 2.89 ± 0.08 2.79 ± 0.08 0.41 0.10 0.66 
C18:1n-9 16.56 ± 0.17 16.53 ± 0.77 16.25 ± 0.36 >0.99 0.91 0.92 
C20:1n-9 1.27 ± 0.09 1.30 ± 0.06 1.34 ± 0.14 0.97 0.90 0.97 
C22:1n-9 0.21 ± 0.01 0.21 ± 0.02 0.25 ± 0.02 0.98 0.31 0.24 
C24:1n-9 0.91 ± 0.06 0.92 ± 0.04 0.96 ± 0.08 0.99 0.84 0.91 
DMA 18:1 1.17 ± 0.12 1.56 ± 0.08 1.63 ± 0.15 0.06 0.03 0.89 
C18:1 Total 19.65 ± 0.21 19.42 ± 0.84 19.04 ± 0.42 0.96 0.74 0.89 
∑ω7 3.34 ± 0.09 3.06 ± 0.10 2.95 ± 0.09 0.09 0.01 0.67 
∑ω9 18.97 ± 0.23 18.83 ± 0.71 18.79 ± 0.34 0.98 0.96 >0.99 
∑MUFA 24.64 ± 0.29 25.01 ± 0.75 25.02 ± 0.32 0.87 0.86 >0.99 
C18:2n-6 0.78 ± 0.06 1.03 ± 0.30 0.92 ± 0.18 0.66 0.88 0.93 
C18:3n-6 0.08 ± 0.01 0.12 ± 0.03 0.27 ± 0.18 0.95 0.40 0.57 
C20:2n-6 0.10 ± 0.01 0.11 ± 0.01 0.10 ± 0.01 0.78 >0.99 0.75 
C20:3n-6 0.28 ± 0.01 0.28 ± 0.03 0.27 ± 0.01 >0.99 0.95 0.92 
C20:4n-6 7.87 ± 0.33 7.18 ± 0.26 7.26 ± 0.17 0.17 0.26 0.98 
C22:4n-6 3.98 ± 0.07 3.83 ± 0.13 3.85 ± 0.06 0.47 0.59 0.99 
∑n-6 PUFA 13.08 ± 0.35 12.53 ± 0.43 12.68 ± 0.27 0.52 0.72 0.95 
∑n-6metabol 12.30 ± 0.38 11.50 ± 0.37 11.75 ± 0.14 0.21 0.49 0.85 
C18:3n-3 2.02 ± 0.23 3.91 ± 1.29 3.25 ± 0.45 0.24 0.56 0.84 
C20:3n-3 0.19 ± 0.02 0.15 ± 0.01 0.14 ± 0.01 0.09 0.07 0.98 
C22:5n-3 0.14 ± 0.02 0.07 ± 0.01 0.10 ± 0.01 0.002 0.08 0.24 
C22:6n-3 10.51 ± 0.34 9.84 ± 0.41 9.97 ± 0.19 0.34 0.51 0.96 
∑n-3 PUFA 12.81 ± 0.46 13.94 ± 0.96 13.48 ± 0.39 0.46 0.78 0.89 
∑n-3 metabolites 10.79 ± 0.34 10.03 ± 0.42 10.23 ± 0.20 0.27 0.52 0.92 
∑PUFA 25.88 ± 0.59 26.46 ± 0.67 26.28 ± 0.48 0.76 0.89 0.98 
∑UFA 50.53 ± 0.53 51.47 ± 0.44 51.14 ± 0.43 0.33 0.65 0.88 
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Table 75. Hypothalamus total fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results presented 
as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical 
significance was set at *p < 0.05. 

 HFD-S HFD-PF HFD-GbE    

 MEAN  SEM MEAN  SEM MEAN  SEM 
S Vs 
PF 

S Vs 
GbE 

PF Vs 
GbE 

∑MUFA/∑PUFA 0.96 ± 0.03 0.95 ± 0.05 0.95 ± 0.02 >0.99 0.98 0.99 
∑MUFA/∑SFA 0.53 ± 0.01 0.57 ± 0.10 0.57 ± 0.01 0.13 0.12 >0.99 
∑PUFA/∑SFA 1.05 ± 0.03 1.08 ± 0.07 1.06 ± 0.03 0.94 >0.99 0.97 
∑UFA/∑SFA 1.10 ± 0.02 1.17 ± 0.03 1.16 ± 0.04 0.16 0.28 0.97 
C18:0/C16:0 5.37 ± 0.52 7.36 ± 1.33 9.65 ± 1.87 0.51 0.06 0.51 
C16:1n-7/C16:0 2.30 ± 0.34 1.99 ± 0.35 1.94 ± 0.19 0.76 0.70 0.76 
C18:1n-9/C16:0 144.3 ± 17.26 184.6 ± 33.84 220.5 ± 33.29 0.56 0.14 0.56 
C18:1n-9/C16:1n-7 70.45 ± 9.20 97.50 ± 9.59 108.54 ± 8.24 0.10 0.02 0.10 
C18:1n-7/C18:0 0.15 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 0.99 0.82 0.76 
C18:1/C18:0 31.77 ± 1.76 28.86 ± 3.49 28.01 ± 2.24 0.71 0.58 0.71 
n-6/n-3 1.03 ± 0.05 0.94 ± 0.07 0.95 ± 0.03 0.43 0.59 0.43 
C20:4n-6/C18:2n-6 10.85 ± 1.19 9.97 ± 1.40 9.99 ± 1.52 0.89 0.90 >0.99 
C20:3n-3/C18:3n-3 0.09 ± 0.03 0.05 ± 0.01 0.04 ± 0.01 0.21 0.08 0.81 
C22:5n-3/C18:3n-3 0.07 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.002 0.005 0.89 
C22:6n-3/C18:3n-3 5.74 ± 0.62 4.11 ± 0.68 3.61 ± 0.52 0.16 0.06 0.84 
C22:6n-3/C22:5n-3 89.26 ± 14.56 140.75 ± 9.10 98.12 ± 3.47 0.004 0.81 0.02 
1 (% monoenoics) 24.64 ± 0.29 25.01 ± 0.75 25.02 ± 0.32 0.87 0.86 >0.99 
2 (% dienoics)  0.87 ± 0.06 1.13 ± 0.30 1.02 ± 0.18 0.64 0.86 0.93 
3 (% trienoics) 2.52 ± 0.22 4.42 ± 1.30 3.90 ± 0.57 0.26 0.50 0.90 
4 (% tetraenoics) 11.86 ± 0.37 11.01 ± 0.38 11.11 ± 0.21 0.19 0.28 0.98 
5 (% pentaenoics) 0.13 ± 0.02 0.07 ± 0.01 0.10 ± 0.01 0.002 0.08 0.24 
6 (% hexaenoics) 10.51 ± 0.34 9.84 ± 0.41 9.97 ± 0.19 0.34 0.51 0.96 
Unsaturation Index 50.53 ± 0.53 51.47 ± 0.44 51.13 ± 0.38 0.32 0.63 0.86 
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6.3 Hippocampus 

 
In total hippocampus fatty acids profiles, no significant changes in FA percentage levels occurred in 

the hippocampus when comparing the NFD or HFD-S groups. While no significant differences 

occurred in the C18:2n-6 (p=0.97) and C20:4n-6 (p=0.27) fatty acids between the groups (Table 76), 

a 28% decrease in the C20:4n-6/C18:2n-6 ratio for the HFD-S group indicates a shift in the balance 

between the n-6 with C18:2n-6 increasing as C20:4n-6 decreasing (C20:4n-6/C18:2n-6; NFD, 

26.71±1.06%; HFD-S, 19.18±2.12%, p=0.01). Similarly while neither  C22:6n-3 (p=0.17) or C22:5n-3 

(p=0.26) (Table 76) significantly changed between the NFD and HFD-S group, a 12% decrease in the 

C22:6n-3/C22:5n-3 ratio (Table 77) indicates that a shift in the balance between the n-3 FA occurred, 

where C22:6n-3 decreased more in the HFD-S group (C22:6n-3/C22:5n-3; NFD, 93.20±3.83%; HFD-S, 

81.68±2.82%, p=0.03). When comparing the 3 HFD subsets, only a significant decrease in C22:0 was 

seen in the GbE group (p=0.03) compared to the HFD-S group (Table 78) and no changes in FA ratios 

(Table 79). 
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Table 76. Hippocampus total fatty acid methyl esters (FAME) for normal fat diet (NFD) and high fat diet (HFD-S) (N=10 
per group). Fatty acid results are presented as area % percentage mean and standard error of the mean (SEM), and 
statistically analysed by Students t-test. The level of statistical significance was set at *p < 0.05.   

  NFD     HFD-S   

 MEAN %  SEM  MEAN %  SEM  p value 

C14:0 0.05 ± 0.01 0.07 ± 0.01 0.07 

C16:0 20.20 ± 0.21 20.21 ± 0.20 0.97 

C18:0 19.31 ± 0.16 18.91 ± 0.28 0.22 

C20:0 0.49 ± 0.02 0.49 ± 0.02 0.88 

C22:0 0.41 ± 0.02 0.42 ± 0.02 0.51 

C23:0 0.20 ± 0.01 0.19 ± 0.01 0.41 

DMA 16:0 1.99 ± 0.04 2.08 ± 0.08 0.34 

DMA 18:0  3.35 ± 0.05 3.27 ± 0.08 0.42 

∑SFA.DMA 5.33 ± 0.08 5.34 ± 0.16 0.95 

∑SFA 46.21 ± 0.14 45.90 ± 0.52 0.57 

C16:1n-7 0.17 ± 0.01 0.20 ± 0.02 0.24 

C18:1n-7t 0.03 ± 0.01 0.04 ± 0.01 0.31 

C18:1n-7 2.56 ± 0.03 2.50 ± 0.06 0.38 

C18:1n-9 15.12 ± 0.22 15.27 ± 0.31 0.70 

C20:1n-9 0.92 ± 0.03 0.98 ± 0.04 0.26 

C22:1n-9 0.18 ± 0.01 0.21 ± 0.02 0.18 

C24:1n-9 1.21 ± 0.04 1.21 ± 0.04 0.97 

DMA 18:1  1.16 ± 0.04 1.13 ± 0.04 0.57 

DMA 18:1 Total 1.16 ± 0.04 1.13 ± 0.04 0.57 

C18:1 Total 17.71 ± 0.23 17.81 ± 0.35 0.81 

∑ω7 2.76 ± 0.04 2.74 ± 0.07 0.84 

∑ω9 17.43 ± 0.28 17.68 ± 0.32 0.58 

∑MUFA 21.35 ± 0.33 21.55 ± 0.36 0.70 

C18:2n-6 0.41 ± 0.01 1.03 ± 0.52 0.25 

C18:3n-6 0.04 ± 0.01 0.04 ± 0.01 0.97 

C20:2n-6 0.09 ± 0.01 0.10 ± 0.01 0.26 

C20:3n-6 0.23 ± 0.01 0.24 ± 0.01 0.21 

C20:4n-6 10.79 ± 0.14 10.24 ± 0.46 0.27 

C22:2n-6 0.02 ± 0.01 0.02 ± 0.01 0.74 

C22:4n-6 4.09 ± 0.04 3.99 ± 0.07 0.25 

∑n-6 PUFA 15.66 ± 0.14 15.67 ± 0.08 0.98 

∑n-6 metabolites 15.25 ± 0.15 14.63 ± 0.52 0.26 

C18:3n-3 0.76 ± 0.18 0.77 ± 0.13 0.97 

C20:3n-3 0.08 ± 0.01 0.11 ± 0.01 0.13 

C22:5n-3 0.12 ± 0.01 0.13 ± 0.01 0.26 

C22:6n-3 10.93 ± 0.23 10.38 ± 0.31 0.17 

∑n-3 PUFA 11.89 ± 0.28 11.38 ± 0.33 0.26 

∑n-3 metabolites 11.13 ± 0.23 10.61 ± 0.32 0.20 

∑PUFA 27.55 ± 0.29 27.05 ± 0.33 0.26 

∑UFA 48.91 ± 0.17 48.59 ± 0.26 0.33 
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Table 77. Hippocampus total fatty acid methyl esters (FAME) ratios for normal fat diet (NFD) and high fat diet (HFD-S) 
(N=10 per group). Results presented as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-
hoc test. The level of statistical significance was set at *p < 0.05 

  NFD     HFD-S   

 MEAN %  SEM  MEAN %  SEM  p value 

∑MUFA/∑PUFA 0.78 ± 0.02 0.80 ± 0.02 0.46 

∑MUFA/∑SFA 0.46 ± 0.01 0.47 ± 0.01 0.93 

∑PUFA/∑SFA 1.29 ± 0.03 1.26 ± 0.03 0.47 

∑UFA/∑SFA 1.06 ± 0.01 1.06 ± 0.02 0.93 

C18:0/C16:0 4.97 ± 0.23 4.88 ± 0.25 0.80 

C16:1n-7/C16:0 1.74 ± 0.07 2.03 ± 0.30 0.36 

C18:1n-9/C16:0 155.56 ± 7.64 153.00 ± 9.53 0.84 

C18:1n-9/C16:1n-7 89.69 ± 3.62 82.35 ± 7.05 0.37 

C18:1n-7/C18:0 5.37 ± 0.26 5.14 ± 0.21 0.51 

C18:1/C18:0 37.07 ± 1.72 36.62 ± 1.45 0.84 

n-6/n-3 1.32 ± 0.03 1.39 ± 0.04 0.26 

C18:2n-6/C18:3n-3 0.65 ± 0.06 1.35 ± 0.59 0.25 

C20:4n-6/C18:2n-6 26.71 ± 1.06 19.18 ± 2.12 0.01 

C20:4n-6/C20:3n6 48.09 ± 2.07 42.52 ± 2.03 0.07 

C20:4n-6/C22:6n3 0.99 ± 0.02 0.99 ± 0.04 0.98 

C20:4n-6/C18:3n3 17.52 ± 1.85 15.30 ± 1.61 0.38 

C20:3n-3/C18:3n-3 0.13 ± 0.02 0.16 ± 0.03 0.39 

C22:5n-3/C18:3n-3 0.19 ± 0.02 0.19 ± 0.02 0.82 

C22:6n-3/C18:3n-3 17.64 ± 1.85 15.47 ± 1.57 0.38 

C22:6n-3/C22:5n-3 93.20 ± 3.83 81.68 ± 2.82 0.03 

1 (% monoenoics) 21.35 ± 0.33 21.55 ± 0.36 0.70 
2 (% dienoics)  0.51 ± 0.02 1.15 ± 0.52 0.24 

3 (% trienoics) 1.12 ± 0.18 1.16 ± 0.12 0.83 

4 (% tetraenoics) 14.88 ± 0.16 14.23 ± 0.51 0.24 

5 (% pentaenoics) 0.12 ± 0.01 0.13 ± 0.01 0.26 

6 (% hexaenoics) 10.93 ± 0.23 10.38 ± 0.31 0.17 

Unsaturation Index 48.91 ± 0.17 48.59 ± 0.26 0.33 
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Table 78.  Hippocampus total fatty acid methyl esters (FAME) for high fat diet groups; High fat diet with-saline (HFD-S), 
High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Fatty acid results are 
presented as area % percentage mean and standard error of the mean (SEM), and statistically analysed by one-way 
ANOVA with Tukey’s Post-hoc test. The level of statistical significance was set at *p < 0.05.   

 
HFD-S HFD-PF HFD-GbE 

   

  
MEAN 

%  SEM 
MEAN 

%  SEM 
MEAN 

%  SEM 
S Vs 
PF 

S Vs 
GbE 

PF Vs 
GbE 

C14:0 0.07 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.72 0.18 0.54 

C16:0 20.21 ± 0.20 20.09 ± 0.19 20.07 ± 0.33 0.50 >0.99 >0.99 

C18:0 18.91 ± 0.28 19.28 ± 0.15 18.90 ± 0.22 0.99 >0.99 0.99 

C20:0 0.49 ± 0.02 0.48 ± 0.01 0.50 ± 0.07 0.97 >0.99 0.99 

C21:0 0.04 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.97 0.38 0.27 

C22:0 0.42 ± 0.02 0.21 ± 0.07 0.10 ± 0.05 0.56 0.03 0.20 

C23:0 0.19 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.88 0.89 >0.99 

DMA 16:0  2.08 ± 0.08 2.19 ± 0.03 2.23 ± 0.02 0.94 0.93 >0.99 

DMA 18:0  3.27 ± 0.08 3.35 ± 0.02 3.28 ± 0.02 >0.99 0.84 0.83 

∑SFA.DMA 5.34 ± 0.16 5.54 ± 0.03 5.51 ± 0.04 0.99 0.90 0.84 

∑SFA 45.90 ± 0.52 46.09 ± 0.21 45.59 ± 0.27 >0.99 >0.99 0.99 

C16:1n-7 0.20 ± 0.02 0.23 ± 0.02 0.21 ± 0.01 0.94 0.80 0.95 

C18:1n-7 2.50 ± 0.06 2.52 ± 0.07 2.54 ± 0.13 0.95 >0.99 0.92 

C18:1n-9 15.27 ± 0.31 15.31 ± 0.23 15.20 ± 0.31 >0.99 0.98 >0.99 

C20:1n-9 0.98 ± 0.04 0.95 ± 0.03 >0.99 ± 0.06 >0.99 0.99 0.99 

C22:1n-9 0.21 ± 0.02 0.19 ± 0.01 0.20 ± 0.02 0.97 0.75 0.61 

C24:1n-9 1.21 ± 0.04 1.31 ± 0.06 1.33 ± 0.08 0.89 0.88 >0.99 

DMA 18:1 1.13 ± 0.04 1.22 ± 0.05 1.22 ± 0.06 0.94 0.94 >0.99 

C18:1 Total 17.81 ± 0.35 17.89 ± 0.26 17.79 ± 0.31 >0.99 0.76 0.77 

∑ω7 2.74 ± 0.07 2.80 ± 0.07 2.78 ± 0.14 0.94 >0.99 0.94 

∑ω9 17.68 ± 0.32 17.77 ± 0.30 17.75 ± 0.42 >0.99 0.99 >0.99 

∑MUFA 21.55 ± 0.36 21.79 ± 0.37 21.74 ± 0.50 >0.99 >0.99 0.99 

C18:2n-6 1.03 ± 0.52 0.47 ± 0.02 0.61 ± 0.07 0.59 0.55 >0.99 

C18:3n-6 0.04 ± 0.01 0.05 ± 0.01 0.08 ± 0.03 0.88 >0.99 0.85 

C20:2n-6 0.10 ± 0.01 0.10 ± 0.01 0.09 ± 0.01 0.99 0.80 0.74 

C20:3n-6 0.24 ± 0.01 0.26 ± 0.01 0.25 ± 0.01 0.85 0.99 0.90 

C20:4n-6 10.24 ± 0.46 10.63 ± 0.12 10.51 ± 0.18 0.96 0.99 0.99 

C22:2n-6 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.88 0.39 0.67 

C22:4n-6 3.99 ± 0.07 4.15 ± 0.07 4.13 ± 0.08 0.98 >0.99 0.99 

∑n-6 PUFA 15.67 ± 0.08 15.66 ± 0.11 15.72 ± 0.18 >0.99 >0.99 0.99 

∑n-6metabolites 14.63 ± 0.52 15.19 ± 0.13 15.07 ± 0.17 0.96 0.99 0.99 

C18:3n-3 0.77 ± 0.13 0.50 ± 0.02 0.67 ± 0.17 0.57 0.76 0.96 

C20:3n-3 0.11 ± 0.01 0.12 ± 0.01 0.08 ± 0.03 0.86 0.97 0.96 

C22:5n-3 0.13 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.93 0.82 0.97 

C22:6n-3 10.38 ± 0.31 10.36 ± 0.28 10.05 ± 0.36 0.98 0.94 0.99 

∑n-3 PUFA 11.38 ± 0.33 11.10 ± 0.28 10.93 ± 0.39 0.96 0.63 0.79 

∑n-3 metabolites 10.61 ± 0.32 10.60 ± 0.27 10.26 ± 0.34 0.98 0.67 0.78 

∑PUFA 27.05 ± 0.33 26.76 ± 0.33 26.64 ± 0.44 0.99 0.73 0.79 

∑UFA 48.59 ± 0.26 48.55 ± 0.21 48.39 ± 0.19 >0.99 0.76 0.78 
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Table 79. Hippocampus total fatty acid methyl esters (FAME) ratios for high fat diet groups; High fat diet with-saline 
(HFD-S), High fat diet -pair-fed (HFD-PF) and High fat diet- Ginkgo biloba (HFD-GbE) (N=10 per group). Results presented 
as mean an (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical 
significance was set at *p < 0.05. 

  HFD-S HFD-PF HFD-GbE    

  
MEAN 

%  SEM 
MEAN 

%  SEM 
MEAN 

%  SEM S Vs PF 
S Vs 
GbE 

PF Vs 
GbE 

∑MUFA/∑PUFA 0.80 ± 0.02 0.82 ± 0.02 0.82 ± 0.03 0.80 0.48 0.85 

∑MUFA/∑SFA 0.47 ± 0.01 0.47 ± 0.01 0.48 ± 0.01 0.99 0.39 0.43 

∑PUFA/∑SFA 1.26 ± 0.03 1.23 ± 0.03 1.23 ± 0.05 0.73 0.47 0.89 

∑UFA/∑SFA 1.06 ± 0.02 1.05 ± 0.01 1.06 ± 0.01 0.60 0.88 0.89 

C18:0/C16:0 4.88 ± 0.25 4.74 ± 0.12 5.25 ± 0.97 0.95 0.99 0.98 

C16:1n-7/C16:0 2.03 ± 0.30 2.29 ± 0.13 2.19 ± 0.24 0.53 0.46 0.99 

C18:1n-9/C16:0 153.00 ± 9.53 153.93 ± 6.12 157.12 ± 8.46 0.99 0.99 0.96 

C18:1n-9/C16:1n-7 82.35 ± 7.05 68.94 ± 3.86 74.58 ± 3.99 0.53 0.37 0.95 

C18:0/C18:1n-7 0.20 ± 0.01 0.19 ± 0.01 0.19 ± 0.02 0.47 0.47 >0.99 

C18:1n-7/C18:0 5.14 ± 0.21 5.34 ± 0.19 5.53 ± 0.47 0.56 0.47 0.98 

C18:1/C18:0 36.62 ± 1.45 37.82 ± 0.79 40.07 ± 4.80 0.90 0.67 0.90 

n-6/n-3 1.39 ± 0.04 1.42 ± 0.04 1.45 ± 0.05 0.96 0.95 >0.99 

C18:2n-6/C18:3n-3 1.35 ± 0.59 0.96 ± 0.05 1.11 ± 0.16 0.99 0.85 0.91 

C20:4n-6/C18:2n-6 19.18 ± 2.12 22.85 ± 1.06 18.34 ± 1.58 0.53 0.38 0.96 

C20:4n-6/C18:3n-3 15.30 ± 1.61 21.66 ± 1.07 19.53 ± 2.38 0.11 0.05 0.84 

C20:3n-3/C18:3n-3 0.16 ± 0.03 0.26 ± 0.02 0.14 ± 0.04 0.55 0.40 0.95 

C22:5n-3/C18:3n-3 0.19 ± 0.02 0.24 ± 0.01 0.22 ± 0.02 0.82 0.70 0.97 

C22:6n-3/C18:3n-3 15.47 ± 1.57 21.04 ± 1.01 18.64 ± 2.44 0.74 0.43 0.85 

C22:6n-3/C22:5n-3 81.68 ± 2.82 88.35 ± 3.42 85.01 ± 5.72 0.96 0.53 0.69 

1 (% monoenoics) 21.55 ± 0.36 21.79 ± 0.37 21.74 ± 0.50 >0.99 0.80 0.78 

2 (% dienoics)  1.15 ± 0.52 0.58 ± 0.02 0.75 ± 0.09 0.59 0.48 0.98 

3 (% trienoics) 1.16 ± 0.12 0.93 ± 0.03 1.07 ± 0.17 0.76 0.59 0.96 

4 (% tetraenoics) 14.23 ± 0.51 14.77 ± 0.14 14.64 ± 0.18 0.97 0.89 0.77 

5 (% pentaenoics) 0.13 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.94 0.53 0.73 

6 (% hexaenoics) 10.38 ± 0.31 10.36 ± 0.28 10.05 ± 0.36 0.98 0.67 0.78 

Unsaturation Index 48.59 ± 0.26 48.55 ± 0.21 48.39 ± 0.19 >0.99 0.75 0.77 
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6.4 Discussion  

 

The hypothalamus is a key regulator of food intake and has been shown to be influenced by dietary 

intake (McLean et al., 2019). Leptin and insulin signalling are crucial within the hypothalamic 

signalling system for the regulation and maintenance of glucose processing, overall energy 

homeostasis and adiposity (Thon, Hosoi and Ozawa, 2016). The hypothalamus exhibits a high level of 

plasticity to allow for quick changes in the environment particularly around fuel sensing and neuronal 

firing (Dietrich and Horvath, 2009, 2011, 2013). Three major peripheral hormones, leptin, ghrelin and 

insulin induce acute responses in the melanocortin system of the hypothalamus in an opposing 

manner (Dietrich and Horvath, 2013). Obesity has been shown to disrupt leptin and ghrelin signalling 

and insulin receptor function, leading to IR, hyperphagia and hyperleptinemia (Hucik et al., 2021; 

Obradovic et al., 2021; Cervone et al., 2020; Gruzdeva et al., 2019; Izquierdo et al., 2019; Zanetti et 

al., 2019; Briggs et al., 2013; Nazarians-Armavil, Menchella and Belsham, 2013; Gomez et al., 2012; 

Reed et al., 2010; Ernst et al., 2009; Handjieva-Darlenska and Boyadjieva, 2009; Morrison, 2009; 

Morton et al., 2006; Cheng et al., 2002; Hileman et al., 2002).  

The adipocyte-derived hormone leptin enhances anorexigenic POMC/α-MSH-expressing neuronal 

firing and decreases orexigenic NPY/AgRP neuronal firing (Izquierdo et al., 2019; Moult and Harvey, 

2011). The stomach-derived hormone ghrelin enhances NPY/AgRP neuronal firing and decreases 

POMC cell firing (Lin et al., 2016; Ueberberg et al., 2009; Jianhua Liu et al., 2008; Kohno et al., 2008; 

Gauna et al., 2004; Kojima et al., 1999). The pancreas-derived hormone insulin also affects ARC 

neuronal firing and has been shown to disrupt leptin mediated neuronal control (Nazarians-Armavil, 

Menchella and Belsham, 2013) while ghrelin has been shown to improve insulin sensitivity as well as 

neurogenesis (Chung et al., 2013; Li et al., 2013; Gauna et al., 2004). Leptin works predominantly by 

inducing the JAK-STAT3 pathway (Guo et al. 2008). Insulin predominantly induces the PI3K–Akt 

pathway (Hoy et al., 2009; Liu et al., 2009; Vestergaard et al., 2008), while ghrelin induces 

JAK2/STAT3, PI3K–Akt and ERK1/2 pathways (Eid et al., 2018; Chung et al., 2008, 2013; Li et al., 2013).  

Leptin, a product of the obese (ob) gene, is an anorexigenic adipocyte-secreted hormone responsible 

for regulating appetite, bodyweight and energy expenditure and homeostasis in the CNS as well as 

playing a role in proinflammatory immune responses, angiogenesis and lipolysis (Obradovic et al., 

2021). As adipocyte volume increases, leptin levels also increase. As circulating leptin levels increase 

and cross the blood brain barrier (BBB), a reduction in appetite ensues to control and regulate body 

weight via a negative feedback mechanism between adipose tissue and the hypothalamus. Leptin 
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binds to the transmembrane leptin receptor (LEP-R) (a cognate receptor) and through a negative 

feedback loop between adipose tissue and the hypothalamus, inhibits the synthesis and release of 

neuropeptide-Y (NPY) in the arcuate nucleus (ARC) (Stephens et al., 1995) and the dorsomedial 

hypothalamic nucleus (DMH) (Fei et al. 1997). LEP-Rb inhibits the expression of neuropeptide agouti-

related peptide (AgRP), an appetite stimulating protein. LEP-Rb also stimulates the expression of 

POMC, an appetite suppressing protein  (Obradovic et al., 2021) which stimulates the expression of 

alpha-melanocyte-stimulating hormone (α-MSH) which binds to the melanocortin receptor (MCR) 

(Münzberg, Flier and Bjørbæk, 2004; Cowley et al., 2001; Elias et al., 1999). This leads to appetite-

suppression, inhibiting food intake and increasing energy expenditure (Obradovic et al., 2021; 

Papathanasiou et al., 2019; Stern et al., 2016; Park et al., 2015). Meanwhile leptin deficiency is 

associated with hyperglycemia and IR (Obradovic et al., 2021). 

Leptin also modulates lipid metabolism and lipolysis, proinflammatory immune responses and insulin 

sensitivity in several tissues (Stern, Rutkowski and Scherer, 2016; Farr, Gavrieli and Mantzoros, 2015). 

Circulating leptin serum levels strongly correlate to adiposity and body fat percentage. In a fasting 

state, plasma leptin levels decrease, promoting food intake, with feeding and overfeeding increasing 

ob gene expression and leptin levels (Kolaczynski et al., 1996; de Vos et al., 1995). Leptin secretion 

displays a pulsatile-like circadian rhythm, with levels highest at midnight, and lowest in mid-

afternoon, with a higher pulse amplitude in obesity where fat mass acts as an amplifier for leptin 

secretion (Koutkia et al., 2003; Licinio et al., 1997, 1998). This mechanism is dysfunctional in obesity 

however, where despite increased circulating levels of leptin, high levels of leptin resistance occur, 

negating the proactive effects attributed to leptin on energy homeostasis (Enriori et al., 2007; 

Münzberg, Flier and Bjørbæk, 2004; Heymsfield et al., 1999). It has been reported that women are 

more susceptible to resistance than men (Licinio et al., 1998). Leptin resistance occurs due to a 

defective leptin pathway including disruptions to leptin synthesis, decreased LEP-R expression and 

defective intracellular leptin receptor (LEP-R) signalling leading to a decrease in leptin transport 

across the BBB (di Spiezio et al., 2018; Haddad-Tóvolli et al., 2017; Burguera et al., 2000). 

Furthermore, excessive serum leptin levels may contribute to decreased BBB permeability (di Spiezio 

et al., 2018; Haddad-Tóvolli et al., 2017; Burguera et al., 2000). This negates the hypothalamic-

induced anorexic effects of leptin, leading to reduced satiety and appetite suppression leading to 

over-consumption of nutrients and increased total body mass. Due to leptin-resistance, exogenous 

leptin treatment is limited in terms of effect. Consequently, leptin sensitisers are now being explored 

instead (Obradovic et al., 2021). 
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Long term consumption of a HFD can lead to leptin resistance in the ARC of the hypothalamus and 

ventral tegmental area (VTA) of the midbrain (Enriori et al., 2007; Münzberg, Flier and Bjørbæk, 2004; 

Heymsfield et al., 1999). A HFD is shown to stimulate SOCS3 expression and activation of STAT3 

resistance by leptin in POMC, ARC and AgRP neurons in rodents although some compensatory 

mechanisms to leptin resistance may occur in both ARC and VTA regions (Banin et al., 2021; Gamber 

et al., 2012; Münzberg, Flier and Bjørbæk, 2004; El-Haschimi et al., 2000). The orexigenic hormone 

ghrelin is released from the stomach prior to and in anticipation of a meal and decreases immediately 

after feeding. Circulating ghrelin levels stimulates food intake and growth hormone secretion and 

helps regulate adipose tissue lipolysis and fatty acid β-oxidation (Hucik et al., 2021; Cervone et al., 

2018, 2020; Kraft, Cervone and Dyck, 2019; Cervone and Dyck, 2017; Gomez et al., 2012; Vestergaard 

et al., 2008; Barazzoni et al., 2005; Wren et al., 2000). Through the suppression of hormone-sensitive 

lipase (HSL) possibly by the blunting in the phosphorylation of HSL activation sites, Ser660 and 563 

(Kraft, Cervone and Dyck, 2019), it has been shown that ghrelin reduces β adrenoreceptor-stimulated 

lipolysis and fatty acid re-esterification in adipocytes in both SAT and VAT adipose tissues, thus 

regulating TAG hydrolysis (Kraft, Cervone and Dyck, 2019; Muccioli et al., 2004). Ghrelin has also been 

shown to attenuate neuroinflammation and demyelination (Liu et al., 2019; Andrews et al., 2008) 

and facilitates neuronal repair following injury restoring plasticity (Stoyanova and Lutz 2021). 

Specifically, ghrelin has been shown to mediate spinal cord neurogenesis in the foetus (Sato et al., 

2006) and hippocampal neurogenesis (Davies, 2022; Buntwal et al., 2019; Kunath and Dresler, 2014; 

Chung et al., 2013). Obesity and metabolic syndrome are also associated with decreased fasting 

ghrelin levels (FGL) where FGL reflect insulin sensitivity recovery and VAT reduction and lowered 

body weight (Tsaban et al., 2022). A chronic HFD has been shown to have persistent inhibitory effects 

on plasma ghrelin levels (Hucik et al., 2021; Briggs et al., 2013; Gomez et al., 2012; Cano et al., 2009; 

Handjieva-Darlenska and Boyadjieva, 2009; Poppitt et al., 2005) with ghrelin resistance seen in NPY 

and AgRP neurons of the hypothalamus (Briggs et al., 2013). 

Of the hypothalamic results seen between a NFD and HFD-S, one of the most notable changes was 

the 1.4% increase in C18:0 in the HFD-S (C18:0; NFD, 18.45±0.14%; HFD-S, 19.83±0.57%, p=0.05) and 

a 1.6% increase in total SFA levels (∑SFA; NFD, 44.56±0.46%; HFD-S,46.17±0.52%, p=0.04). The 

increase in SFA levels affected the total MUFA levels which decreased by 1.2% in the HFD-S compared 

to the NFD (∑MUFA; NFD, 25.83±0.44%; HFD-S, 24.64±0.29%, p=0.03) and while no significant 

changes were seen in the ∑MUFA/∑SFA ratio (∑MUFA/∑SFA; NFD, 0.58±0.01; HFD-S,0.53±0.01, 

p=0.008) and ∑UFA/∑SFA ratio (∑UFA/∑SFA; NFD, 1.15±0.02; HFD-S,1.10±0.02, p=0.09) a decreasing 
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trend was seen in both.  Likewise, an increasing trend in the C18:1n-7/C18:0 ratio (C18:1n-7/C18:0; 

NFD, 4.24±0.22; HFD-S,4.87±0.22, p=0.06) suggests that comparatively larger amounts are C18:1n-7 

are being incorporated in to the phospholipid membrane compared to C18:0. Similarly, a significant 

increase in the C22:5n-3/C18:3n-3 ratio (C22:5n-3/C18:3n-3; NFD, 0.01±0.01; HFD-S, 0.07±0.01, 

p=0.002) suggests that comparatively, the higher n-3 FA C22:5n-3 is being incorporated more into 

the membrane than C18:3n-3 in the HFD. Each of these last results suggest a potential shift in DNL.  

A high fat diet (HFD) is also associated with disruptions to the normal daily pattern of plasma insulin, 

adiponectin, IL-1, IL-6, TNFα, leptin, ghrelin, and MCP-1  (Hucik et al., 2021; Malesza et al., 2021; 

Cervone et al., 2020; Gomez et al., 2012; Cano et al., 2009; Poppitt et al., 2005). In HFD obese models, 

high-fat consumption produces hypothalamic inflammation in the central nervous system. 

Hypothalamic inflammation is associated with toll like receptor 4 (TLR4)  activation of astrocytes and 

microglia, and increased expressions of TNFα, IL-1β, and IL-6, along with activation of the IKKβ/NF-

κB inflammatory pathway and mitochondrial dysfunction which can lead to  insulin and leptin 

resistance and metabolic syndrome (Bhusal, Rahman and Suk, 2022; Benomar and Taouis, 2019; 

Rogero and Calder, 2018; Baufeld et al., 2016; Masson et al., 2015; Schneeberger et al., 2013; 

Shechter et al., 2013; Cai and Liu, 2012; Milanski et al., 2009, 2012; Thaler et al., 2012; Williams, 

2012; Velloso and Schwartz, 2011; Tuncman et al., 2006; Zhang et al., 2005; Awad, Gagnon and 

Messier, 2004). A HFD has been shown to increase pro-inflammatory genes in as little as 3 days but 

takes as much as 8 weeks for CNS resident microglia to appear (Baufeld et al., 2016). The link between 

hypothalamic inflammation and diet-induced leptin-resistance, glucose intolerance and obesity and 

has also been shown in studies looking at TLR4 and TNFα. These studies showed amelioration of 

glucose intolerance, leptin resistance and subsequently reduced food intake (Benzler et al., 2013; Cai 

and Liu, 2012; Milanski et al., 2012; Tuncman et al., 2006).  

A high-fat diet has been shown to induce rapid changes in the mouse hypothalamic proteome 

(McLean et al., 2018; Zahid et al., 2014; Bubber et al., 2005). Of the changes reported by Mclean and 

colleagues (2019), proteins changes were associated with the cytoskeleton and synaptic plasticity, 

cellular stress responses, glucose metabolism and mitochondrial function, many associated with the 

development of AD (McLean et al., 2019). Pathological alterations such as IR, inflammation or 

mitochondrial dysfunction associated with obesity, are also related to AD pathological 

processes (Mínguez-Olaondo, Irimia and Frühbeck, 2017; O’Brien et al., 2017). Milanski and 

colleagues (2009, 2012) have shown that five days of intracerebroventricular injection of SFA stearic 

acid (C18:0), which is shown to be increased in this study in the HFD-S Group, induces hypothalamic 
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inflammation but does not affect systemic inflammatory markers (Milanski et al., 2009, 2012). While 

control mice exhibited hepatic IR following 5 days of intracerebroventricular C18:0 treatment, TLR4 

loss-of-function mutants and TNF-α receptor 1 (TNFRp55−/− mice) knockout mice did not and 

exhibited protection from diet-induced hepatic IR (Milanski et al., 2012). Further to this, Milanski and 

colleagues (2012) also showed that following hypothalamic TLR4 or TNFα signalling inhibition, 

improved insulin signalling through IR, IRS1 and Akt signalling reduced hepatic steatosis in HFD-fed 

Wistar rats, however these improvements were not seen in LDL receptor knockout mice (Milanski et 

al., 2012). A chronic HFD has been shown to have persistent inhibitory effects on plasma ghrelin 

levels (Hucik et al., 2021; Briggs et al., 2013; Gomez et al., 2012; Cano et al., 2009; Handjieva-

Darlenska and Boyadjieva, 2009; Poppitt et al., 2005) with ghrelin resistance seen in NPY and AgRP 

neurons of the hypothalamus (Briggs et al., 2013). Relatively higher values of ghrelin seen at night 

due to overnight fasting following a normal diet, are no longer observed in high-fat fed rats (Gomez 

et al., 2012; Cano et al., 2009). 

Under the same experimental conditions as this study, previous work from our group have shown 

that a HFD promotes a loss of insulin sensitivity and significantly increased glucose levels in 

retroperitoneal tissue and gastrocnemius muscle of rats along with increasing body adiposity and 

plasma triacylglycerol levels (Hirata et al., 2015; Banin et al., 2014). Some of the hypothalamic 

proteins reported as changed following a HFD by McLean and colleagues (2019) and linked to AD 

include phosphoglucomutase-1 (PGM1) responsible for regulating glucose-1-phosphate and glucose-

6-phosphate involved in glucose metabolism which has also been shown to be dysregulated in AD 

(Minjarez et al., 2016). Similarly, triosephosphate isomerase, phosphoglycerate mutase 1 and 

Isocitrate dehydrogenase involved in regulating the glycolytic pathway were also altered and have 

been shown to be reduced in AD in response to OS (Zahid et al., 2014; Mamelak, 2012; Perluigi et al., 

2010). Excess glucose in the brain is associated with toxic AGES, increased inflammation, microglia 

activity and cellular degradation (Hsieh et al., 2019). The changes in both glucose metabolism and 

glycolytic pathway protein may have been in response to the increase in circulating glucose levels 

seen after 3 days of a HFD, that crosses the BBB by the non-insulin dependent GLUT1 transporter 

(Devraj et al., 2011).  

Mclean and colleagues (2019) also reported changes in proteins related to neurogenesis, 

synaptogenesis, neurite outgrowth and axonal and dendritic cytoskeletal, suggesting synaptic 

remodelling. Many actin-related proteins were altered that are responsible for dendritic spine 

formation and structure (McLean et al., 2019). Changes of note were the proteins DRP1 and DRP2 



260 
 

that had several post-translational modifications (McLean et al., 2019), and are responsible for the 

regulation of Schwann cell myelination, microtubule assembly, axonal differentiation, and dendritic 

spine formation (McLean et al., 2019; Sherman et al., 2001; Roberts et al., 1996). Dendritic cells in 

the hypothalamus are required for AgRP-activating in response to fasting (Liu et al., 2012). McLean 

and colleagues (2019) also found in that N42 hypothalamic neurons challenged with PA (C18:0) had 

38% lower DRP-2 protein which was unaffected by oleic acid (OA). They also found that in PA-

challenged cells, areas occupied by mitochondria were decreased, appeared rounded, and isolated 

compared to elongated and branched mitochondria seen in both OA challenged and control groups. 

OA challenges in contrast increased mitochondrial cellular area (McLean et al., 2019). Horvath and 

colleagues, (2010) found when comparing Sprague-Dawley rats selectively bred for either high 

weight gain (DIO) or obesity-resistant low weight gain (DR) rats on a 12-week HFD, DIO rats gained 

significantly more weight and fat mass, and experienced hyperinsulinaemia, increased plasma leptin 

levels and decreased circulating ghrelin levels (Horvath et al., 2010). In DIO rats, a HFD was associated 

with synaptic reorganisation of the ARC melanocortin system. HFD fed DIO rats experienced 

increased number of excitatory contacts but decreased number of synaptic connections in 

anorexigenic POMC neurons. This was accompanied by significantly increased glial ensheathment of 

the DIO POMC perikarya compared to DR rats, which may produce inflammation and cellular stress. 

Horvath and colleagues (2010) suggest that increased gliosis may occur in response to daily cycles of 

synaptic plasticity caused by shifting hormone levels such as leptin and ghrelin, where leptin causes 

ROS generation in POMC neurons triggering further glial proliferation and cellular stress (Horvath et 

al., 2010). McLean and colleagues (2019) have also demonstrated that within 3 days of a HFD the 

hypothalamic proteome changes indicating cellular stress, mitochondrial function and altered 

synaptic plasticity (McLean et al., 2019). 

Given the body of research mentioned above linking a high- fat diet, specifically C18:0 to increased 

inflammation, OS, neuronal damage and de-sensitisation to leptin, insulin and ghrelin in the 

hypothalamus and connected peripheral tissue responsible for regulating energy homeostasis, a 

partial causal link to the increased C18:0 reported here in the HFD-S may be inferred. This may 

contribute to inflammation, insulin, energy and appetite dysregulation as seen other previous studies 

under similar conditions  

Next when comparing the HFD subsets of the hypothalamus, no stand-out significant differences 

occurred when comparing all HFD groups. A decreasing trend in C16:1n-7 was seen in HFD-PF 

(p=0.06) and significant decrease in HFD-GbE (p=0.01) compared to the HFD-S group (Table 74). This 
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affected the ∑ω7 level in a similar way where a decreasing trend in was seen in HFD-PF (p=0.09) and 

significant decrease in HFD-GbE (p=0.01) compared to thew HFD-S group (∑ω7; HFD-S,3.34±0.09; 

HFD-PF,3.06±0.10; HFD-GbE,2.95±0.09). This was also reflected in the C18:1n-9/C16:1n-7 ratio that 

significantly increase in the HFD-GbE group compared to HFD-S (p=0.02) (C18:1n-9/C16:1n-7; HFD-

S,70.45±9.20; HFD-PF,97.50±9.59; HFD-GbE,108.54±8.24) (Table 75).  

The changes in C22:5n-3 levels showed a 2-fold decrease in the HFD-PF group compared to HFD-S 

(p=0.002) but only a trending decrease in the HFD-GbE group compared to HFD-S (p=0.08) (C22:5n-

3; HFD-S,0.14±0.02; HFD-PF,0.07±0.01; HFD-GbE,0.10±0.01) (Table 74). This may suggest that either 

less C22:5n-3 is being produced by DNL, or that it may be liberated and utilized in another metabolic 

pathway such being converted to C22:6n-3 or liberated for oxylipin inflammatory mediation. The idea 

that C22:5n-3 is being utilized elsewhere is supported by changes in C22:5n-3/C18:3n-3 ratio where 

both HFD-PF (p=0.002) and HFD-GbE (p=0.005) decreased approximately 2-fold for each group 

compared to HFD-S (C22:5n-3/C18:3n-3; HFD-S,0.07±0.01; HFD-PF,0.03±0.01; HFD-GbE,0.04±0.01) 

(Table 75). 

Reports show that the brain concentration of DHA is kept at a steady state even in brain injury (Kim, 

2014; DeMar et al., 2004). DHA synthesis from other n-3 FA such as ALA (C18:3n-3) is low in the brain, 

while the predominant brain supply of DHA is thought to come from plasma (DeMar et al., 2005). It 

has been reported that ALA to DHA conversion is inefficient in human but is higher in women than 

men due to oestrogen (Greupner et al., 2018; Goyens et al., 2006; Burdge, 2004; Giltay et al., 2004) 

and is influenced by the amounts of ALA and LA in the diet, rather than LA/ALA ratios (Goyens et al., 

2006). The C22:6n-3/C18:3n-3 ratio showed a decreasing trend between the HFD-S and HFD-GbE 

groups (p=0.06) (C22:6n-3/C18:3n-3 C22:6n-3/C18:3n-3; HFD-S,5.74±0.62; HFD-PF,4.11±0.68; HFD-

GbE,3.61±0.52) (Table 75) indicating a relative increase in C18:3n-3 and decrease in C22:6n-3 levels 

in the groups.  In comparison, however, the C22:6n-3/C22:5n-3 ratio showed that while overall levels 

of C22:6n-3 decreased compared to C18:3n-3, the relative amount of C22:5n-3 was lower than 

C22:6n-3 for both the HFD-PF group (p=0.004), and the HFD-GbE group (p=0.02) compared to the 

HFD-S group (C22:6n-3/C22:5n-3; HFD-S,89.26±14.56; HFD-PF,140.75±9.10; HFD-GbE,98.12±3.47) 

(Table 75). This suggests a need for C22:6n-3 rather than from C18:3n-3 to maintain the DHA stead-

state to be significantly similar in all three high fat groups despite caloric restriction in HFD-PF and 

HFD-GbE (Hypothalamus C22:6n-3; HFD-S; 10.51±0.34%;  HFD-PF, 9.84±0.41%; HFD-GbE, 

9.97±0.19%) (Table 75). As illustrated in Figure 4 the conversion from C22:5n-3 to C22:6n-3 requires 

much less enzymatic steps and is therefore less energetically costly than converted from C18:3n-3. 
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This is in keeping with Dornellas and colleagues (2015) that have found that rat hypothalamic total 

PUFA levels remained steady in an 8-week lard-enriched diet and experienced increased amounts of 

C20:5n-3 and C20:3n-6, the precursors of C22:6n-3 and C20:4n-6. This finding suggested that 

peripheral tissues may be acting as a buffer and provided a continued supply of higher PUFA to main 

the brain FA profile (Dornellas et al., 2015). More recent work from our group has shown that 35-day 

old Wistar rats fed a either a high- fish-oil or high-soybean-oil diet, the fish oil group did not 

experience obesity, but the soybean oil group did. Furthermore, soybean oil fed rats experienced an 

imbalance in the n-6/ n-3 ratios in peripheral tissues, but not in the hypothalamus, which experienced 

an increase in n-3 (Watanabe et al., 2022). Together these findings along with our group further 

support the concept that the body uses FA from peripheral tissues to maintain preferential FA uptake 

of the brain. 

Alternatively, PPAR ligands include SFA, UFA and PUFA as well as their metabolites (Chen, Shang, et 

al., 2020; Forman, Chen, et al., 1997; Kliewer, Sundseth, et al., 1997). PPAR receptors are responsible 

for triggering gene transcription of lipid metabolism mediators involved in FA β-oxidation, and 

contribute to the regulation of oxidative stress, inflammation, and neuroprotection (Han, Shen, et 

al., 2017; Duvall and Levy, 2016; Echeverría, Ortiz, et al., 2016; Motojima, Passilly, et al., 1998; Martin, 

Schoonjans, et al., 1997). LC-PUFA are the natural ligands of PPARα/γ, where n-3 PUFA, C22:5n-3 

(Hostetler, Kier, et al., 2006) as well as EPA (C20:5n-3) and DHA (C22:6n-3) bind with high affinity for 

activation (Duszka, Gregor, et al., 2020; Kosgei, Coelho, et al., 2020; Laleh, Yaser, et al., 2019; Kersten 

and Stienstra, 2017; Pawar and Jump, 2003). As well as the significant results discussed above, C18:0 

percentage levels in the HFD-GbE group returned to levels like that in the NFD group (C18:0; NFD, 

18.45±0.14%; HFD-GbE, 19.52±0.3%). This may indicate that any C18:0-mitigated inflammation 

induced by elevated levels in HFD-S, may be ameliorated by GbE treatment.  

GbE has been shown to possess antioxidant, anti-inflammatory, and anti-obesogenic properties. It 

has been shown to reduce visceral adiposity, weight gain and food intake and reduce adipocyte 

hypertrophy in WAT. Recently work from our group have shown that have shown that GbE improves 

the hypothalamic anorexigenic effectors in rats after a single dose by inducing hypothalamic POMC, 

CART (anorexigenic), and 5-HT2C (leptin/serotonin receptor) gene expression but not the orexigenic 

(AgRP/NPY) neuropeptides (Machado, Pereira, et al., 2021). Banin and colleagues (2017) have also 

showed that 14 days of GbE treatment attenuated obesity in ovariectomized (OVX) rats by 

stimulating the hypothalamic serotonergic system. Research has also shown that GbE plays an 

antioxidative role in the hippocampus of ovariectomized rats and restore serotonin and leptin 
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receptor levels (Machado, Banin, et al., 2021). Machado and colleagues (2021) hypothesised that the 

restoration of serotonin and leptin receptor levels were related to the restoration of serotonin levels 

in the ventro-medial hypothalamus, which in turn ameliorated the anorexigenic -serotonin response 

impaired by ovariectomy (Machado, Banin, et al., 2021). Ovariectomy-induced menopause increased 

resistance to serotonin hypophagia, resulting in increased food intake and body weight and 

consequent obesity, while GbE treatment attenuated it (Banin et al., 2017). Furthermore, GbE 

treatment significantly increased 5-HT microdialysate levels in OVX rats but not sham-operated rats 

after 60-80 minutes of treatment, although levels of 5-HT were found to be increased in the 

Sham+GbE group at 20-40 mins treatment compared to the OVX group. While they found not 

differences in protein levels of 5-HT1A and 5-HT2C a significant 60% reduction 5-HTT protein levels 

were seen in OVX + GbE rats compared to the Sham group (Banin et al., 2017). Furthermore, work 

from our group have shown that GbE has been shown to modulate lipid metabolism, adipogenesis, 

inflammation and OS and improve insulin signalling and sensitivity (Hirata et al., 2015, 2019, 2022; 

Machado, Banin et al., 2021; Machado, Pereira et al., 2021, Hirata et al., 2019; Banin et al., 2014). 

Work from our group has shown that GbE ameliorated decreased IRS-1 levels and reduced the 

phosphorylation of NF-𝜅B p65 by 60% along with TNF-𝛼 levels, while increasing the gene expression 

of the anti-inflammatory cytokine IL-10 in comparison to the nontreated obese rats (Hirata, Banin, et 

al., 2015). Other reports also indicate improvements to glycaemia, insulin levels, IR and reduced 

glycosylated HbA1c levels with GbE supplementation in both animal and clinical studies (Aziz, 

Hussain, et al., 2018; Hirata, Banin, et al., 2015; Banin, Hirata, et al., 2014; Lasaite, Spadiene, et al., 

2014; Siegel, Ermilov, et al., 2014; Zhou, Meng, et al., 2011; Kudolo, Wang, et al., 2006) 

As previously mentioned, hypothalamic inflammation is associated with toll like receptor 4 (TLR4)  

activation of astrocytes and microglia, and increased expressions of TNFα, IL-1β, and IL-6, along with 

activation of the IKKβ/NF-κB inflammatory pathway and mitochondrial dysfunction which can lead 

to  insulin and leptin resistance and metabolic syndrome 2 (Bhusal, Rahman, et al., 2022; Benomar 

and Taouis, 2019; Rogero and Calder, 2018; Baufeld, Osterloh, et al., 2016; Masson, Nair, et al., 2015; 

Schneeberger, Dietrich, et al., 2013; Shechter, London, et al., 2013; Cai and Liu, 2012; Milanski, 

Arruda, et al., 2012; Thaler, Yi, et al., 2012; Williams, 2012; Velloso and Schwartz, 2011; Tuncman, 

Hirosumi, et al., 2006; Zhang, Dong, et al., 2005; Awad, Gagnon, et al., 2004).  

The link with hypothalamic inflammation and diet-induced leptin-resistance, glucose intolerance and 

obesity and has also been shown in TLR4 and TNFα inhibition studies that showed amelioration of 

glucose intolerance, leptin resistance and subsequently reduced food intake following inhibition of 
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TLR4 and TNFα (Benzler, Ganjam, et al., 2013; Cai and Liu, 2012; Milanski, Arruda, et al., 2012; 

Tuncman, Hirosumi, et al., 2006). Previous research under similar experimental conditions as this 

study, ameliorated glucose tolerance, leptin resistance and reduced food intake is also seen following 

GbE treatment (Machado, Pereira, et al., 2021). Additionally, research has also shown that GbE 

treatment ameliorates decreased IRS-1 levels and reduced the phosphorylation of TNF-𝛼 levels, while 

increasing the gene expression of the anti-inflammatory cytokine IL-10 in comparison to the 

nontreated obese rats (Hirata, Banin, et al., 2015). GbE also improves the hypothalamic anorexigenic 

effectors in rats after a single dose by inducing hypothalamic POMC, CART (anorexigenic), and 5-HT2C 

(leptin/serotonin receptor) gene expression (Machado, Pereira, et al., 2021). Significant decreases in 

OS and inflammatory markers such as hs-CRP, TNF-α, IL-6 and malondialdehyde levels have also been 

attributed to GbE supplementation (Yan, Li, et al., 2020; Aziz, Hussain, et al., 2018; Hirata, Banin, et 

al., 2015; Siegel, Ermilov, et al., 2014; Thanoon, Abdul-Jabbar, et al., 2012; Kudolo, Wang, et al., 2006) 

while GSH and SOD increased (Yan, Li, et al., 2020; Thanoon, Abdul-Jabbar, et al., 2012; Bridi, 

Crossetti, et al., 2001). It has also been shown that both resveratrol and GbE have been shown to 

modulation of the Akt insulin signalling pathway (Yan, Li, et al., 2020; Lejri, Grimm, et al., 2019; 

Brasnyó, Molnár, et al., 2011). Akt activation requires a fine balance to moderate fluctuations 

between cell survival and apoptosis. Increased Akt phosphorylation (p-Akt) have modulating actions 

on the apoptotic/cell survival PI3K/Akt/mTOR and IGF-1R/Akt/Wnt signalling pathways (Park, Lim, et 

al., 2010; Vanamala, Reddivari, et al., 2010). 

Previous studies under similar conditions have shown that GbE plays an antioxidative role in the 

hippocampus of ovariectomized rats and restore serotonin and leptin receptor levels  (Machado, 

Banin, et al., 2021). Machado and colleagues (2021) also hypothesised that the restoration of 

serotonin and leptin receptor levels by GbE treatment were related to the restoration of serotonin 

levels in the ventro-medial hypothalamus (Machado, Pereira, et al., 2021) which in turn ameliorated 

the anorexigenic-serotonin response impaired by ovariectomy (Banin, Machado, et al., 2017). In a 

90-day clinical trial, patients with metabolic syndrome already on metformin were given GbE (120 

mg capsule/day) or placebo. In patients with metabolic syndrome GbE supplementation significantly 

decreased HbA1c, fasting serum glucose and insulin levels. BMI, waist circumference and visceral 

adiposity index were also all improved. Serum leptin, lipid profiles and inflammatory markers (hsCRP, 

TNF-α and IL-6) also improved compared to baseline values (Aziz, Hussain, et al., 2018). 

Furthermore, in relation to the effects of caloric restriction, Briggs and colleagues (2013) have 

reported that after 12 weeks of HFD, DIO mice underwent calorie-restricted (CR) weight loss (-40% 
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calories) until they matched lean control animal weight. CR weight loss resulted in increased total 

plasma ghrelin, restored ghrelin sensitivity, and increased hypothalamic NPY and AgRP mRNA 

expression with both NPY and AgRP neurons having shown ghrelin resistance before starting CR 

(Briggs, Lockie, et al., 2013). From their results they also proposed that following DIO, a higher body 

weight set-point may be set, and that CR-based weight loss may cause the brain to protect the new 

higher set-point and result in rebound weight gain once regular feeding commences. They proposed 

that the increase in peripheral ghrelin concentrations and the amelioration of ghrelin resistance in 

neuronal populations in the hypothalamic ARC could be a mechanism to promote a return to the 

previous weight set-point. This was supported by work in DIO ghrelin-knockout mice that had 

reduced body weight gain after CR compared to wild-type mice  (Briggs, Lockie, et al., 2013). 

 

6.5 Summary 

In summary, no significant changes in FA percentage levels occurred in the total hippocampus fatty 

acids profiles, although a decreased shift in the ratio between n-6 FA levels (increased HFD-S C18:2n-

6 and decreased C20:4n-6) and n-3 FA levels (decreased HFD-S C22:6n-3) did occur in the HFD-S group 

compared to the NFD group. The main result from total hypothalamus fatty acids analysis showed 

that a HFD increased the levels of C18:0. Both a HFD and increased C18:0 levels are linked to 

disruptions to insulin, ghrelin and leptin signalling associated with appetite regulation, which are 

ameliorated by GbE treatment. Furthermore, GbE treatment altered C16:1n-7 levels known to 

improve insulin signalling, while changes in n-3 PUFA may be associated with maintaining DHA 

steady-state levels in the hypothalamus.  
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Chapter 7 – PC12 rat pheochromocytoma cell 
neuronal model  
 

7.1 Introduction 

Following the results of a NFD, HFD and GbE phytotherapy in hippocampus and hypothalamus tissue, 

we set out to investigate similar FA and phytotherapy treatments in an in vitro cellular model. In vitro 

models allow for higher throughput of research, reduced animal-use and thereby often reducing 

costs. It also allows for a more precise control over experimental conditions (Graudejus et al., 2018).  

PC12 rat pheochromocytoma cells are an established cell culture model for neuronal 

experimentation and ATCC CRL-1721 PC12 cells were used for this present study, hereafter referred 

to as PC12 cells. When cultured in the presence of NGF, PC12 cells differentiate into a sympathetic 

neuron phenotype of ganglion neurons both in morphology with neurite outgrowth and functionality 

whereby they are electrically excitable and synthesise and store dopamine (Hu et al., 2018; 

Mullenbrock, Shah and Cooper, 2011; Das, Freudenrich and Mundy, 2004; Greene and Tischler, 

1976). As P12 cells growing protocols and neuronal differentiation methods had not yet been 

established in the biology department in the School of Science and the Environment at the University 

of Worcester, these were optimized first.  

When PC12 cells are grown in suspension they form round grape-like clusters with cells around 6-

14μm in diameter and can form large aggregates at high density. To differentiate PC12 cells, they 

must first adhere to a culture vessel surface. As PC12 cells do not adhere to plastic surfaces, several 

different culture vessel coating protocols exist including coatings of Type I and IV collagen, poly-L-

lysine (PLL), poly-D-lysine (PDL), fibronectin and laminin (Wiatrak et al., 2020; Orlowska et al., 2018; 

Kinarivala et al., 2017; Das, Freudenrich and Mundy, 2004; Keshmirian, Bray and Carbonetto, 1989). 

It is reported that PC12 cells tend to detach during differentiation (Kinarivala et al., 2017b), therefore 

an initial screening process was conducted between PLL, type I and type IV collagen coating and NGF 

with 1% horse serum media (data not shown). This screening identified that cells grown on both type 

I and type IV collagen showed better adherence over time compared to PLL. This is in keeping with 

the report of Wiakrak and colleagues (2020) that also identified collagen as a preferred surface 

coating compared to PPL (Wiatrak et al., 2020). For this study, Type I collagen (10µg/cm2) was 

selected as the coating method for further experiments.  
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Initial morphological observations were also conducted comparing PC12 cells grown in suspension 

(Figure 15) and as adherent cells coated tissue culture plates (Figure 16). Cells in suspension grew as 

small irregularly shaped cells floating in multi-cell aggregates with a propensity to form larger 

aggregates at higher densities (Figure 15) but showed little adherence to plastic. When grown on 

type I collagen-coated (10µg/cm2) tissue culture vessels they exhibited a varied profile of small 

epithelial-shaped cells, some stellate-shaped cells, some elongated cells and some rounded but 

attached cells (Figure 16) after 24 hours of incubation. This is in keeping with other reports of PC12 

adherent growth (Kinarivala et al., 2017). 

7.2 Growth curve  

An initial cell growth curve was conducted on PC12 cells grown in suspension and on type I collagen 

(10µg/cm2). Following the cell culture subculture guidelines outlined in Type I collagen solution 

(Corning™ Collagen I, Rat 100mg, Cat no#11563550) was purchased from Fisher Scientific. Poly-L-

lysine solution (0.01%, sterile-filtered, BioReagent, Cat no.#P4707) and type IV Collagen (from human 

placenta, Bornstein and Traub Type IV, powder, Cat no.#C5533) was purchased from Merck-Sigma-

Aldrich. Type IV collagen solution was made up to a final solution of 1mg/ml (0.1% w/v collagen 

solution) in 0.1M glacial acetic acid stirred at room temperature for 1-3 hours as per Merck PC12 

collagen coating protocol (Merck, 2020a). The solution was sterilised by incubating overnight at 4°C 

with 10% v/v chloroform. The top collagen layer was aseptically removed, aliquoted and stored at 

−20°C for up to 6 months. Aliquots were subsequently defrosted and diluted 10 times to obtain at 

0.01% solution as needed. 
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Table 8. cells were initially seeded at 1 x 104 cells/cm2 in 96 well plates and grown in 100µl of RPMI 

complete media, with media replaced every 2 days. Cells were counted every two days via 

haemocytometer using trypan blue staining for a viable cell count. Cells grown in suspension were 

aspirated directly from the wells, centrifuged, stained, and counted. Adherent cells were trypsinized 

briefly to release cells from the plate surface, washed, centrifuged, stained, and counted. As shown 

in Figure 17 cells grown in cell suspension continued to double approximately every 48 hours up to 

and including Day 10, in keeping with previous reports of PC12 cell growth (Merck, 2020; Thermo-

Fisher, 2020; ATCC, 2014). Similarly, cells grown as adherent cells on type I collagen doubled 

approximately every 96 hours (Day 0, 3200 cells Vs Day 4; 7121 cells; Day 8, 16,090 cells) in line with 

ATCC guidelines (Type I collagen solution (Corning™ Collagen I, Rat 100mg, Cat no#11563550) was 

purchased from Fisher Scientific. Poly-L-lysine solution (0.01%, sterile-filtered, BioReagent, Cat 

no.#P4707) and type IV Collagen (from human placenta, Bornstein and Traub Type IV, powder, Cat 

no.#C5533) was purchased from Merck-Sigma-Aldrich. Type IV collagen solution was made up to a 

final solution of 1mg/ml (0.1% w/v collagen solution) in 0.1M glacial acetic acid stirred at room 

temperature for 1-3 hours as per Merck PC12 collagen coating protocol (Merck, 2020a). The solution 

was sterilised by incubating overnight at 4°C with 10% v/v chloroform. The top collagen layer was 

aseptically removed, aliquoted and stored at −20°C for up to 6 months. Aliquots were subsequently 

defrosted and diluted 10 times to obtain at 0.01% solution as needed. 
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Table 8). Confluency of adherent cells is reported to be 4-5 x 104 cells/cm2. On Day 8, the adherent 

cell count was approximately 5.2 x 104 cells/cm2. After day 8, the adherent cells having reached 

confluency on the plate surface, began to detach, and form additional aggregates in suspension. Only 

cells that remained attached to the cell surface were counted on day 10, which is indicated by the 

plateau of cell growth for day 10 adherent cells (Figure 17). 
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Figure 15. Microphotograph of PC12 cells grown in suspension in RPMI complete media (15% serum) at low and high 
density. Cells in suspension grew as small irregularly shaped cells floating in multi-cell aggregates with a propensity to 
form larger aggregates at higher densities and showed little adherence to plastic 
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Figure 16. Microphotograph of PC12 cells grown as adherent cells on Type I collagen (10µg/cm2) in RPMI 
complete media (15% serum). Cells exhibited a varied profile of small epithelial-shaped cells, some stellate-
shaped cells, some elongated cells and some rounded but attached cells 
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Figure 17. Growth curve of PC12 cells grown in suspension and on type I collagen (10µg/cm2) 
(adherent). Suspension cells experienced exponential growth up to and including day 10, doubling 
approximately every 48 hours. Adherent cells approximately doubled every 96 hours up until day 8, 
with growth plateauing by day 10 whereby cells began to detach into suspension. Data presented 
as mean±SEM. Data analysed by Two-way repeat measures ANOVA with Šídák post hoc test, **** 
p<0.0001). 

 

 
Figure 18. Formazan accumulation (dark colouration) in undifferentiated (round cells) and 
differentiated (cells with neurite outgrowth) PC12 cells following incubation with MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide). 
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7.3 NGF neuronal differentiation 

Nerve growth factor (NGF) supports the survival, differentiation, and maintenance of neurons (Mitra, 

Behbahani and Eriksdotter, 2019). PC12 NGF differentiation occurs through the activation of the 

receptor-tyrosine kinase, TrkA receptor which in turn activates the Raf/MEK/ERK/MAP kinase 

pathway (Mullenbrock, Shah and Cooper, 2011; Das, Freudenrich and Mundy, 2004), PI3K/Akt 

pathway (Higuchi et al., 2003; Jeon et al., 2010) and PLCg/PKC pathway (Greene and Tischler, 1976; 

Segal, 2003) which causes a decrease in cell proliferation and increase in neurite outgrowth 

(Mullenbrock, Shah and Cooper, 2011; Das, Freudenrich and Mundy, 2004). Neurite outgrowth 

encompasses two differing growths from the cell body. The first is a long thin axon that is utilized for 

signal transmission. The second outgrowth is shorter dendrites that function to receive signals. 

Together they allow for signal transmission and connectivity between different neurons (Sierra-

Fonseca et al., 2014). Over time, NGF-treated PC12 cells experience an increase in neuronal markers 

including axonal growth-associated protein 43 (GAP-43) (Chung, Shum and Caraveo, 2020; Holahan, 

2015), synaptic protein synapsin-1 (Hu et al., 2018; Das, Freudenrich and Mundy, 2004; Romano et 

al., 1987), neurofilaments (light (NF-L), medium  (NF-M) and heavy (NF-H)) (Schimmelpfeng, 

Weibezahn and Dertinger, 2004; Lee and Cleveland, 1994) and β-Tubulin III (Maioli et al., 2015; Sadri 

et al., 2014; Ohuchi et al., 2002; Caceres, Banker and Binder, 1986). Cytoskeletal structures such as 

neurofilaments, tubulin and actin are essential for neuronal signalling within neurite extensions  

(Miller and Suter, 2018; Sierra-Fonseca et al., 2014). 

In contradiction to the cessation of proliferation following NGF treatment NGF stimulation may also 

promote proliferation through the MAPK pathway (Santos, Verveer and Bastiaens, 2007; Klesse et 

al., 1999; Rudkin et al., 1989). This has contributed to issues with PC12 differentiation with low 

differentiation rates, limited neurite outgrowths and continued proliferation rates observed (Hu et 

al., 2018). With this in mind, to further aid PC12 cell differentiation and reduce cell proliferation, a 

variety of reduced-serum media protocols have been reported in the literature to aid in the 

differentiation of PC12 cells into their neuronal type including 1%, 0.5% and 0.1% horse serum media 

and 1% BSA media (Hu et al., 2018; Mei et al., 2013; Hahn, Jones and Meyer, 2009; Das, Freudenrich 

and Mundy, 2004; Marszalek et al., 2004; Rudkin et al., 1989). Various concentrations of NGF have 

also been reportedly used in PC12 differentiation generally ranging from 25-100ng/ml of media 

(Merck, 2020; Wiatrak et al., 2020; Dikmen, 2017; Kinarivala et al., 2017; ATCC, 2014; Schimmelpfeng, 

Weibezahn and Dertinger, 2004; Pang et al., 1995). To initially evaluate cell proliferation and viability 

during PC12 cell differentiation in each reduced-serum media (1%, 0.5% and 0.1% horse serum media 
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and 1% BSA media), MTT assays were conducted on Day 0, 2, 4 and 6 for each group. MTT is a yellow 

tetrazolium salt that when endocytosed by viable cells is subsequently reduced to purple formazan 

and accumulated in endosomal and lysosomal compartments. It is transported to the cell surface for 

exocytosis in the form of needle-like crystals (Isobe, Yanagisawa and Michikawa, 2001; Liu and 

Schubert, 1997). A representative image of formazan accumulation in PC12 cells is shown in Figure 

18. Cell morphology is shown and data is graphically represented as mean±SEM and analysed by two-

way ANOVA with either Šídák (15% Vs 1% serum groups) or Tukey (1% serum Vs NGF or GbE) post 

hoc tests (Figure 19 - Figure 22). Data from 0.5% media and 0.1% media can be found in Appendix 6. 

To further optimize the differentiation of PC12 cells into a neuronal-type morphology, varying 

concentrations of NGF (25, 50 and 100ng/ml) were also screened for in conjunction with differing 

reduced-serum media to identify an optimal differentiation method. All experiments were conducted 

on cells from passages 9-13 only. This was based on the previous findings and recommendations from 

Kinarivala and colleagues (2017) that found better accuracy and invariability in PC12 differentiation 

in conjunction with the testing of neuro-protective/damaging compounds. PC12 cells with lower or 

higher passages became inconsistently suspectable to injury and apoptosis from serum deprivation 

and external treatments (Kinarivala et al., 2017). PC12 cells were plated on 96-well plates at 5 × 104 

cells/cm2 per well in RPMI complete (15% serum) media and allowed to adhere for 24 hours before 

media was replaced with indicated reduced-serum differentiation media. Subsequent morphological 

observations were made on cells in a variety of reduced serum media supplemented with NGF (15,50 

and 100ng/ml) to induce differentiation.  

Treatment with 50 and 100µg/ml of GbE was also assessed in a reduced-serum media owing to its 

reported antioxidant capacity and it potential in reducing neurotoxicity (Mango, Weisz and Nisticò, 

2016; Shi et al., 2009; Smith and Luo, 2003; Bastianetto et al., 2000), amyloidogenesis and fibril 

formation (Ramassamy, 2006; Colciaghi et al., 2004; Luo et al., 2002). It is also reported to support 

proliferation, differentiation, and growth of cells (Peng et al., 2009; Pierre et al., 1999; Scott et al., 

1995) through the up-regulated expression of growth hormone and nerve growth factor (Ahlemeyer 

and Krieglstein, 2003; Watanabe et al., 2001; Pierre et al., 1999).  
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7.4 1% Horse Serum (HS) media differentiation 

 

Despite the 1% HS reduced-serum media (1% HS), cell viability continued over the 6-day incubation 

period (Figure 19.A), with cell number doubling compared to Day 0 (191%) although significantly less 

than proliferation in RMPI complete media (269% Vs 0 Hrs, p=<0.0001), although cells started to 

detach from the collagen coating into suspension after 72 hours in the 1% HS group. No significant 

difference in viability was seen in vehicle only treatment compared to 1% HS across all time points. 

Forty-eight hours of cell treatment with 50ng/ml NGF resulted in significantly increased cell viability 

(321% Vs 0 Hrs, p=0.04) but not for 25ng/ml (309%, p=0.076) or 100ng/ml NGF (178%, p>0.99) when 

compared to 1% HS cells (160% Vs 0 Hrs) (Figure 19.B). After 96 hours of treatment, viability 

significantly increased further for 25ng/ml (363% Vs 0 Hrs, p=0.038) and 50ng/ml NGF treatment 

(428% Vs 0 Hrs, p=0.0008) but not in 100ng/ml NGF treatment (218% Vs 0 Hrs, p>0.99) compared to 

1% HS (198% Vs 0 Hrs) (Figure 19.B.). After 144 hours of treatment, viability across all NGF treatments 

(25ng/ml-231%; 50ng/ml-211%, 100ng/ml-165% Vs 0 Hrs) decreased to a level comparable to 1% HS 

only treatment (191% Vs 0 Hrs). This result is in keeping with the findings of Greene (1978) that 

reported that under serum-free conditions, NGF treatment resulted in approximately one doubling 

of cells that remaining viable for up to 4 weeks with continued NGF treatment (Greene, 1978). 

Morphologically, as shown in Figure 20, after 144 hours of NGF treatment, neurite outgrowths were 

observed in all three NGF (25, 50 and 100ng/ml) treatments, with outgrowths appearing more 

abundant and longer in 50 and 100 ng/ml treatments. Rounded non-differentiated cells were also 

observed interspersed throughout differentiated cells. Treatment with 50 and 100µg/ml of GbE did 

not significantly increase viability compared to 1% HS alone across all timepoints (Figure 19.C.). 

Morphologically cells appeared rounded without neurite outgrowths (Figure 21) like that of 1% HS 

low serum treated cells. 
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Figure 19. Viability (%) of PC12 cells after six days incubation with 1% horse serum (1% HS) media. A). 15% 
complete serum media (10% horse serum+ 5% foetal bovine serum) Vs 1% HS. B). 1% HS media Vs Vehicle (0.085% 
saline) and nerve growth factor 2.5s (NGF 25,50 and 100ng/ml) C. 1% HS Vs Ginkgo biloba (GbE, 50 and 
100ug/ml). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs 1% serum. ~p=Vs 25ng/ml NGF, #p= Vs NGF 
50ng/ml, &p= Vs NGF 100ng/ml vs 1% serum. Data presented as mean±SEM. Data analysed by Two-way ANOVA 
with Šídák (A.) or Tukey (B. and C.)  post hoc test). 
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Figure 20. Microphotographs of PC12 cell differentiation with RPMI media supplemented with 1% horse serum 
(1% HS) and nerve growth factor (NGF) for 144 hours. A.) PC12 cells incubated in complete media (RPMI + 15% 
serum. B.) Cells incubated in 1% HS. C.) Cells incubated in 1% HS and 0.85% Saline (Vehicle). D.) Cells incubated 
in 1% HS and 25ng/ml NGF. E.) Cells incubated in 1% HS and 50ng/ml NGF. F.) Cells incubated in 1% HS and 
100ng/ml NGF. Media was replaced every 48 hours. Increased neurite outgrowth was observed in all NGF 
treatments (D-F) but not with 0.85% saline (C). White arrows indicate representative long neurite outgrowth.  
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Figure 21. Microphotographs of PC12 cells treated with 50 and 100µg/ml GbE in 1% horse serum (HS) media for 
144 hours. Little neurite outgrowths were observed in both 1% HS only cells as well as cells treated with 50 and 
100µg/ml GbE.  
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7.5 1% BSA media differentiation 

After 96 hours of 1% BSA media incubation, there was 96.4% less proliferation (138.8% Vs 0 Hrs, 

p<0.0001) than in RPMI complete media (235.2% Vs 0 Hrs) although at 144hrs proliferation increased 

to 172% (compared to 0 Hrs) in 1% BSA reduced serum media, but was still significantly less than that 

RPMI complete media (269.8% Vs 0 Hrs, p<0.00001) (Figure 22). With regards to NGF treatment, no 

significant difference in viability was seen in either vehicle or NGF treatment compared to 1% BSA 

only incubated cells across all time points (Figure 22Figure 22.B). After 144 hours of treatment, 

viability across all NGF treatments (25ng/ml-122%; 50ng/ml-129%, 100ng/ml-135% Vs 0 Hrs) was less 

but not significantly so, compared to 1% BSA only treatment (172% Vs 0 Hrs).  

As shown in Figure 23, after 144hours of NGF treatment, neurite outgrowths were observed in all 

NGF treatment groups with neurite outgrowth appearing longer and more abundant with increasing 

NGF concentrations. Some neurite outgrowth was also observed in both the 1% BSA only (Figure 23 

and Figure 24), and vehicle only groups, indicating the 1% BSA media contributed to neurite 

outgrowth somewhat regardless of NGF treatment. Comparing viability percentages, incubating with 

1% BSA and NGF resulted in less cell proliferation. This was apparent when 1% HS serum cells were 

compared to 1% BSA were compared. After 144 hours of treatment, most non-differentiated cells 

(without visible neurite outgrowth) in the 1% BSA cells appeared visually to be undergoing apoptosis 

in the form of cytoplasmic condensation, cellular fragmentation, or membrane rupturing, while 1% 

HS cells appeared rounded with little apoptosis. At 96 hours of GbE treatment, viability was higher in 

50 µg/ml GbE (210.6% Vs 0 Hrs) compared to 1% BSA only treatment (138.8% Vs 0 Hrs, p=0.002) but 

not in 100 µg/ml GbE (167.6%, p=0.47). Similarly, at 144 hrs, viability remained higher in 50 µg/ml 

GbE (228.6% Vs 0 Hrs, p=0.02) treatment compared to 1% BSA only (172% Vs 0 Hrs) but not for 100 

µg/ml GbE (197.1%, p=0.58). Morphologically, after 144hrs of treatment both 50 and 100µg/ml GbE 

treatments displayed shorter neurite outgrowths comparable to that of 1% BSA only treatment 

(Figure 24.).  

Owing to the observable neurite outgrowth and viability of cells following 1% BSA media-NGF 

differentiation, and the compatibility of BSA as the vehicle of choice for stable fatty acid delivery to 

cells in vitro (Liu et al., 2008), 1% BSA differentiation media was chosen as the method of choice for 

subsequent differentiation and experiments. All cells for further experimentation were differentiated 

on T75-type I coated flasks for 7 days with 25ng/ml NGF with media changed every 2 days. For 

experimentation, differentiated cells were trypsinized, counted and replated onto appropriate 

collagen coated culture plates, as details in section 2.17 in Chapter 2 - Methods. Differentiated cells 
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were allowed to adhere and re-establish neurite outgrowth for 24 hours before further 

experimentation. Representative images of replated 1% BSA media differentiated cells ready for 

treated can be seen in Figure 25. Replated differentiated P12 cells form a dense network of 

overlapping neurites which can be seen in Figure 25.C. 
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Figure 22. Viability (%) of PC12 cells after six days incubation with 1% bovine serum albumin (1% BSA) media. 
A). 15% complete serum media (10% horse serum+ 5% foetal bovine serum) Vs 1% BSA. B). 1% BSA media Vs 
Vehicle (0.085% saline) and nerve growth factor 2.5s (NGF 25,50 and 100ng/ml) C. 1% BSA Vs Ginkgo biloba 
(GbE, 50 and 100ug/ml). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs 1% serum. ~p=Vs 25ng/ml 
NGF, #p= Vs NGF 50ng/ml, &p= Vs NGF 100ng/ml vs 1% serum. Data presented as mean±SEM. Data analysed 
by Two-way ANOVA with Šídák (A.) or Tukey (B. and C.)  post hoc test). 
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Figure 23. Microphotographs of PC12 cell differentiation with RPMI media supplemented with 1% bovine serum 
albumin (1% BSA) and nerve growth factor (NGF) for 7 days. A.) PC12 cells incubated in complete media (RPMI + 
15% serum. B.) Cells incubated in 1% BSA. C.) Cells incubated in 1% BSA and 0.85% Saline (Vehicle). D.) Cells 
incubated in 1% BSA and 25ng/ml NGF. E.) Cells incubated in 1% BSA and 50ng/ml NGF. F.) Cells incubated in 1% 
BSA and 100ng/ml NGF. Media was replaced every 48 hours. Increased neurite outgrowth was observed in all 
NGF treatments (D-F) but not with 0.85% saline (C). White arrows indicate representative long neurite outgrowth. 
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Figure 24.Microphotographs of PC12 cells treated with 50 and 100µg/ml GbE in 1% BSA media for 144 hours. 
Short neurite outgrowths were observed in 1% BSA only cells as well as cells treated with 50 and 100µg/ml GbE. 
White arrows indicate representative long neurite outgrowth. 
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Figure 25.Microphotographs of replated differentiated PC12 cells. PC12 cells were differentiated for 7 days with 
25ng/ml NGF followed by trypsinization, replating onto Type I collagen coated plates and an additional 24 hours 
of NGF treatment in low-serum (1% bovine serum albumin (BSA)) media. PC12 cells photographed at A.) 10X B.) 
20X. C.) 40X. Differentiated P12 cells form a dense network of overlapping neurites. 
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7.6 Differentiation – β-Tubulin III 

 
To determine the effect of 1% BSA-NGF treatment on PC12 differentiation, levels of β-tubulin III were 

analysed by flow cytometry. β-tubulin III is a main component of microtubules and is primarily 

expressed in neurons and is an established and commonly used neuronal marker with levels 

increasing during PC12 cell differentiation (Maioli et al., 2015; Sadri et al., 2014; Ohuchi et al., 2002; 

Caceres, Banker and Binder, 1986).  

PC12 cells were treated for 7 days with 1% BSA media supplemented with 25ng/ml NGF. After 7 days 

cells were harvested followed by fixation and permeabilization with Biolegend Cyto-Fast™ Fix/Perm 

buffer set as per manufacturer’s instructions. Cells were analysed from 3 different passages (n=3) 

with a minimum of 4 replicates per passage. Cells were labelled with either Biolegend PE anti-Tubulin 

β3 (TUBB3) Antibody or PE Mouse IgG2a, κ Isotype Ctrl Antibody as per manufacturer’s instructions. 

As illustrated in Figure 26, Panel C, β-tubulin III levels increased significantly by 5-fold in NGF-treated 

PC12 cells compared to non-treated (RPMI) cells (p<0.0001). This is in keeping with morphology 

observations that also showed increased neurite outgrowth in NGF-treated cells (Figure 23 and Figure 

24). Owing to the limitations of the flow cytometer machine, cells fluorescing over 105 (log scale) 

were unable to be captured on a representative graph. 
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Figure 26. Effect of NGF treatment on Tubulin- β3 levels in PC12 cells. A). Representative dot plot profiles of 
Tubulin- β3 or isotype-control PC12 labelled cells treated with 25ng NGF in 1% BSA media for 7 days (NGF) or 
no treatment (RPMI). Acquisition of 20,000 events. B). Representative yellow/blue (FL2) overlay histogram 
showing fixed and permeabilized cells intracellularly stained with anti-Tubulin-β3 (TUBB3) (clone TUJ1) PE 
(green (RPMI) and red (NGF) filled histograms) or with mouse IgG2a, κ PE isotype control (clone MOPC-173 
(green (RPMI) and red (NGF) open histograms). C). Bar chart displaying mean PE signal (yellow/blue mean 
fluorescent intensity (MFI)) that equates to intracellular TUBB3 levels. NGF-treated cells (Red) displayed 
significantly increased levels of TUBB3 compared to RPMI non-treated (Green) cells. Data presented as 
mean±SEM (n=3) analysed by one-way ANOVA with Tukey post-hoc test (****p<0.001). 
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7.7 Neurofilament protein levels in NGF differentiation 

Neurofilament proteins are another established neuronal marker for PC12 differentiation 

(Schimmelpfeng, Weibezahn and Dertinger, 2004; Clark and Lee, 1991; Lindenbaum, Carbonetto and 

Mushynski, 1987; Lee, 1985; Lee and Page, 1984; Lee, Trojanowski and Schlaepfer, 1982). 

Neurofilaments are major cytoskeletal proteins in myelinated nerves, with a linear relationship 

associated with levels of neurofilaments and axonal diameter and radial growth (Schimmelpfeng, 

Weibezahn and Dertinger, 2004; Cleveland et al., 1991; Lee, Trojanowski and Schlaepfer, 1982). 

Neurofilaments, particularly neurofilament light chain (NF-L), are also used as biomarkers in diseases 

involved in cognitive decline including ALS, AD, frontotemporal dementia and Huntington’s disease 

(Lee et al., 2022; Behzadi et al., 2021; Ingannato et al., 2021; Moscoso et al., 2021; Verde, Otto and 

Silani, 2021; Benedet et al., 2020; Forgrave et al., 2019; Gille et al., 2019; Kern et al., 2019; Gaiani et 

al., 2017; Deng et al., 2009).  

To determine if levels of neurofilaments increased in NGF-treated PC12 cells, 10μg of whole cell 

lysates (N=6, taken from 3 separate passages) was loaded and run on to SDS-PAGE gels, transferred 

to nitrocellulose paper and incubated with monoclonal antibodies. PC12 Cells treated for 7 days with 

1% BSA media and 25ng/ml NGF showed increased expression of Neurofilament medium chain (NF-

M) and NF-L, as shown by western blotting and illustrated in Figure 27. This is in keeping with other 

previous reports of PC12 differentiation (Schimmelpfeng, Weibezahn and Dertinger, 2004; Clark and 

Lee, 1991; Lindenbaum, Carbonetto and Mushynski, 1987; Lee, 1985; Lee and Page, 1984; Lee, 

Trojanowski and Schlaepfer, 1982). 
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Figure 27. Detection of Neurofilament-L and Neurofilament-M by western blot analysis in undifferentiated 
(RPMI) PC12 cells and 7-Day NGF-differentiated (NGF) PC12 cells. Blots were incubated with monoclonal 
antibodies for Neurofilament-L (1:2000), Neurofilament-M (1:2000), β-Actin (1:10000) and GAPDH (1:10000) 
followed by HRP-conjugated secondary antibody (1:1000). 10μg of whole cell lysate was loaded per lane. Data 
analysed by t-test. ****p<0.0001, n=6. 
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7.8 Cell apoptosis in PC12 differentiation 

 
To further identify the health of 1% BSA-NGF differentiated cells, cell apoptosis was analysed by 

Annexin-7AAD flow cytometry. Annexin V is an intracellular protein that binds to phosphatidylserine 

(PS) in a calcium-dependent manner (Biolegend, 2020; Suzuki et al., 2010; Wang et al., 2007). PS, an 

anionic phospholipid normally only found on the inner cytosolic leaflet of the cell membrane 

translocates to the outer leaflet during early apoptosis (Shlomovitz, Speir and Gerlic, 2019; Kay et al., 

2012; Kay and Grinstein, 2011; Leventis and Grinstein, 2010; Yeung et al., 2008). To identify whether 

cells are apoptotic or necrotic, 7-amino-actinomycin (7-AAD) is used. Late apoptotic cells stain 

positively with 7-AAD as it binds to nuclear DNA, while early apoptotic cells can exclude the 7-AAD 

dye (Biolegend, 2020). 

As discussed in the introduction (1.13) the plasma membrane serves as a barrier and facilitator of 

ionic exchange and molecular transport in and out of the cell (Hulbert et al., 2005, 2007). The 

phospholipids PC and SM are predominantly found on the outer leaflet of the cell membrane, while 

PS, PI and PE are primarily found on the inner leaflet in healthy cells (Mariño and Kroemer, 2013). 

Phospholipid asymmetry in the mammalian cellular membrane is maintained by the translocation of 

phospholipids either from the outer to the inner leaflet, or vice versa, by flippase, floppase and 

scramblase ATP-dependent enzymes (Shlomovitz, Speir and Gerlic, 2019; Hankins et al., 2015; Kay et 

al., 2012; Leventis and Grinstein, 2010). This lipid asymmetry is responsible for electrochemical 

properties of the cellular membrane and acts as an important mediator in cell signalling (van Meer, 

2011; van Meer, Voelker and Feigenson, 2008). For example, PI operates as a secondary messenger 

when located on the inner leaflet while PS translocated on the outer leaflet instigates platelet 

activation in blood clotting as well as acting as a phagocytic signal for engulfment in apoptotic cells 

(Hankins et al., 2015; Suzuki et al., 2013; van Meer, 2011; van Meer, Voelker and Feigenson, 2008).  

Briefly, differentiated PC12 cells were trypsinized for 5 minutes to release them from the plate 

surface. The trypsin was neutralized with RPMI-complete media, and the cell sample gently 

centrifuged (100xg) to pellet the cells, with supernatant discarded. The cell pellet was washed with 

1X PBS and centrifuged again, and the supernatant discarded. To 1 X 105 cells, 100µl of binding buffer 

was added and 5µl each of Annexin+ 7AAD mix (1:1 ratio). Cells were gently vortexed and incubated 

for 15 minutes at room temperature in the dark. A further 100µl of binding buffer was added to each 

sample and the sample vortexed immediately prior to running on the flow cytometer. Data is 

graphically depicted in Figure 28. 
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Healthy cells 

Comparing both RPMI and 1% BSA media, no significant differences in healthy cell levels were seen 

between cells incubated in RPMI complete (15% serum) media and 1% BSA reduced serum media 

(p=0.75) after 7 days of incubation. Comparing cells incubated in 1% BSA media, treatment with 

vehicle only (0.85% Saline) for 7 days resulted in an 8% decrease in healthy cells compared to 1% BSA 

media alone (p=0.02) (Figure 28.A).  After 7 days of 25ng/ml NGF treatment 52% of cells were 

identified as healthy, a 26% decrease compared to the 1% BSA media only group (p<0.0001). Upon 

the trypsinization and replating of NGF-differentiated PC12 cells (Day 8) for further treatments, the 

number of cells identified as healthy increased to 76%, a 24% increase compared to the non-replated 

NGF-differentiated cells (Day 7) (p<0.0001). 

Early apoptosis 

Incubation with 1% BSA media for 7 days resulted in 14% more cells in early apoptosis (19%) 

compared to complete media (5%) (p<0.0001) (Figure 28.B). Treatment with vehicle only resulted in 

6% more cells in early apoptosis (25%, p=0.02) compared to the 19% seen with 1% BSA media only 

(p=0.02). No significant difference between vehicle control and in NGF treated cells (21%, p=0.66) 

were seen for early apoptotic cells. Following replating of NGF differentiated cells, 15% of cells were 

identified as early apoptotic, a significant decrease of 4% compared to non-replated NGF 

differentiated cells (21%, p=0.0006).  

Late apoptosis 

Cells incubated with 1% BSA media for 7 days resulted in 7% less cells (1.9%) in late apoptosis than 

15% complete media (9.1%) (p=0.004) (Figure 28.C). Cells incubated with 1% BSA media had 

approximately 1.9% of cells in late apoptosis with no significant difference seen when compared to 

1% BSA media + vehicle (0.85% saline) (3.1%) (p=0.98). Treatment with NGF resulted in 22% more 

cells in late apoptosis (24.3%) than 1% BSA media alone (p=<0.0001). Replating NGF differentiated 

cells after day 7 resulted in 19.6% less cells in late apoptosis (4.7%) compared to non-replated 

differentiated cells (p=<0.0001). 

Dead 

1% BSA media had significantly fewer dead cells (0.4%) than complete media (4%) (p<0.0001) (Figure 

28.D). No significant differences in dead cell percentages occurred between 1% BSA media (0.4%) 

and treatment in vehicle alone (0.9%) (p=0.97). While not significant, treatment with NGF resulted in 

2.4% more dead cells (2.5%) compared to 1% BSA media only (p=0.07). No significant differences in 
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dead cell percentages were seen between non-replated and replated NGF differentiated cells 

(p=0.98). 

In summary, following 7 days of 25ng/ml NGF treatment, approximately 52% of cells were healthy, 

and a further 19% in early apoptosis. Following trypsinisation, washing and re-plating of 

differentiated cells, the percentage of healthy cells in the sample increased to 76%, while cells in 

early apoptosis decreased to 15%. Replating NGF differentiated cells after 7 days of differentiation 

resulted in 19.6% less cells in late apoptosis (4.7%) compared to non-replated differentiated cells 

(p<0.0001). 
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Figure 28. Annexin-V/7-AAD FACS analysis of PC12 cell differentiation. Cells treated for 7 days with either 
complete media (15% serum)(n=27), 1% BSA media (n=10) or 1% BSA media with vehicle control (0.85% saline) 
(n=10), 25ng/ml NGF-2.5s (n=22) or replated NGF differentiated PC12 cells (n=49). A). Healthy cells  B). Early 
apoptosis C). Late apoptosis D). Dead. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs 1% BSA media. 
#p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 NGF 25ng Vs NGF replated. One-way ANOVA with Tukey post 
hoc test.  
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7.9 In vitro model of oxidative stress injury in PC12 cells  

Biological tissue consumes oxygen in energy production producing cellular-damaging free radicals 

and reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), hydroxyl radical (HO.) and 

superoxide anion radical (O2
•-) (Dunn et al., 2015). Neuronal cells are highly susceptible to oxidative 

stress and ROS damage, particularly with regards to peroxidizable compartments including the 

phospholipid cell membrane, lipoproteins as well as contributing to DNA damage. Cellular ROS 

production is a major contributor to neuronal tissue injury with increased levels associated with 

neurodegeneration (Goldsteins et al., 2022; Hajam et al., 2022; A. Singh et al., 2019; Li et al., 2013; 

Gandhi and Abramov, 2012). ROS stimulates the release of pro-apoptotic proteins and 

cytochrome C (Cyt C) which induce cell apoptosis by activating caspase family members (Dunn et al., 

2015). For this study, H2O2 was used to establish an in vitro model of OS injury in PC12 cells. H2O2 is 

a major producer of cellular ROS and causes DNA damage and lipid peroxidation which can lead to 

cell membrane disturbances (Gough and Cotter, 2011).  

Both undifferentiated and differentiated cells were incubated with H2O2 at increasing concentrations 

of 0, 12.5, 25, 40, 100, 200 and 400 μM (Figure 29). Viability was determined by MTT assay. MTT (5 

mg/ml, 10 µl) was added into each well and cultured at 37°C for 4 hrs to produce formazan crystals 

and dissolved with 100 μL of solubilization solution (10% SDS in 0.01M HCL) per well. Viability was 

measured against non-treated cells. n=12 was taken from a minimum of 3 passages. In 

undifferentiated PC12 cells (Figure 29.A), a significant decrease in viability was seen between the 

control group and 24 hr H2O2 treatment at 200 μM (~75%; p=0.0001) and 400 μM (~62%; p=0.0001). 

This is consistent with other published reports that show that PC12 viability decreases significantly 

from ~80% at 200 μM H2O2 treatment (Liu et al., 2017) to ~60% at 500 μM H2O2  (Lee et al., 2018). 

In differentiated PC12 cells (Figure 29.B), a significant decrease in viability was also seen at 50 μM 

(~84%, p=0.03), 100 μM (~81%, p<0.0001), 200 μM (~77%p<0.0001) and 400 μM (~68%, p<0.0001) 

H2O2 treatment compared to the control group after 24 hours. The increase in viability in 

differentiated cells at 400 μM H2O2 treatment is likely due to the NGF treatment which as has been 

shown to protect against damage from H2O2 as well as serum, oxygen and glucose deprivation 

(Kinarivala et al., 2017; Sun et al., 2017). Similarly, differentiated PC12 cells have been also shown 

to be more resistant to drug-induced neurotoxicity than undifferentiated cells (Sakagami et al., 

2018). 400μM of H2O2 was chosen for subsequent experiments to induce toxicity. 
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Figure 29. Cell viability of PC12 cells incubated with H2O2 (0-400 μM) (A) Undifferentiated PC12 cells were 
incubated with H2O2 (0-400 μM) or 0.85% Saline (vehicle control) for 24 h, then the cell viability was 
determined by the MTT assay. (B) Differentiated PC12 cells were incubated with H2O2 (0-400 μM) or 0.85% 
Saline (vehicle control) for 24 h, then the cell viability was determined by the MTT assay. Data represented 
means±SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs control group, One-Way ANOVA with 
Tukey post hoc test. N=12 taken from a minimum 3 passages.  
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7.10 GbE treatment in undifferentiated and differenced PC12 cells 

GbE has been shown to possess antioxidant, anti-inflammatory and neuroprotective properties (Isah, 

2015; Diamond and Bailey, 2013; Christen, 2004; Smith and Luo, 2004; Ahlemeyer and Krieglstein, 

2003; Kuribara et al., 2003; Ponto and Schultz, 2003; Tendi et al., 2002; Luo, 2001; Janssens et al., 

1995).  

PC12 cells were seeded at confluency (5 x 104 cells/cm2) in 96 well plates and allowed to adhere for 

24 hours. Undifferentiated cells were incubated with RPMI complete media, while differentiated cells 

were incubated with 1% BSA+ 25ng/ml NGF media. After 24 hours, cells were incubated with 

increasing concentrations of GbE (0, 12.5, 25, 40, 100, 200 and 400 μM) for a further 24 h. Viability 

was determined by MTT assay. MTT (5 mg/ml, 10 µl) was added into each well and cultured at 37°C 

for 4 hrs to produce formazan crystals and dissolved with 100 μL of solubilization solution (10% SDS 

in 0.01M HCL) per well. Viability was measured against non-treated cells. n=12 was taken from a 

minimum of 3 passages.  

As shown in Figure 30, all tested concentrations of GbE were found to be non-toxic. In 

undifferentiated PC12 cells (Figure 30.A), no significant differences were seen between the control 

group and any of the GbE treatments after 24 hours although an increase in viability was seen in both 

the 200 µg/ml (107%) and 400 µg/ml (108%) GbE-treated groups. In differentiated PC12 cells (Figure 

30.B), when compared to non-treated cells, a significant increase in viability was seen in both 200 

μg/ml (111%, p=0.03) and 400 μg/ml (117%, p=0.0003) GbE-treated groups. The increase in viability 

is in keeping with the findings of Tchantchou and colleagues (2009) that found bilobalide (5, 10, and 

15 µM) and quercetin (5, 7, and 10 µM), both components of GbE, significantly increased cell 

proliferation in hippocampal neurons in a dose-dependent manner (Tchantchou et al., 2009). Eckert 

and colleagues (2005) found that GbE (0.5, 10, 100 µg/ml) significantly improved the mitochondrial 

membrane potential of PC12 cells and ameliorated the decrease in ATP production significantly and 

in a dose dependent manner, following mitochondrial damage (Eckert et al., 2005). Similarly, Abdel-

Kader and colleagues (2007) reported that GbE treatment in PC12 cells also alleviated mitochondrial 

functions at concentrations as low as 10 µg/ml (Abdel-Kader et al., 2007). (Rhein and colleagues 

(2010) also reported the significant beneficial effects of GbE in wild-type human neuroblastoma SH-

SY5Y cells or SH-SY5Y cells transfected with human wild-type APP to induce increased Aβ levels. They 

found that GbE treatment reduced ROS levels, enhanced of respiratory control ratio, and increased 

in ATP levels (Rhein et al., 2010). 
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Figure 30. Cell viability of PC12 cells incubated with Ginkgo biloba (GbE) (12.5-400 μg/ml) (A) Undifferentiated 
PC12 cells were incubated with GbE (12.5-400 μg/ml) or 0.85% Saline vehicle control (V) for 24 h, then the cell 
viability was determined by the MTT assay. (B) Differentiated PC12 cells were incubated with GbE (12.5-400 
μg/ml) or 0.85% Saline vehicle control (V) for 24 h, then the cell viability was determined by the MTT assay. 
Data represented means±SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs control group, One-way 
ANOVA with Tukey post hoc test. N=12 taken from a minimum 3 passages. 

 



297 
 

7.11 Cell viability of GbE treatments in oxidative stress induced neuronal injury 

Considering that increased ROS levels can cause cell membrane injury, inhibiting OS-induced 

neuronal injury is considered valuable in the treatment of neurological diseases (Hajam et al., 2022; 

Singh et al., 2019; Jia et al., 2016; Li et al., 2013; Eckert et al., 2005). This includes the use of 

antioxidant therapeutics that can protect against H2O2 damage (Shin et al., 2021; Gao et al., 2018; Lv 

et al., 2017; Cheong et al., 2016; Jia et al., 2016; Li and Li, 2015; Chen et al., 2010; Lu et al., 2010; 

Rhein et al., 2010).  

To explore the effect of GbE pre-treatment on H2O2–induced PC12 neuronal injury, differentiated 

PC12 cells were pre-treated for 24 hours with GbE at indicated concentrations (0-400 μg/ml). The 

media was changed, and cells were then incubated with or without 400 μM H2O2 or vehicle control 

for a further 24 hours. As shown in Figure 31 in non-pre-treated cells and cells pre-treated with 

vehicle only (0.85% saline) and subsequent treatment with 400 μM H2O2 caused viability to reduce 

to 68% (p<0.0001) compared to control cells. GbE pre-treatments at all concentrations (12.5, 25, 50, 

100, 200, 400 μg/ml) attenuated the decrease in cell viability induced by 400 μM H2O2 (GbE; 12,5, 25, 

10, 200, 400 μg/ml, p<0.0001) with similar viability profiles seen between corresponding GbE pre-

treatments with and without H2O2 treatment. In an SH-SY5Y cell model, GbE has been shown to 

ameliorates oxidative phosphorylation (OXPHOS) performance and restored Aβ-induced 

mitochondria failure (Rhein et al., 2010). This is in keeping with reports by Rhein and colleagues 

(2010) that found significant beneficial effects of GbE in wild-type human neuroblastoma SH-SY5Y 

cells or SH-SY5Y cells transfected with human wild-type APP to induce increased Aβ levels. They found 

that GbE treatment reduced ROS levels, enhanced the respiratory control ratio, and increased ATP 

levels (Rhein et al., 2010). Similarly, Abdel-Kader and colleagues (2007) and Eckert and colleagues 

(2005) both found that GbE as low as 10µg/ml significantly improved the mitochondrial membrane 

potential of PC12 cells following mitochondrial damage (Abdel-Kader et al., 2007; Eckert et al., 2005). 

50μg/ml and 100μg/ml concentrations of GbE was used in subsequent experiments.  
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Figure 31. GbE attenuated the decrease in cell viability induced by H2O2 in PC12 cells. Cells were pre-treated 
for 24 hours with GbE at indicated concentrations, then incubated with or without 400 μM H2O2 or vehicle 
control for a further 24 hours. Viability % compared to control. Data analysed by two-way ANOVA with Tukey 
post hoc test. Data represented as mean±SEM, *p < 0.05, **p < 0.01, ****p < 0.0001. 
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7.12 Cell viability of NFD, HFD and GbE treatments  

 
To identify the viability and apoptosis rate of PC12 cell treatments with NFD and HFD FA mixes, in 

isolation or combined with GbE treatment, Annexin V-7AAD cell apoptosis assays were conducted as 

described in section 2.22. All cell samples were treated for 24 hours with either 100µM of NFD or 

HFD FA mix, GbE treatments at GbE-50µg/ml (GbE50) and GbE-100µg/ml (GbE100), or a combination 

of NFD or HFD with GbE. n=18 collected from a minimum of 3 passages. Data is graphically depicted 

in Figure 32.A. 

 

Healthy cells 

Illustrated in Figure 32.B, differentiated PC12 (PC12-Diff) cells had 7% less healthy cells, compared to 

undifferentiated cells (PC12-Undiff vs. PC12-Diff; 79.71% vs 72.65%, p=0.01). No significant 

difference was seen between PC12-Diff cells and vehicle only treated cells (PC12-Diff vs. Vehicle 

72.65% vs 69.69%, p=0.89). Compared to PC12-Diff cells (72.65%) while not significant different, 

viability decreased by 5% in cells treated with either NFD 100µM (NFD, 67.36, p=0.16) and 2% in HFD 

100µM (HFD, 70.7, p=0.99). Similarly, compared to PC12-Diff cells, no significant differences in 

viability were seen in cells treated with either GbE 50µg/ml (GbE50, 73.81%, p>0.99) or GbE 100µg/ml 

(GbE100, 75.61%, p>0.89). When cells were treated with NFD + GbE50, viability reduced by 6.6% to 

66% (p=0.03) compared to PC12-Diff cells, with a similar 6.5% decrease seen in HFD + GbE50 (66.2%, 

p=0.06) while no significant changes were seen in cells treated with either NFD + GbE100 (70.67%, 

p=0.99) or HFD + GbE100 (70.98%, p=>0.99) compared to PC12-Diff baseline. A further decrease of 

approximately 7.7% and 7.8%, respectively, was also seen in cells treated with a combination of NFD 

+ GbE50 (p=0.01) and HFD + GbE50 (p=0.02) compared to just GbE50 treated cells. Interestingly, the 

decrease in viability seen in NFD treated cells was ameliorated when cells were additionally treated 

with GbE100 (NFD + GbE100; 70.67% viable, p=0.99), while no changes were seen in with HFD + 

GbE100 treatment (70.98%, p>0.99) compared to non-treated PC12-Diff cells.  
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Early Apoptosis 

Illustrated in Figure 32.C, 16.3% more PC12-Diff cells were identified in early apoptosis compared to 

PC12-undiff cells (PC12-Undiff vs. PC12-Diff, 5.7% Vs 21.99%, p<0.0001) Treatment with vehicle alone 

resulted in 4% less cells in early apoptosis (17.93%, p=0.05) compared to PC12-Diff cells alone. While 

no differences in early-apoptosis were seen in GbE50 treatment (18.44%, p=0.24) compared to PC12-

Diff (21.99%), a 6% decrease in early apoptosis was seen in GbE100 treatment (15.95%, p=0.0001). 

While no changes in NFD (21.63%) were seen compared to PC12-Diff, cells treated with both 

NFD+GbE100 had a 4.75% decrease in early apoptosis (17.24%, p=0.01) while NFD+GbE50 only 

resulted in a partial decrease of 3.5% (18.44%, p=0.24). No differences in early apoptosis were seen 

in cells treated with HFD (19.7%, p=0.77), HFD + GbE50 (21.2%, p>0.99) or HFD + GbE100 (20.32%, 

p=0.96). Treatment with HFD + GbE100 increased early apoptosis by 4.4% compared to GbE100 

treatment alone (p=0.02). Similarly, NFD+GbE100 treatment increased early apoptosis by 4.4% 

compared to NFD treatment alone (p=0.02). while treatment with NFD + GbE100 (22.5%) resulted in 

5.3% less cells in early apoptosis compared to NFD + GbE50 (17.24%) treatment (p=0.003). 

 

Late Apoptosis 

Illustrated in Figure 32.D, 6.3% less PC12-Diff cells were identified in late apoptosis compared to 

PC12-undiff cells (PC12-Undiff vs. PC12-Diff, 10.23% Vs 3.9%, p<0.0001). No differences were seen 

between vehicle alone compared other treatments, although vehicle treated cells experienced a 

5.1% increase in late apoptosis (9%, p=0.001) compared to PC12-Diff alone. This might suggest that 

the increased percentages in late apoptotic cells in most treatment groups compared to PC12-Diff 

alone may be a consequence of the vehicle. Both GbE50 and GbE100 treatment appeared to partially 

ameliorate the effect of the vehicle as no statistical difference was seen between GbE50 (6.6%, 

p=0.59) and GbE100 (7.4%, p=0.13) compared to PC12-Diff cells, with levels between both GbE50 and 

GbE100 being statistically similar (p>0.99). Both NFD or HFD treatment had a similar late apoptotic 

cell percentage of 9% and 7.4% respectively (p=0.95), with levels like that of the vehicle alone 

treatment (NFD, p>0.99; HFD, p=0.94) although NFD levels were statistically increased compared to 

PC12-Diff (p=0.002) but not in the HFD group (p=0.14). Similarly, NFD + GbE50 (10.8%, p<0.0001) and 

NFD + GbE100 (9%, p=0.002) treatments showed higher amounts of cells in late apoptosis compared 

to PC-Diff cells. Interestingly, while the combined treatment of HFD + GbE100 resulted in 7.2% of late 

apoptosis cells, it did not significantly increase late apoptosis compared to PC12-Diff (p=0.19), HFD 

treatment alone (>0.99), or GbE100 treatment alone (p>0.99). HFD + GbE50 treatment however 
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resulted in 11.7% of cells in late apoptosis significantly higher than that of PC12-Diff cells (p<0.0001), 

HFD treatment (p=0.03) GbE50 treatment (p=0.01), and HFD + GbE100 (p=0.02). 

 

Dead  

Illustrated in Figure 32.E, PC12-Diff cells had 2.9% less dead cells compared to PC12-undifferentated 

cells (PC12-Undiff vs. PC12-Diff, 4.4% Vs 1.45%, p<0.0001). An increase of 1.9% in dead cells was seen 

in vehicle alone treated cells (3.3%) compared to PC12-Diff cells (p=0.0002). Compared to vehicle 

treatment, both GbE50 and GbE100 treatments ameliorated the effect of vehicle on cells (GbE50, 

1.1%, p<0.0001; GbE, 1.06%, p<0.0001) and with the levels of dead cells for both GbE treatments 

comparable to that of PC12-Diff cells (GbE50, 1.1%, p=>0.99; GbE100, 0.4%, p=>0.99). Similarly, NFD 

and HFD treatments were also like that of PC12-Diff cells (NFD, 2.02%, p=0.94; HFD, 2.2%, p=0.67). 

NFD +GbE100 treatment increased the level of dead cells by 1.7% compared to PC12-Diff cells (NFD 

+GbE100, 3.1%, p=0.002) and was similar to that of vehicle treatment alone (p>0.99), while NFD 

+GbE50 (1.1%), HFD + GbE50 (0.92%) and HFD + GbE100 (1.5%) treatment levels remained similar to 

that of PC12-Diff cells, and significantly less than that of vehicle alone (NFD, p=.0.05, HFD, p=0.18, 

NFD + GbE50, p<0.0001; HFD + GbE50, p=<0.0001; HFD + GbE100, p=0.0004). The combination of 

NFD+GbE100 also resulted in significantly more dead cells than just GbE100 treatment (GbE100, 

1.06%; NFD+GbE100, 3.1%, p<0.0001) which was not seen in HFD+GbE100 treatment (1.5%, p>0.99). 

NFD + GbE100 produced significantly more dead cells than NFD + GbE50 (1.1%, p=0.0001) and HFD + 

GbE100 (1.5%, p=0.003).  
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Figure 32. Annexin-V/7-AAD FACS analysis of PC12 cells. Undifferentiated (PC12 Undiff) and differentiated (PC12 diff) cells 
treated for 24 hours with either vehicle control (0.85% saline), Ginkgo biloba (GbE) (50 and 100ug/ml), normal fat diet 
fatty acid mix (NFD) or high fat diet fatty acid mix (HFD) (100uM) or various combinations. A). Representative Red/Blue 
(FL3) vs Red/Red (FL4) bivariate analysis after 24 hrs of treatment. Bar charts display sample percentage (%) identified as 
B). Healthy cells C). Early apoptosis D). Late apoptosis E). Dead. Data analysed by one-way ANOVA with Tukey post hoc 
test. Significance identified as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs non-treated differentiated PC12 cells; 

£= Vs Vehicle; $ = Vs GbE 50ug; + = Vs GbE 100ug; ^ = Vs HFD 100µM; & = Vs HFD + GbE 50µg; # = Vs NFD + GbE 100µg; • 
= Vs NFD + GbE 50µg 
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7.13 Cell viability of NFD, HFD and GbE treatments in H202 neuronal injury 

To identify any protective effect of the pre-treatment of PC12 cell treatments with NFD and HFD FA 

mixes, in isolation or combined with GbE treatment, on cellular toxicity caused by 400µM H202 for 24 

hours, Annexin V-7AAD Cell apoptosis assays were conducted as described in section 2.22. All cell 

samples were treated for 24 hours with either 100µM of NFD or HFD FA mix, GbE treatments at GbE-

50µg/ml (GbE50) and GbE-100µg/ml (GbE100), or a combination of NFD or HFD with GbE, followed 

by a wash and media change with 24 hr treatment with 400µM H202. n=18 collected from a minimum 

of 3 passages. Representative dot plots are shown in Figure 33.A. 

 

Healthy 

As illustrated in Figure 33.B, treatment with H202-vehicle alone (H20) had no effect on healthy cell 

levels (p=0.99). Treatment with 400µM H202 decreased the levels of PC12-Diff healthy cells by 17.4% 

from 74% down to 56.6% (p<0.0001). All pre-treatments ameliorated the effect of 400µM H202, 

including vehicle control (63%, p=0.02) but to a lesser degree than other treatments including GbE50 

(82%, p>0.0001), GbE100 (74.9%, p>0.0001), NFD (75%, p>0.0001), NFD+GbE50 (82.2%, p>0.0001), 

NFD+GbE100 (74%, p>0.0001), HFD (75.9%, p>0.0001), HFD GbE50 (80%, p>0.0001) and HFD + 

GbE100 (76.8%, p>0.0001). In contrast to GbE50 and HFD+GbE50 treatment which provided the most 

protection, NFD + GbE50 (67.3%) provided less protection against the effects of H202 treatment 

compared to GbE50 alone (82.2%, p>0.0001) or NFD + GbE100 (74%, p=0.0005) but not significantly 

less than NFD alone (75%, p=0.32). 

Early Apoptosis 

As illustrated in Figure 33.C, following 400µM H202 treatment, 18.7% of non-pre-treated PC-Diff cells 

were in early apoptosis compared to cells treated with 0.85% saline (Vehicle; 13.1%; p=<0.0001). In 

contrast, cells pre-treated with 0.85% saline following by H202 experienced 21.4% of cells in early 

apoptosis (p=0.0001). Levels of cells in early apoptosis were comparable between non-pre-treated 

and vehicle-pre-treated cells treated with by H202 (p=0.99). Cells pre-treated with GbE50 ameliorated 

the effects of H202 treatment on early apoptosis compared to non-pre-treated PC12-Diff cells (18.7%, 

p=<0.0001), vehicle pre-treatment (21.36%, p<0.0001) and GbE100 (18.5%, p=0.01) or NFD+GbE50 

(21.2%, p=0.001). A similar amelioration of effects caused by H202 treatment was seen with 

HFD+GbE50 pre-treatment (12.9%, p=0.0001) which reduced cells in early apoptosis by 7.3% 

compared to H202 treatment alone and NFD + GbE50 (12.9%, p=0.003), with both GbE50 and HFD + 

GbE50 having a similar reducing effect to each other (p=0.99). 
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Late Apoptosis 

As illustrated in Figure 33.D, cells treated with 400µM H202 resulted in 15.9% more cells in late 

apoptosis (20.1%) than no treatment (5.6%, p<0.0001). All 24 hour pre-treated cell showed a reduced 

percentage of late apoptosis cells compared to H202  treatment alone including vehicle (6.9%, 

p<0.0001), GbE50 (3.8%, p<0.0001), GbE100 (5.4%, p<0.0001), NFD (5.6%, p<0.0001), NFD + GbE50 

(8.9%, p<0.0001), NFD + GbE100 (6.1%, p<0.0001), HFD (5.4%, p<0.0001), HFD + GbE50 (4%, 

p<0.0001), HFD + GbE100 (4.2%, p<0.0001). Except for NFD + GbE50 (p=0.53), all pre-treatments 

significantly reduced the number of cells in late apoptosis further following H202 treatment compared 

to vehicle pre-treatment alone (p<0.0001).  

Dead 

As illustrated in Figure 33.E, H202 treatment resulted in 1.4% more cell death (3.1%) than no 

treatment (1.7%, p<0.03). Following H202 treatment in pre-treated cells, less cell death was 

experienced compared to H202 treatment alone in the following groups: GbE100 (1.2%, p=0.01), NFD 

(0.91%, p=0.001), NFD + GbE100 (0.95, p=0.0004), HFD (1.3%, p=0.02), HFD + GbE50 (0.69%, p=0.001) 

and HFD + GbE100 (0.63%, p<0.0001). Cells pre-treated with vehicle (0.85% saline) followed by H202 

vehicle (H202) experienced 3.7% more cell death than H202 treatment alone (3.1%, p<0.0001).  

Overall, supplementation with the NFD-FA mixture led to a decrease in healthy cells, and increase in 

apoptosis, with the effects enhanced by additional supplementation of GbE50, and ameliorated with 

GbE100 supplementation. Less cells experienced early and late apoptosis and cell death with HFD 

treatments then that of NFD, respectively. This is an interesting finding considering that the HFD 

treatment contains more SFA. Alternatively, as the HFD mix contained more MUFA and less n-6 PUFA, 

this may have had some ameliorating properties around n-6 pro-inflammatory responses in the cell. 

To investigate this possibility further, lipid profiles following H202 treatment could be explored. 

Following up in these Annexin-V/7-AAD FACS analysis results which indicates a shift in 

phosphatidylserine orientation in the lipid membrane, the effect on NFD, HFD and GbE treatments 

on Akt (protein kinase B) was evaluated. Akt is also involved in the regulation of apoptosis and OS 

resistance.  
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Figure 33. Annexin-V/7-AAD FACS analysis of PC12 cells treated with 400µM H202 for 24 hours. Differentiated (PC12-Diff) 
cells were pre-treated for 24 hours with vehicle (0.85% saline), Ginkgo biloba (GbE) (50 and 100ug/ml), normal fat diet 
fatty acid mix (NFD) or high fat diet fatty acid mix (HFD) (100uM) and combinations. A). Representative Red/Blue (FL3) Vs 
Red/Red (FL4) bivariate analysis of 24 hr treatment with 400µM H202. Bar charts display sample percentage (%) identified 
as B). Healthy cells C). Early apoptosis D). Late apoptosis E). Dead. Data analysed by one-way ANOVA with Tukey post hoc 
test. Significance identified as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs non-treated differentiated PC12 cells; 

£= Vs Vehicle; $ = Vs GbE 50ug; + = Vs GbE 100ug; • = Vs NFD + GbE 50µg 
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7.14 NFD, HFD and GbE treatments and Akt activation 

Phosphoinositides derived from the phospholipid PI are membrane phospholipids modulated by PI 

kinases and PI phosphatases (Sasaki et al., 2009). Phosphoinositides function as both secondary 

messengers in signalling pathways and as docking lipids for the regulation of cellular homeostasis 

including cellular transport, metabolism, growth and cell death (Tariq and Luikart, 2021; Phan et al., 

2019). Within the nervous system, phosphatidylinositol 4,5-bisphosphate (PIP2), and 

phosphatidylinositol 3,4,5-trisphosphate (PIP3), generated from the membrane-bound phospholipid 

phosphatidylinositol (PI) and are predominantly found in the inner cytoplasmic leaflet of plasma 

membrane (di Paolo and de Camilli, 2006). Both PIP2 and PIP3 are involved in neuronal 

morphogenesis, synaptic plasticity and signal transduction. PIP3 is generated from PIP2 by 

phosphatidylinositol 3-kinase (PI3-K) induced phosphorylation at position 3 hydroxyl residue. 

Phosphatidylinositol 3-kinase (PI3-K) activation is stimulated by growth factors including insulin-like 

growth factor (IGF) and NGF (Tariq and Luikart, 2021). The activation of PIP3 by PI3-K recruits Akt 

(protein kinase B) and phosphoinositide-dependent protein kinase (PDK), both pleckstrin 

homology (PH) domain containing proteins, to the plasma membrane (Risso et al., 2015). PDK 

localizes to cholesterol-rich membrane rafts (Gao et al., 2011) and phosphorylates Akt at threonine-

308 (p-Akt(T308)) which stabilizes and initially causes renders Akt active (Kim and Chung, 2002). p-

Akt(T308) is subsequently phosphorylated at serine-473 by mammalian target of rapamycin complex 

2 (mTORC2) to maximal activation (Sarbassov et al., 2005). mTORC2 is associated with the control of 

cell survival (Laplante and Sabatini, 2012). 

Akt activation is a positive regulator of PC12 cell differentiation (Kim et al., 2004). It has been 

reported that phosphorylated Akt is localized at the tips of growth cones in NGF-treated PC12 cells 

(Higuchi et al., 2003) with active Akt associated with increased axon calibre and branching (Markus, 

Zhong and Snider, 2002). Akt regulates cell growth through inhibitory GSK3 phosphorylation 

(Hermida, Dinesh Kumar and Leslie, 2017). Akt also indirectly activates mTORC1 through the 

inhibitory phosphorylation of TSC. mTORC1 is involved in cell growth, metabolism and cellular stress 

responses, including dendritic protein synthesis, neuronal cellular growth, synaptic plasticity 

(McCabe et al., 2020; Takei and Nawa, 2014; Hoeffer and Klann, 2010; Jaworski and Sheng, 2006). 

mTORC1 is also associated with regulating lipid synthesis, storage, release and metabolism through 

sterol responsive element binding protein (SRBEP) (Ricoult and Manning, 2013). 

Akt is also involved in the regulation of apoptosis, OS resistance through the targeting of transcription 

factors of forkhead box class O (FOXO) family. FOXO activity has been associated with aged-related 



307 
 

diseases including T2DM, AD and PD that can lead to axonal degeneration (Du and Zheng, 2021; 

Maiese, 2015; Zhan et al., 2010). H2O2, a ROS and by-product of cellular metabolism and is regulated 

by cellular antioxidant defence mechanisms. An imbalance in ROS regulation leads to oxidative stress. 

Exogenous H2O2 is commonly used for neuronal oxidative-stress preconditioning (Lee, He and Liou, 

2021; Chadwick et al., 2010; Wang and Michaelis, 2010). H2O2, activates phosphatidylinositol-3 

kinase (PI3K) and its downstream target Akt, and may promote cell survival or apoptosis (Kim et al., 

2011).  

To begin with, we looked that baseline levels of Akt activation in differentiated PC12 cells compared 

to non-differentiated cells. Shown in Figure 34 the activation of Akt, shown as the ratio between 

phosphorylated Akt (serine 473) and total Akt is 4.2 times higher in differentiated PC12 cells (NGF) 

that have been treated with NGF for 7 days compared to undifferentiated cells (RPMI) (p<0.0001) 

that received no NGF treatment. This is in keeping with previous reports that NGF stimulates Akt 

activation through the NGF-mediation of PI3-K on PIP3, an upstream regulator of Akt (Tariq and 

Luikart, 2021; Phan et al., 2019; Risso et al., 2015; Gao et al., 2011; Sasaki et al., 2009; di Paolo and 

de Camilli, 2006; Sarbassov et al., 2005; Kim and Chung, 2002). 

In differentiated PC12 cells, Akt activation (p-Akt(S473)/Akt total) was measured following 24 hours 

of GbE (100 µg), NFD (100µM), GbE+NFD, HFD (100µM) and GbE+HFD pre-treatments (Figure 35)  as 

well as pre-treated cells treated with 400 µM H202 for 24 hours and (Figure 36). As shown in Figure 

35, no significant changes in Akt activation were seen after 24 hours between non-treated cells (NGF 

CTRL) and vehicle control (p=0.99), GbE (p=0.49), NFD (p=0.6) or GbE+NFD (p=0.99) groups. 

Treatment with HFD however shown in Figure 36, resulted in a significant increase of 118% 

(p=0.0001) in p-Akt(S473)/Akt total ratio levels compared to no treatment (NGF-CTRL) which was 

partially ameliorated when combined with 100µg of GbE (HFD+GbE100) which showed a lesser, but 

still significant 55% increase (p=0.0001) in p-Akt levels compared to CTRL.  

After 24 hours of pre-treatment containing media was replaced with fresh media followed by 400 

µM H202 for an additional 24 hours. Akt activation significantly decreased by 33% in differentiated 

PC12 cells following 24 hours of treatment with H202 (NGF+ H202, p<0.0008) compared to no H202 

treatment (NGF-CTRL). Decreases in Akt activation after H202 treatment was also seen in the vehicle 

control group which decreased by 24% (Vehicle+ H202, p=0.018), GbE pre-treatment which decreased 

by 28% (GbE100 + H202, p=0.0004), NFD pre-treatment which decreased by 32% (NFD+ H202, 

p<0.0005), and GbE+NFD which decreased by 34% (GbE+ H202, p=0.0004). Interestingly, p-

Akt(S473)/Akt total ratio levels decreased in the HFD+H202 to 77%, comparable to levels seen in the 
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no-treatment group (NGF-CTRL, p=0.37), which equates to a 141% decrease between HFD treatment 

alone, and HFD+H202 (p<0.0001). While HFD+GbE100 p-Akt(S473)/Akt total ratio levels were higher 

than no-treatment, following H202 treatment (HFD+GbE100+ H202) the ratio levels decreased to 55% 

of levels seen in no-treatment, which equated to a 100% (p<0.0001) decreased between pre-

treatment (HFD+GbE100) and post treatment (HFD+GbE100+ H202). No significant differences were 

seen between p-Akt/Akt-total ratio levels between any of the H202 treated groups. 

GbE is known to increase the phosphorylation of phosphorylated IGF1R, Akt (Ser473), mTOR, PTEN 

and GSK3β (Tan, 2020, Lejri, 2019). GbE has also been shown to inhibit H2O2-induced cell apoptosis 

in SH-SY5Y cells via inactivation of AKT, JNK, and caspase-3 (Shi et al., 2009). GbE has also been shown 

to enhance hippocampal neurogenesis by restoring impaired phosphorylation of the transcription 

factor CREB and BDNF expression in β-amyloid-expressing neuroblastoma cells in a transgenic mouse 

model of AD (Xu et al., 2007). CREB is phosphorylated by Akt, and in turn increases expression of 

BDNF (Esvald et al., 2020; Dong et al., 2018). One issue with the utilisation of exogenously produced 

H2O2 in vitro is the need to use one high micromolar concentration to produce OS and cellular damage 

which may not directly reflect endogenous low micromolar concentration produced continuously 

from metabolic processes. Ransy and colleagues demonstrated in Chinese hamster ovary (CHO) cells 

convert exogenous H2O2 into O2 within a few minutes (Ransy et al., 2020). The data here, which were 

collected after 24 hours, may have missed the initial effects of NFD, HFD and GbE treatments on Akt 

activity. What is interesting however, is that in the HFD treated groups, Akt activation remains 

elevated beyond that of the control group, despite being taken after 24 hours of treatment. As 

discussed in Section 1.17 a complication of obesity includes disturbed IR signalling. This has also been 

positively correlated with T2DM, hyperglycaemia and decreased cognition in an ageing population 

(Cunnane et al., 2011) and with the pathogenesis of AD (Baker et al., 2011; Matsuzaki et al., 2010; 

Okereke et al., 2008). IR appears to contribute to abnormal brain glucose metabolism, with 

upregulation of insulin receptors in AD (Frölich et al., 1998; Hoyer, 1992). Microvascular 

complications of hyperglycaemia include low perfusion rates and increased vascular permeability 

attributed to abnormal proliferation of endothelial cells which can affect the BBB (Prasad et al., 

2014). These disturbances can also lead to an overproduction of mitochondrial superoxide and 

exaggerated activation of intracellular signalling cascades, including PI3-K and Akt (Huang et al., 

2018). This can also be accompanied with lipid peroxidation and increased formation of AGEs (Dias 

and Griffiths, 2014). 
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Future work on this would include investigating the effects of NFD, HFD and GbE treatments time-

response experiments over 24 hours. Similarly, exposure of cells to more continuous sources of OS 

may also provide more information on overall Akt activity within the cell. Treating cells with β-

amyloid to mimic AD could also be investigated in relation to the NFD, HFD and GbE treatments used 

here. Lipid peroxidation could also be investigated. 
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Figure 34. Effect of NGF treatment on expression of phosphorylated-Akt (Ser473) and Akt-Total in PC12 cells. 
A). Western blot detection of p-Akt(S473) and Akt (Total) in undifferentiated (RPMI) and NGF-differentiated 
(NGF, 25ng/ml for 7 days) PC12 cells. B). Semi-quantitative results of the p-Akt(S473)/Akt (Total) protein level 
ratio between undifferentiated and differentiated PC12 cells. Data are represented as mean±SEM (N=10) and 
analysed by two-tailed students t-test C). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 35. Effect of normal fat diet (NFD) fatty acid supplementation and standardised Ginkgo biloba (GbE) 
treatment on expression of phosphorylated-Akt (Ser473) and Akt-Total. A). Western blot detection of p-Akt 
(S473) and Akt (Total) in undifferentiated (RPMI) and NGF-differentiated (NGF, 25ng/ml for 7 days) PC12 cells, 
and differentiated PC12 cells pre-treated for 24 hours with vehicle (0.85% saline), GbE (100ug/ml) and/or 
normal fat diet fatty acid mix (NFD, 100uM) and subsequently treated for 24 hours with 400µM H202. B). Semi-
quantitative results of the p-Akt(S473)/Akt (Total) protein level ratio for differentiated PC12 cells with pre-
treatments and H202 exposure. Data are represented as mean±SEM (N=5). Data analysed by one-way ANOVA 
with Tukey Post Hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs non-treated differentiated 
PC12 cells (NGF-CTRL). 
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Figure 36. Effect of high fat diet (HFD) fatty acid supplementation and standardised Ginkgo biloba (GbE) 
treatment on expression of phosphorylated-Akt (Ser473) and Akt-Total. A). Western blot detection of p-Akt 
(S473) and Akt (Total) in undifferentiated (RPMI) and NGF-differentiated (NGF, 25ng/ml for 7 days) PC12 cells, 
and differentiated PC12 cells pre-treated for 24 hours with vehicle (0.85% saline), GbE (100ug/ml) and/or HFD 
fatty acid mix (HFD, 100uM) and subsequently treated for 24 hours with 400µM H202. B). Semi-quantitative 
results of the p-Akt(S473)/Akt (Total) protein level ratio for differentiated PC12 cells with pre-treatments and 
H202 exposure. Data are represented as mean±SEM (N=2). Data analysed by one-way ANOVA with Tukey Post 
Hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs non-treated differentiated PC12 cells (NGF-
CTRL). 
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7.15 NFD, HFD and GbE treatments and Nrf2 protein expression 

 
Other downstream metabolic switches have all been recently implicated in AD, including the mTOR, 

GSK3 and the antioxidant Nrf2 and the predominantly pro-inflammatory molecule NF-kβ  (Ahmed et 

al., 2017; Mazzanti and Di Giacomo, 2016; Shen et al., 2016; Csiszár et al., 2015). Nrf2 modulates 

cellular responses to OS, with levels moderated by the intensity of OS experienced. Nrf2 is activated 

by OS, allowing its translocation to the nucleus where it facilitates the transcription of antioxidant 

and Phase 2 detoxifying enzymes that combat OS (Villeneuve, Lau and Zhang, 2010). Nrf2 is a major 

regulator in cellular and organismal defence by regulating stress-inducible activation of multiple 

cytoprotective genes (Liu, Locascio and Doré, 2019; Cuadrado et al., 2018; Yamamoto, Kensler and 

Motohashi, 2018; Ma, 2013). Nrf2 is involved in regulating the transcription of detoxifying and 

antioxidant enzymes that counteract OS, and binds to the ARE region of DNA, a binding region it 

competes against the pro-inflammatory NF-κB molecule for.  

Nrf2 may be upregulated by multiple polyphenols and has been shown to reduce activity of pro-

inflammatory NF-κB which is regulated by the Akt signalling pathways (Wagner, Terschluesen and 

Rimbach, 2013). Research has shown that both resveratrol and GbE are both capable of upregulating 

the expression of Nrf2 (Liu, Locascio and Doré, 2019; Hsu et al., 2009; Liu et al., 2007; Yao et al., 2007; 

Andreadi et al., 2006; Ishunina, Kamphorst and Swaab, 2004). GbE specifically has been shown to 

activate the Nrf2-Keap1-ARE antioxidant cell defence signalling pathway (Singh et al., 2019; Ahmed 

et al., 2017; Huang et al., 2013; Serrano-García et al., 2013; Hsu et al., 2009; Liu et al., 2007; Andreadi 

et al., 2006; Ishunina, Kamphorst and Swaab, 2004). Resveratrol, a structurally similar compound to 

numerous chemicals found in GbE, has similarly shown to restore Nrf2 levels in the brain (Kumar et 

al., 2011). Resveratrol has also been shown to attenuate cytotoxicity from Aβ1-42 by upregulating 

Heme Oxygenase-1 via the PI3K/Akt/Nrf2 Pathway (Hui et al., 2018). 

To build on the previous findings Nrf2 protein expression was investigated in NFD, HFD and GbE 

treatments. To begin with, a baseline of Nrf2 levels between undifferentiated and differentiated 

PC12 cells was investigated. As shown in Figure 37.A and Figure 37.B, following PC12 differentiation 

for 7 days with NGF, Nrf2 protein expression increased  3.7 fold (p<0.0001). In differentiated PC12 

cells, Nrf2 expression was compared against non-treated differentiated cells (RPMI) and after 24 

hours of treatment with GbE (100 µg), NFD (100µM) and GbE+NFD pre-treatments (Figure 37.C) as 

well as pre-treated cells additionally treated with 400 µM H202 for 24 hours. As shown in Figure 37.C, 

no significant change in Nrf2 expression was seen after 24 hrs of treatment between the non-treated 
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cells (NGF CTRL), vehicle control (p>0.99), GbE (p >0.99), NFD (p >0.99) and GbE+NFD (p>0.99) treated 

groups. Significant decrease of 69.5% in Nrf2 protein expression was seen in differentiated PC12 cells 

following 400 µM H202 treatment for 24 hours (NGF+H202, p=0.009) compared to no treatment (NGF-

CTRL). This decrease was similarly observed in the 66% decrease in vehicle control+H202 (p<0.0001), 

and the 66% decrease in GbE+H202 (p<0.0001) (Figure 37.C). In cells treated with a NFD and HFD 

compared to non-treated cells (NGF-CTRL) a decrease of 64% was seen in the HFD+H202 (p<0.0001, 

(Figure 38.C) while GbE+NFD+H202 (p<0.0001, (Figure 37.C) decreased by 56%. NFD treatment 

showed partial amelioration of the affects H202 on Nrf2 protein expression with a lesser decrease of 

39% (NFD+H202, p=0.03) and 38% (GbE+NFD+H202, p=0.04) respectively (Figure 37.C), compared to 

non-treated control cells. This resulted in a significant difference between Nrf2 levels between non-

pre-treated PC12 cells following H202 treatment and that of both NFD+H202 (p=0.005) and 

GbE+NFD+H202 (p=0.004) treated groups (Figure 37.C). 

Like that discussed regarding Akt activation, as this data was collected from cells after 24 hours of 

treatment, future work on Nrf2 could include investigating the effects of NFD, HFD and GbE 

treatments time-response experiments over 24 hours. Subtle changes in Nrf2 levels may be more 

apparent closer to the initial treatment time. Phosphorylated levels of Nrf2 could also be explored, 

to show its effect of treatments on activation. Similarly, exposure of cells to more continuous sources 

of OS may also provide more information on overall Nrf2 activity within the cell and the effects of 

NFD, HFD and GbE treatments. The effect of β-amyloid on Nrf2 activity could also be investigated in 

relation to the NFD, HFD and GbE treatments.  
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Figure 37. Effect of normal fat diet (NFD) fatty acid supplementation and standardised Ginkgo biloba (GbE) 
treatment on expression of NF-E2-related factor 2 (Nrf2). A). Western blot detection of Nrf2 in undifferentiated 
(RPMI) and NGF-differentiated (NGF, 25ng/ml) PC12 cells, and differentiated PC12 cells pre-treated for 24 hours 
with vehicle (0.85% saline), GbE (100ug/ml) and/or normal fat diet fatty acid mix (NFD, 100uM) and 
subsequently treated for 24 hours with 400µM H202. B). Semi-quantitative results of Nrf2 protein levels between 
undifferentiated and differentiated PC12 cells. C). Semi-quantitative results of Nrf2 protein levels for 
differentiated PC12 cells with pre-treatments and H202 exposure. Data are represented as mean±SEM from six 
experiments. Data analysed by One-way ANOVA with Tukey Post Hoc test. ****P < 0.0001 vs control group 
(NGF-CTRL). 
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Figure 38. Effect of high fat diet (HFD) fatty acid supplementation and standardised Ginkgo biloba (GbE) 
treatment on expression of NF-E2-related factor 2 (Nrf2). A). Western blot detection of Nrf2 in undifferentiated 
(RPMI) and NGF-differentiated (NGF, 25ng/ml) PC12 cells, and differentiated PC12 cells pre-treated for 24 
hours with vehicle (0.85% saline), GbE (100ug/ml) and/or high fat diet fatty acid mix (HFD, 100uM) and 
subsequently treated for 24 hours with 400µM H202. B). Semi-quantitative results of Nrf2 protein levels 
between undifferentiated and differentiated PC12 cells. C). Semi-quantitative results of Nrf2 protein levels for 
differentiated PC12 cells with pre-treatments and H202 exposure. Data are represented as mean±SEM from six 
experiments. Data analysed by One-way ANOVA with Tukey Post Hoc test. ****P < 0.0001 vs control group 
(NGF-CTRL). 
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7.16 Effect of NFD, HFD and GbE treatment on neurofilament levels  

 
Fatty acid-binding proteins (FABPs) reversibly bind FAs and facilitate their transport intracellularly to 

compartments such as the nucleus, mitochondria, peroxisomes, and the ER. Epidermal FABP (E-

FABP/FABP5) is expressed in embryonic stages and stem cell differentiation into motor neurons 

(Falomir-Lockhart et al., 2019; Liu et al., 2010) and facilitates PPL synthesis by transporting LCFA 

(Falomir-Lockhart et al., 2019). E-FABP also facilitates differentiation and neuronal survival after 

injury (Wang et al., 2021; Figueroa et al., 2016; Yu et al., 2012) through FA transport and its high 

affinity to retinoic acid that activates PPARβ/δ (Falomir-Lockhart et al., 2019; Senga et al., 2018; Yu 

et al., 2012; Schug et al., 2007). Liu and colleagues (2008) reported that Epidermal FABP (E-

FABP/FABP5), controlled by mitogen-activated protein kinase kinase (MEK), is highly expressed in 

NGF-treated differentiating P12 cells. They found that cells treated with DHA, EPA and AA exhibited 

increased neurite length, but not increased E-FABP mRNA levels (Liu et al., 2008). This may somewhat 

explain the increase in NF-L in both NFD and HFD treated cells compared to control cells as shown in 

Figure 39 and Figure 40. 

A single treatment of 400µM hydrogen peroxide did not significantly decrease neurofilament levels 

compared to controls. As previously mentioned, neurofilaments such as NF-L, are used as biomarkers 

in diseases involved in cognitive decline including ALS, AD, frontotemporal dementia and 

Huntington’s disease, with increased levels associated with severity of disease (Lee et al., 2022; 

Behzadi et al., 2021; Ingannato et al., 2021; Moscoso et al., 2021; Verde, Otto and Silani, 2021; 

Benedet et al., 2020; Forgrave et al., 2019; Gille et al., 2019; Kern et al., 2019; Gaiani et al., 2017; 

Deng et al., 2009). For future experiments, longer more consistent exposure to hydrogen peroxide, 

consistent with in vivo low-grade inflammation could be explored in a time-dependent manner to 

further evaluate the effect of NFD, HFD and GbE treatments on neurofilament levels during times of 

oxidative stress.  
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 Figure 39. Effect of normal fat diet (NFD) fatty acid supplementation and standardised Ginkgo biloba (GbE) 

treatment on expression of neurofilament-L (NF-L) and neurofilament-M (NF-M). A). Western blot detection 
of Nrf2 in undifferentiated (RPMI) and NGF-differentiated (NGF, 25ng/ml) PC12 cells, and differentiated 
PC12 cells pre-treated for 24 hours with vehicle (0.85% saline), GbE (100ug/ml) and/or normal fat diet fatty 
acid mix (NFD, 100uM) and subsequently treated for 24 hours with 400µM H202. B). Semi-quantitative 
results of NF-L and NF-M protein levels between undifferentiated and differentiated PC12 cells. C). Semi-
quantitative results of NF-L and NF-M protein levels for differentiated PC12 cells with pre-treatments and 
H202 exposure. Data are represented as mean±SEM from six experiments. Data analysed by One-way 
ANOVA with Tukey Post Hoc test, **p < 0.01, vs non-treated differentiated PC12 cells (NGF-CTRL). 
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 Figure 40. Effect of high fat diet (NFD) fatty acid supplementation and standardised Ginkgo biloba (GbE) 

treatment on expression of neurofilament-L (NF-L) and neurofilament-M (NF-M). A). Western blot detection 
of NF-L and NF-M in undifferentiated (RPMI) and NGF-differentiated (NGF, 25ng/ml) PC12 cells, and 
differentiated PC12 cells pre-treated for 24 hours with vehicle (0.85% saline), GbE (100ug/ml) and/or normal 
fat diet fatty acid mix (NFD, 100uM) and subsequently treated for 24 hours with 400µM H202. B). Semi-
quantitative results of NF-L and NF-M protein levels between undifferentiated and differentiated PC12 cells. 
C). Semi-quantitative results of NF-L and NF-M protein levels for differentiated PC12 cells with pre-
treatments and H202 exposure. Data are represented as mean±SEM from six experiments. Data analysed 
by One-way ANOVA with Tukey Post Hoc test. *p < 0.05, ***p < 0.001 vs non-treated differentiated PC12 
cells (NGF-CTRL). 
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7.17 The effect of PC12 differentiation on cellular total lipid profiles 

 
PC12 cells (1 X 105) were treated for 7 days with either RPMI (15% serum/complete) media (RPMI), 

1% BSA media (BSA) or 1% BSA media with 25ng NGF (BSA+NGF) for 7 days. Following 7 days of NGF 

treatment and total cellular lipids extracted by Folch method as previously described in Chapter 2, 

methylated and the total FA profile analysed by GC-FID. Data is shown in Table 80 and Table 81. 

The data in Table 80 shows that SFA percentage levels decreased from 47.8% seen in RPMI to 39.1% 

in BSA (p=0.004 vs RPMI) but increased to 57.2% in BSA-NGF (p<0.0001 vs RPMI) treatment, largely 

due to the significant increase of C18:0 to 57% (p<0.0001) in the BSA+NGF groups compared to the 

13.1 and 13.6% seen in the RPMI and BSA groups respectively. In an opposite fashion, MUFA levels 

increased from 34.2% in RPMI samples to 43.6% in BSA samples (p=0.02 vs RPMI) but decreased to 

29.4% in BSA+NGF samples (p=0.31 vs RPMI, p=0.001 vs BSA). Of particular interest, PUFA levels 

decreased from 5.4% in RPMI cells to 13.5% in BSA (p=0.02 vs RPMI) and 9.9% in BSA+NGF (p<0.0001 

vs RPMI; p=0.02 vs BSA) (Table 80). 

While n-6 PUFA levels nearly halved from 11.4% in RPMI samples, to 6,8% in BSA (p=0.001 vs RPMI) 

and 6.6% in BSA+NGF (p=0.0001 vs RPMI) samples, this was largely due to the decreases in LA 

(C18:2n-6) in both BSA and BSA+NGF groups but also decreased AA (C20:4n-6) in the BSA+NGF group. 

Interestingly, C18:3n-3 increased from 3.1% in RPMI to 5.6% in BSA samples (p=0.003 vs RPMI), but 

not in BSA+NGF samples (2.8%, p=0.92 vs RPMI). n-3 metabolites decreased from 2.3% in RPMI to 

1.2% in BSA (p=0.002 vs RPMI) and 0.5% in BSA+NGF (p<0.0001 vs RPMI; p=0.0001 vs BSA) largely 

due to changes in DHA (C22:6n-3) which decreased from 1.8% in RPMI to 1.2% in BSA (p=0.02 vs 

RPMI) and 0.5% in BSA+NFD (p<0.0001 vs RPMI; p=0.02 vs BSA). Overall while UFA increased from 

51% in RPMI samples to 57.1% in BSA samples (p<0.12 vs RPMI), levels decreased to 39.3% in 

BSA+NGF (p=0.003 vs RPMI) (Table 80).  

This data is consistent with the work of Msika and colleagues (2012), that found when PC12 cells 

under normal proliferating conditions in 15% serum media, both ALA and LA metabolic conversion 

differs. They found that ALA conversion to EPA and DHA was much more active than that of LA to AA 

in proliferating cells. PC12 cells undergoing NGF differentiation however are unable to perform this 

conversion to higher PUFA  (Msika et al., 2012). Msika and colleagues reported that PUFA deficiency 

may occur due to a lack of fatty acids present in the media. Despite this they found that PUFA 

deficiency did not affect NGF differentiation, with neural outgrowth and morphology unaffected, 

even when additional supplementation of LA or ALA was added to the media. Furthermore, they also 
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reported that when NGF-treated cells were supplemented with ALA, the cells were unable to 

elongate and desaturate past 20-hydrocarbon-long to EPA to DHA. This was also corroborated with 

EPA and LA supplementation that also showed no further elongation/desaturation past C20 

hydrocarbon chains (Msika et al., 2012). Together this suggested a change in elongase 2 (ELOVL2) 

regulation due to NGF treatment, which has also been shown to be involved in DHA regulation in the 

peroxisome (Igarashi et al., 2008; Wang et al., 2005), while Msika and colleagues also reported 

ELOVL5 upregulation by NGF (Msika et al., 2012). 
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Table 80. PC12 fatty acid methyl esters (FAME) for RPMI complete media, 1% BSA media and 1%BSA media supplemented 
with nerve growth factor (NGF). N=8 per group. Fatty acid results are presented as area % percentage mean and standard 
error of the mean (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical 
significance was set at *p < 0.05.   

 RPMI complete 1% BSA Media 1% BSA Media + 
NGF 

RPMI 
VS BSA 

RPMI 
VS NGF 

BSA vs 
NGF  

MEAN 
% 

 
SEM MEAN 

% 

 
SEM MEAN 

% 

 
SEM 

p value p value p value 

C16:0 24.4 ± 1.0 21.3 ± 0.2 21.9 ± 1.0 0.03 0.11 0.86 

C17:0 0.2 ± <0.1 0.2 ± <0.1 0.3 ± <0.1 0.9 0.2 0.1 

C18:0 13.6 ± 0.4 13.1 ± 0.4 30.2 ± 1.3 0.89 <0.0001 <0.0001 

C20:0 0.8 ± 0.1 0.7 ± 0.2 2.0 ± 0.2 0.97 0.001 0.0003 

C22:0 0.5 ± 0.1 0.2 ± 0.1 0.8 ± 0.1 0.009 0.03 <0.0001 

∑SFA.DMA 3.8 ± 0.1 2.1 ± <0.1 2.0 ± 0.2 <0.0001 <0.0001 0.85 

∑SFA 47.8 ± 2.0 39.1 ± 0.6 57.2 ± 2.1 0.004 0.003 <0.0001 

C16:1n-7 1.0 ± 0.2 1.7 ± 0.0 0.3 ± <0.1 0.0003 0.001 <0.0001 

C18:1n7 5.6 ± 0.7 7.8 ± 0.2 2.9 ± 0.3 0.008 0.003 <0.0001 

C18:1n-9 21.6 ± 0.9 24.2 ± 0.6 16.0 ± 1.3 0.16 0.001 <0.0001 

C20:1n-9 1.0 ± <0.1 1.2 ± 0.1 2.0 ± 0.4 0.82 0.03 0.08 

C20:1n-11 1.1 ± 0.2 2.2 ± 0.5 2.3 ± 0.8 0.38 0.35 0.99 

C20:3n-9 1.8 ± 0.4 4.0 ± 0.1 1.2 ± 0.3 0.0001 0.31 <0.0001 

C24:1n-9 1.0 ± 0.1 1.6 ± <0.1 0.8 ± 0.1 0.001 0.32 0.0001 

DMA 18:1 0.5 ± 0.3 0.4 ± 0.2 3.9 ± 0.5 0.97 <0.0001 <0.0001 

DMA 18:1 Total 1.5 ± 0.4 1.9 ± 0.2 4.8 ± 0.5 0.67 <0.0001 0.0001 

C18:1 Total 27.2 ± 1.6 32.0 ± 0.7 18.9 ± 1.6 0.045 0.0009 <0.0001 

ω7 6.5 ± 0.9 9.6 ± 0.2 3.2 ± 0.3 0.004 0.002 <0.0001 

ω9 27.2 ± 1.5 33.6 ± 1.1 22.3 ± 2.0 0.02 0.09 0.0001 

∑MUFA 34.2 ± 2.7 43.6 ± 1.2 29.4 ± 2.6 0.02 0.31 0.001 

C18:2n-6 5.8 ± 0.8 1.0 ± 0.3 1.8 ± 0.1 <0.0001 0.0001 0.53 

C18:3n-6 0.1 ± 0.1 0.8 ± 0.3 1.3 ± 0.4 0.20 0.02 0.38 

C20:3n-6 1.6 ± 0.1 0.7 ± 0.1 0.7 ± 0.4 0.04 0.04 0.99 

C20:4n-6 3.6 ± 0.8 3.4 ± 0.1 1.4 ± 0.2 0.96 0.02 0.04 

C22:4n-6 0.2 ± 0.2 0.9 ± 0.1 0.8 ± 0.2 0.01 0.03 0.96 

n-6 PUFA 11.4 ± 1.1 6.8 ± 0.3 6.6 ± 0.7 0.001 0.001 0.99 

∑6 metabolites 5.6 ± 0.8 5.8 ± 0.2 4.8 ± 0.7 0.98 0.65 0.53 

C18:3n-3 3.1 ± 0.4 5.6 ± 0.5 2.8 ± 0.5 0.003 0.92 0.002 

C20:5n-3 0.2 ± <0.1 - ± - - ± -    

C22:5n-3 0.3 ± 0.1 - ± - - ± -    

C22:6n-3 1.8 ± 0.2 1.2 ± 0.2 0.5 ± 0.1 0.02 <0.0001 0.02 

n-3 PUFA 5.4 ± 0.3 6.8 ± 0.5 3.3 ± 0.5 0.08 0.01 0.0001 

∑n-3 metabolites 2.3 ± 0.3 1.2 ± 0.2 0.5 ± 0.1 0.002 <0.0001 0.11 

∑PUFA 16.8 ± 1.1 13.5 ± 0.4 9.9 ± 0.9 0.02 <0.0001 0.02 

∑UFA 51.0 ± 2.0 57.1 ± 1.1 39.3 ± 3.1 0.12 0.003 <0.0001 
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Table 81. PC12 fatty acid methyl ester (FAME) ratios for RPMI complete media, 1% BSA media and 1%BSA media 
supplemented with nerve growth factor (NGF) (N=8 per group). Results are presented as mean and standard error of the 
mean (SEM), and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance 
was set at *p < 0.05.   

 RPMI complete 1% BSA Media 1% BSA Media + 
NGF 

RPMI 
VS BSA 

RPMI 
VS NGF 

BSA vs 
NGF  

MEAN 
% 

 
SEM MEAN 

% 

 
SEM MEAN 

% 

 
SEM 

p value p value p value 

MUFA/PUFA 2.2 ± 0.3 3.3 ± 0.2 3.0 ± 0.3 0.01 0.05 0.84 

MUFA/SFA 2.9 ± 0.2 2.9 ± 0.1 6.1 ± 0.7 >0.99 <0.0001 <0.0001 

PUFA/SFA 0.4 ± <0.1 0.3 ± <0.1 0.2 ± <0.1 0.95 <0.0001 <0.0001 

UFA/SFA 1.1 ± 0.1 1.5 ± <0.1 0.7 ± 0.1 0.008 0.007 <0.0001 

C18:0/C16:0 0.6 ± <0.1 0.6 ± <0.1 1.4 ± <0.1 0.36 <0.0001 <0.0001 

C16:1n-7/C16:0 <0.1 ± <0.1 0.1 ± <0.1 <0.1 ± <0.1 0.002 0.006 <0.0001 

C18:1n-9/C16:0 0.9 ± 0.1 1.1 ± <0.1 0.8 ± 0.1 0.07 0.31 0.003 

C18:1n-9/C16:1n-7 25.3 ± 2.4 14.0 ± 0.4 54.3 ± 4.5 0.02 <0.0001 <0.0001 

C18:1n-7/C18:0 0.4 ± 0.1 0.6 ± <0.1 0.1 ± <0.1 0.02 0.0003 <0.0001 

C18:1/C18:0 2.0 ± 0.2 2.5 ± 0.1 0.6 ± 0.1 0.07 <0.0001 <0.0001 

n6/n3 2.2 ± 0.3 1.1 ± 0.1 2.6 ± 0.8 0.17 0.81 0.06 

C18:3n-6/C18:2n-6 0.1 ± <0.1 0.4 ± 0.5 0.8 ± 0.3 0.74 0.24 0.61 

C20:3n-6/C18:3n-6 2.4 ± 0.7 0.6 ± 0.3 0.3 ± 0.2 0.01 0.005 0.83 

C22:4n-6/C20:4n-6 3.8 ± 0.1 3.9 ± 0.3 2.1 ± 0.4 0.97 0.045 0.001 

1 (% monoenoics) 34.2 ± 2.7 43.6 ± 1.2 29.4 ± 2.6 0.02 0.31 0.0007 

2 (% dienoics) 11.7 ± 1.7 1.9 ± 0.5 4.7 ± 0.3 <0.0001 0.0005 0.20 

3 (% trienoics) 5.3 ± 0.3 4.5 ± 0.6 6.0 ± 2.4 0.89 0.93 0.70 

4 (% tetraenoics) 15.3 ± 3.4 17.2 ± 0.5 9.1 ± 1.7 0.83 0.16 0.05 

5 (% pentaenoics) 2.3 ± 0.6 <0.1 ± <0.1 0.4 ± 0.2 0.0003 0.002 0.74 

6 (% hexaenoics) 11.0 ± 1.1 7.0 ± 1.1 2.8 ± 0.7 0.02 <0.0001 0.02 

Unsaturation Index 79.9 ± 3.2 74.2 ± 2.4 52.3 ± 3.9 0.42 <0.0001 0.0003 
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7.18 The effect of NFD, HFD and GbE treatments on cellular total lipid profiles 

 

PC12 cells were treated with either NFD100 or HFD100, GbE50 or GbE100 or a mixture of both for 24 

hours. Total, cellular lipids extracted by the Folch method as previously described in Chapter 2, 

methylated and the total FA profile analysed by GC-FID. 

As shown in Table 82 and Table 83, when compared to non-treated control cells (CTRL), total SFA 

decreased by at least 10% in all treatment groups except the vehicle control groups. MUFA levels 

increased in GbE50 and GbE100 treated cells, but not in any other treatment groups. This was largely 

seen in the form of C18:1n-9 (oleic acid) and C20:3n-9 (mead acid). In contrast to the MUFA data, 

total PUFA increased in all FA treated cells (NFD, NFD+GbE50, NFD+GbE100, HFD, HFD+GbE50, 

HFD+GbE100) but not in the GbE-only treated groups. This was largely due to the increase in n-6 

PUFA in the NFD and HFD treated groups.  

Interestingly, the collective total UFA (MUFA+ PUFA) significantly increased across all treatment 

groups. In turn the UI of the samples significantly increased for all treatment groups, although GbE50 

and GbE100 cells increased less than that of the NFD and HFD only groups. Except for NFD+GbE100, 

cells treated with NFD or HFD with GbE experienced a further increase in the unsaturation index, 

compared to just NFD or HFD treatment alone.  Interestingly, NFD and HFD cells treated with GbE50 

experienced larger increases in PUFA, compared to GbE100 treatments, which may indicate GbE 

dosage effects on FA metabolism.  

As discussed in section 1.8, DNL MUFA occurs through the conversion of C16:0 (Palmitic acid) to 

either C16:1n-7 (palmitoleic acid) or C18: -7 (vaccenic acid) or the conversion of C16:0 to C18:0 

(stearic acid) and C18:1n-9 (oleic acid). Also discussed in section 1.7 and section 1.12 the fluidity and 

flexibility of the cell membrane depends on the type of lipid incorporated into the membrane, where 

unsaturated fatty acids increase fluidity (Pilon, 2016). The membrane fluidity can affect protein 

enrichment and localisation throughout the membrane, potentially affecting cellular function (van 

Meer and de Kroon, 2011; Hulbert et al., 2005). For example, decreased membrane fluidity impairs 

insulin receptors and disrupts dispersion of GLUT4 glucose transporters throughout the cell 

membrane, contributing to IR (Pilon, 2016).  

This present study corroborates with the findings of Msika and colleagues (2012) that found 

differentiated PC12 cells experienced PUFA deficiency due in part to the effect of NGF on several 

genes involved in FA metabolism (ELOVL5, ELOVL2, SCD1 (D9D) and PPARα). They reported that LA 

(C18:2n-6) upregulated all these genes, but ALA (alpha linolenic acid) regulated the genes for FADs 
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and ELOVL5 (Msika et al., 2012). Together these findings would suggest that GbE may influence DNL 

from SFA to MUFA. This may explain the decrease in SFA and increase in MUFA seen across the GbE50 

and GbE100 groups. Furthermore, oleic acid (C18:1n-9) and mead acid (C20:3n-9) was significantly 

increased in both GbE50 and GbE100 cells, with the latter being an indicator for PUFA deficiency (Ichi 

et al., 2014). As GbE and GbE100 experienced an increase in UI compared to non-treated control 

cells, this might suggest a protective effect of GbE on membrane fluidity, where the double bonds 

found in oleic acid and mead acid will provide additional flexibility to the membrane, helping to buffer 

against OS and facilitating protein transport in the membrane.  

Interestingly, when comparing the total FA profiles in PC12 cells to the hippocampus and 

hypothalamus total FA profiles in NFD, HFD and HFD+GbE groups (Chapter 6), similar percentage 

levels of SFA (around 45%) are seen across all groups in the total FA profile. MUFA and PUFA levels 

however vary in PC12 cells compared to the rat brain tissue samples. This may be due to the 

protective compensatory mechanism found within the body designed to protect the brain whereby 

peripheral tissues may provide supplementary PUFA to maintain homeostasis and cellular plasticity. 

As PC12 cells lack the in vivo buffering capacity from peripheral tissues to maintain cellular plasticity 

and rely on the FA contents of cell culture media to provide adequate FA supply, particularly essential 

FA, the effect of cell culture media and additional FA supplementation, as recommended by Msika et 

al., (2010) should be investigated further on differentiating PC12 cells.  
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Table 82. Fatty acid methyl esters of PC12 cells treated with a either NFD or HFD fatty acids, GbE (50µg/ml or 100µg/ml) or a combination of NFD, HFD and GbE (N=8 per 
group). Results are presented as mean % of the total sample, and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance was 
set at *p < 0.05.   

  
CTRL Vehicle GbE 

50 
GbE 
100 

NFD NFD+ 
GbE50 

NFD+ 
GbE100 

HFD HFD+ 
GbE 
50 

HFD+ 
GbE 
100 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

  
Vehicle GbE50 GbE 

100 
NFD NFD+ 

GbE50 
NFD+ 

GbE100 
HFD HFD+ 

GbE50 
HFD+ 

GbE100 

  MEAN % p value 

C16:0 21.9 19.5 19.0 18.0 17.7 18.7 19.1 19.7 14.7 13.0 0.63 0.35 0.06 0.03 0.22 0.41 0.71 <0.0001 <0.0001 

C18:0 30.2 27.4 21.5 22.1 20.2 21.0 24.1 22.6 20.3 26.9 0.98 0.03 0.05 0.01 0.02 0.33 0.09 0.01 0.95 

C20:0 2.0 1.7 1.2 1.1 1.2 1.0 1.6 1.4 1.6 1.5 0.97 0.06 0.01 0.05 0.005 0.86 0.33 0.85 0.56 

C22:0 0.8 0.5 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.001 0.07 0.001 0.001 0.002 0.03 0.001 0.04 0.14 

C24:0 - 0.2 0.4 0.2 0.4 0.7 - 0.1 0.7 - >0.99 0.79 >0.99 0.85 0.15 >0.99 >0.99 0.09 >0.99 

DMA18:0 0.7 0.8 1.1 1.1 1.1 1.0 1.0 1.0 1.1 1.3 >0.99 0.92 0.95 0.96 >0.99 0.98 0.98 0.96 0.56 

∑SFA 57.2 50.2 44.1 43.1 41.3 43.0 46.7 45.5 39.2 43.4 0.21 0.0002 <0.0001 <0.0001 <0.0001 0.01 0.001 <0.0001 0.0001 

C16:1n-7 0.3 1.4 0.5 0.8 0.3 0.3 0.2 0.4 0.4 0.5 0.25 >0.99 0.96 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 

C18:1n7 2.9 2.9 5.0 4.8 3.5 3.6 3.2 3.7 3.7 2.3 >0.99 <0.0001 <0.0001 0.34 0.16 0.98 0.14 0.14 0.48 

C18:1n-9 16.0 16.6 26.0 24.7 18.0 19.0 18.9 22.3 18.0 15.3 >0.99 <0.0001 <0.0001 0.74 0.19 0.23 <0.0001 0.72 >0.99 

C20:1n-9 2.0 0.3 1.2 1.0 1.6 1.0 0.9 1.2 1.1 0.3 <0.0001 0.08 0.003 0.91 0.01 0.002 0.10 0.03 <0.0001 

C20:1n-11 2.3 2.7 0.8 1.8 1.4 1.6 1.7 1.4 3.4 3.9 >0.99 0.91 >0.99 >0.99 >0.99 >0.99 >0.99 0.98 0.87 

C20:3n-9 1.2 1.7 2.8 2.7 1.4 1.5 1.7 1.9 1.6 1.3 0.17 <0.0001 <0.0001 >0.99 0.76 0.14 0.01 0.60 >0.99 

C22:1n-9 - 2.7 2.7 3.2 6.7 2.3 2.4 2.2 3.1 5.2 0.03 0.03 0.005 <0.0001 0.12 0.08 0.15 0.01 <0.0001 

C24:1n-9 0.8 1.0 0.7 0.7 0.6 0.6 0.5 0.5 0.8 0.4 >0.99 >0.99 >0.99 >0.99 >0.99 0.98 0.99 >0.99 0.94 

DMA 18:1 4.8 4.9 2.8 3.0 3.0 3.0 3.6 2.9 3.7 3.9 >0.99 0.29 0.48 0.47 0.43 0.89 0.38 0.95 0.98 

C18:1 Total 18.9 19.5 31.1 29.5 21.5 22.7 22.1 26.0 21.7 17.6 >0.99 <0.0001 <0.0001 0.64 0.16 0.35 0.001 0.55 0.99 

ω7 3.2 4.3 5.6 5.6 3.9 4.0 3.4 4.0 4.1 2.8 0.58 0.001 0.001 0.96 0.92 >0.99 0.86 0.83 >0.99 

ω9 22.3 25.0 34.2 34.0 29.6 26.1 26.2 29.6 28.0 26.2 0.90 <0.0001 <0.0001 0.01 0.60 0.55 0.009 0.09 0.53 

∑MUFA 29.4 33.2 41.9 42.1 35.9 32.4 32.7 36.0 35.0 32.7 0.80 <0.0001 <0.0001 0.13 0.94 0.90 0.12 0.29 0.90 

C18:2n-6 1.8 1.7 2.1 1.9 9.5 10.4 5.3 5.4 8.7 4.2 >0.99 >0.99 >0.99 <0.0001 <0.0001 0.001 0.0004 <0.0001 0.06 

C18:3n-6 1.3 1.9 1.0 0.7 0.9 0.9 1.4 0.9 0.8 1.4 0.82 0.96 0.58 0.94 0.88 >0.99 0.95 0.83 >0.99 

C20:3n-6 0.7 0.5 0.4 0.4 0.8 0.8 0.5 0.6 0.8 0.5 >0.99 0.99 0.98 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 

C20:4n-6 1.4 1.5 2.5 2.4 3.5 4.0 2.5 2.6 3.3 2.5 >0.99 0.02 0.05 <0.0001 <0.0001 0.04 0.01 <0.0001 0.02 

C22:2n-6 0.5 0.2 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.1 0.0001 <0.0001 <0.0001 0.0001 <0.0001 0.0001 0.0002 0.002 <0.0001 

C22:4n-6 0.8 0.9 0.5 0.9 0.4 0.4 0.9 0.7 0.8 0.9 >0.99 0.99 >0.99 0.96 0.96 >0.99 >0.99 >0.99 >0.99 

n-6 PUFA 6.6 6.6 6.6 6.4 15.5 16.9 10.8 10.5 16.1 9.6 >0.99 >0.99 >0.99 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 0.005 

∑6metabolites 4.8 4.9 4.5 4.5 5.9 6.5 5.5 5.1 7.4 5.4 >0.99 >0.99 >0.99 0.72 0.16 0.98 >0.99 0.003 0.99 

C18:3n-3 2.8 4.4 2.9 2.6 2.6 2.4 3.8 2.8 4.2 3.6 0.16 >0.99 >0.99 >0.99 >0.99 0.78 >0.99 0.34 0.98 

C20:5n-3 - - 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 >0.99 0.17 0.99 0.08 >0.99 0.06 0.58 0.005 0.99 

C22:5n-3 0.1 0.3 0.1 0.2 0.3 0.3 0.2 0.2 0.3 0.2 0.59 >0.99 0.97 0.43 0.12 0.83 0.95 0.31 0.71 

C22:6n-3 0.5 0.3 0.8 0.8 0.7 0.8 0.5 0.6 0.6 0.4 0.67 0.03 0.06 0.29 0.04 >0.99 0.87 0.81 >0.99 

n-3 PUFA 3.3 7.7 5.8 7.2 6.0 6.4 8.1 6.4 8.0 4.3 0.10 0.79 0.23 0.71 0.51 0.06 0.51 0.06 <0.0001 

∑3metabolites 0.5 0.6 1.0 1.0 1.1 1.2 0.9 0.9 1.1 0.7 >0.99 0.02 0.06 0.01 0.001 0.40 0.28 0.01 0.91 

∑PUFA 9.9 14.3 12.4 13.5 21.5 23.4 18.8 16.9 24.1 22.3 0.11 0.79 0.31 <0.0001 <0.0001 <0.0001 0.0004 <0.0001 <0.0001 

∑UFA 39.3 47.5 54.3 55.6 57.4 55.8 51.5 52.9 59.2 55.0 0.18 0.0002 <0.0001 <0.0001 <0.0001 0.004 0.001 <0.0001 <0.0001 

Unsaturation Index 52.3 64.8 74.4 79.1 89.7 92.1 78.0 78.6 91.4 95.2 0.65 0.03 0.004 <0.0001 <0.0001 0.01 0.005 <0.0001 <0.0001 
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Table 83. Fatty acid methyl ester ratios of PC12 cells treated with a either NFD or HFD fatty acids, GbE (50µg/ml or 100µg/ml) or a combination of NFD, HFD and GbE (N=8 
per group). Results are presented as mean % of the total sample, and statistically analysed by one-way ANOVA with Tukey’s Post-hoc test. The level of statistical significance 
was set at *p < 0.05.   

 
CTRL Vehicle GbE 

50 
GbE 
100 

NFD NFD+ 
GbE50 

NFD+ 
GbE100 

HFD HFD+ 
GbE 
50 

HFD+ 
GbE 
100 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

CTRL 
Vs 

           
Vehicle GbE 

50 
GbE 
100 

NFD NFD+ 
GbE50 

NFD+ 
GbE100 

HFD HFD+ 
GbE50 

HFD+ 
GbE100 

  MEAN % p value 

n-6/ n-3 2.6 1.1 1.3 1.0 3.1 3.1 1.4 1.8 2.2 0.8 0.07 0.18 0.06 0.99 0.99 0.33 0.86 >0.99 0.02 

MUFA/PUFA 3.0 2.5 3.4 3.2 1.7 1.4 1.8 2.1 1.5 1.5 0.25 0.89 >0.99 <0.0001 <0.0001 <0.0001 0.005 <0.0001 <0.0001 

MUFA/SFA 6.1 3.8 3.6 3.3 1.9 1.9 2.6 2.7 1.7 2.0 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

PUFA/SFA 0.2 0.3 0.3 0.3 0.5 0.5 0.4 0.4 0.6 0.5 0.62 0.73 0.39 <0.0001 <0.0001 0.01 <0.05 <0.0001 <0.0001 

UFA/SFA 0.7 1.0 1.2 1.3 1.4 1.3 1.1 1.2 1.6 1.3 0.64 0.01 0.003 0.0003 0.004 0.11 0.05 <0.0001 0.004 

C18:0/C16:0 1.4 1.4 1.1 1.2 1.1 1.1 1.3 1.1 1.6 2.2 >0.99 0.98 >0.99 0.98 0.98 >0.99 0.99 >0.99 0.01 

C16:1n-7/C16:0 - 0.1 - - - - - - - - 0.42 >0.99 0.97 >0.99 >0.99 >0.99 >0.99 >0.99 0.97 

C18:1n-9/C16:0 0.8 0.9 1.4 1.4 1.0 1.0 1.0 1.1 1.3 1.2 0.99 0.0001 0.0001 0.48 0.49 0.53 0.06 0.002 0.005 

C18:1n-9/C16:1n-7 54.3 36.3 48.8 40.6 56.6 54.8 136.7 61.0 72.4 219.9 >0.99 >0.99 >0.99 >0.99 >0.99 0.97 >0.99 >0.99 0.41 

C18:1n-7/C18:0 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.1 >0.99 <0.0001 <0.0001 0.002 0.002 0.60 0.02 <0.05 >0.99 

C18:1/C18:0 0.6 0.7 1.5 1.4 1.1 1.1 0.9 1.2 0.9 0.7 0.99 <0.0001 <0.0001 0.003 0.001 0.14 0.0001 0.13 >0.99 

C20:4n-6/C20:3n-6 -974.2 7.6 6.6 6.6 4.2 4.7 4.7 4.6 4.0 5.2 0.35 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 

C20:4n-6/C22:6n-3 3.6 4.5 3.3 3.2 5.0 5.5 4.9 4.3 4.5 4.9 0.72 >0.99 >0.99 0.09 0.01 0.14 0.88 0.68 0.24 

C20:4n-6/C20:5n-3 20.8 18.1 21.5 21.4 23.8 27.8 14.5 17.8 33.8 17.4 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 

C20:4n-6/C18:2n-6 0.8 0.9 1.2 1.3 0.4 0.4 0.5 0.5 0.4 0.6 0.86 <0.0001 <0.0001 <0.0001 <0.0001 0.002 0.004 <0.0001 0.19 

C22:6n-3/C22:5n-3 2.4 3.0 5.7 4.8 2.5 2.2 2.5 3.3 2.1 3.3 >0.99 0.90 0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 

C18:3n-6/C18:2n-6 0.8 1.1 0.4 0.4 0.1 0.1 0.3 0.2 0.1 0.4 0.59 0.35 0.17 0.001 0.0004 0.03 0.003 0.001 0.10 

C20:3n-6/C18:3n-6 0.3 0.4 0.6 0.5 0.9 0.9 0.6 0.8 1.0 0.3 >0.99 0.99 >0.99 0.34 0.49 >0.99 0.75 0.22 >0.99 

C22:5n-3/C20:5n-3 1.1 1.4 1.2 1.2 1.9 2.3 1.1 1.2 1.7 0.4 >0.99 >0.99 >0.99 0.68 0.19 >0.99 >0.99 0.93 0.81 

C22:4n-6/C20:4n-6 2.1 1.8 3.8 2.5 2.8 3.4 3.3 2.8 2.1 2.9 >0.99 0.23 >0.99 >0.99 0.86 0.62 0.98 >0.99 0.96 

1 (% monoenoics) 29.4 33.2 41.9 42.1 35.9 32.4 32.7 36.0 35.0 32.7 0.80 <0.0001 <0.0001 0.13 0.94 0.90 0.12 0.29 0.90 

2 (% dienoics) 4.7 3.7 4.4 3.9 19.6 21.6 11.0 11.2 20.7 8.6 0.99 >0.99 >0.99 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.01 

3 (% trienoics) 6.0 15.3 9.8 14.1 12.3 13.7 16.0 13.0 13.3 35.9 0.64 >0.99 0.80 0.95 0.84 0.54 0.91 0.88 <0.0001 

4 (% tetraenoics) 9.1 9.4 12.3 13.3 15.7 17.7 13.5 13.4 16.4 13.9 >0.99 0.43 0.11 0.001 <0.0001 0.08 0.09 0.0001 0.04 

5 (% pentaenoics) 0.4 1.4 1.3 1.1 2.1 2.0 1.8 1.4 2.3 1.5 0.64 0.77 0.92 0.08 0.09 0.24 0.68 0.02 0.55 

6 (% hexaenoics) 2.8 1.7 4.7 4.6 4.2 4.6 3.0 3.7 3.7 2.6 0.66 0.03 0.06 0.29 0.04 >0.99 0.85 0.81 >0.99 
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7.19 Summary 

In summary, PC12 cells undergoing NGF differentiation experience increases in β-Tubulin III, 

Neurofilaments (NF-L and NF-M) increased Akt activation and Nrf2 protein expression. HFD 

treatment increases Akt activation and NF-L protein expression levels, which is not seen in 

NFD treatment. NFD treatment seem to partially ameliorate the decrease in Nrf2 protein 

expression following OS caused by hydrogen peroxide, while HFD treatment does not. Total 

FA profile analysis indicates that following NFD-differentiation, cells appear to experience FA 

deficiency, which is ameliorated with NFD and HFD FA treatment. GbE treatment appears to 

stimulate compensatory FA metabolic pathways by increasing oleic acid and mead acid, which 

can help counteract FA deficiency by increasing the UI of the cell membrane. Future PC12 

neuronal studies should consider FA supplementation in the media during or after 

differentiation and before additional treatments take place to negate FA deficiency.  
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Chapter 8 - Final conclusions 
 

An HFD, typical of a “western-style” diet, is high in lipids such as SFA and cholesterol and is 

associated with an increased risk of developing metabolic disorders including obesity, 

diabetes, cardiovascular disease as well as brain-related disorders related to hypothalamus-

pituitary-adrenocortical axis dysregulation including cognitive impairment, anxiety, stress, 

and depression (López-Taboada et al., 2020). Dietary lipids are utilized for energy or stored in 

the body primarily in the form of TAG in adipose tissues. They are transported around the 

body in the form of very low-density lipids (VLDL-TAG), cholesterol, CE and PPL and 

incorporated into cellular membranes in the form of phospholipids or stored in adipocytes as 

TAG (Bhutia and Ganapathy, 2021).  

Complications from obesity include a variety of non-communicable diseases such as coronary 

heart disease, hypertension, hypercholesterolemia, steatosis, cirrhosis, severe pancreatitis, 

and cancer. Higher incidences of metabolic disorders associated with obesity include IR (a 

major co-morbidity), metabolic syndrome, T2DM and atherogenic dyslipidaemia (Abdullah et 

al., 2010; Salamone and Bugianesi, 2010) and an increased risk ratio of developing dementia 

in later years (Pugazhenthi, Qin and Reddy, 2017). Obesity also affects appetite regulating 

hormones including adiponectin, leptin, ghrelin, and insulin (Forny-Germano, de Felice and 

do Nascimento Vieira, 2019; Wang and Scherer, 2016; Abizaid et al., 2006). 

GbE has been shown to possess antioxidant, anti-inflammatory, and anti-obesogenic 

properties. It has been shown to reduce visceral adiposity, weight gain and food intake and 

reduce adipocyte hypertrophy in WAT. Furthermore, previous research has shown that GbE 

modulates obesity and weight gain, lipid metabolism, adipogenesis, inflammation and OS and 

improve insulin signalling and sensitivity (Banin et al., 2014, 2017, 2021; Machado, Banin, et 

al., 2021; Machado, Pereira, et al., 2021; Hirata et al., 2019; Hirata et al., 2015, 2019). 

In this study, it has been shown that analysing just total lipid profiles of tissues may mask the 

more subtle changes in the different lipid classes found within the FA depot of tissues. Overall, 

this study has found that total fatty acid profiles largely represent the TAG profile of tissues, 

particularly in adipose tissue. This study has shown that in both RET and MES adipose tissue 

a HFD causes increased SFA and MUFA levels and decreased PUFA in the adipocyte total fatty 

acid profiles and TAG. Both adipose tissue profiles for all lipid classes (TAG, CE, MAG+DAG and 
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PPL) had similar profiles, most likely due to being supplied by the same abdominal lymphatics 

delivering dietary fats (Williams and Rabbani, 2011). The changes in SFA, MUFA and PUFA 

levels affected the UI of the tissues, and therefore the buffering capacity of the cell. 

Following an HFD, both RET and MES adipose tissues an increased ω–6/ω–3 PUFA ratios, 

which can influence and increase pro-inflammatory oxylipins. An unbalanced n-6 /n-3-ratio 

over of 20+:1 is commonly found in WSD  (Husted and Bouzinova, 2016; Deckelbaum, 2010; 

Schmitz and Ecker, 2008; Harbige, 2003; Simopoulos, 2002; Broughton et al., 1991).  

The n-6 /n-3-ratio in NFD-VAT -RET total fatty acid profiles showing a ratio of 17:1, while the 

HFD total fatty acid profiles were double this at 34:1. Leng and colleagues (2017) have 

demonstrated that when a diet with a high n-6/n-3-ratio of approximate 18:1 LA/ALA, as seen 

in this study in the HFD-chow, this resulted in an increase in n-6/n-3 oxylipins in the liver 

compared to a lower ratio diet (approx. 8:1) (Leng, Winter and Aukema, 2017). Extrapolating 

from the results of Leng and colleagues (2017), it is possible that an increase in n–6/n–3 

oxylipins may also occur between our two baseline diet groups (NFD and HFD) favouring a 

more pro-inflammatory environment, particularly with the two-fold increase following an 

HFD.  

Of the lipid classes explored in both adipose tissue and the liver, the greatest differences were 

seen in the PPL fraction. PPL are responsible for the fluidity and stability of the cell membrane, 

which is dependent of the type of FA incorporated into the PPL structure (Weijers, 2012, 

2015a, 2015b; Hulbert et al., 2005, 2007). PPL make up the bulk of the cell membrane and 

serves as a barrier and facilitator of ionic exchange and molecular transport in and out of the 

cell (Hulbert et al., 2005, 2007).  Cell membrane function is influenced by the fluidity and 

stability of the cell membrane, which is dependent of the type of fatty acids incorporated into 

the phospholipid structure, and the amount of cholesterol-rich microdomains. Increased cell 

membrane fluidity is associated with higher amounts of unsaturated fatty acids and 

decreased fluidity is associated with higher saturated fatty acids and cholesterol (Pilon, 

2016a). A high SFA-HFD diet therefore may not only contribute to increased enlargement of 

fat depots but may also modulate tissue and cell membrane lipid signatures. Altered 

membrane fluidity may also contribute to altered protein enrichment and localisation 

throughout the membrane, potentially affecting cellular function. Decreased membrane 

fluidity is associated with impaired insulin signalling and glucose uptake due to impaired 

insulin receptors and disrupted dispersion of GLUT4 glucose transporters respectively, 
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throughout the cell membrane. This in turn may contribute to IR and the development of 

metabolic syndrome and diabetes, both co-morbidities of obesity (Pilon, 2016).  

In both adipose tissues (RET and MES) and the liver, increases in SFA and decreases in PUFA 

were seen in the HFD obese group compared to rats fed an NFD. In both adipose tissues, when 

HFD fed obese rats were supplemented with GbE for 14 days, SFA increased further in the PPL 

fraction of RET adipocytes. GbE has been shown to decreases food intake in animals. As such 

the pair-fed group (HFD-PF) that was used as a control for the calorie restriction, showed 

different changes in PPL then that of GbE, where MUFA levels significantly increased and 

PUFA decreased following caloric restriction. Comparing both groups, GbE treatment MUFA 

levels decreased in contrast to the PF group, while PUFA levels also decreased in GbE but not 

to the extent seen in the PF group. These findings may suggest changes in enzyme activity 

involved in DNL and lipogenesis such as HSL, PLIN1, FAS and ELOVL6 and/or CAV related lipid 

trafficking and oxylipin production associated with inflammation mediation.  This would need 

to be investigated further in future studies. Interestingly, in the PPL fraction of the liver, both 

caloric restriction (HFD-PF) and GbE treatment (HFD-GbE) resulted in a significant increase in 

n-3 PUFA in total FA profiles, TAG and PPL profiles. In contrast, n-3 PUFA decreased in the CE 

fraction following GbE treatment. This finding indicates the mobilization of PUFA from 

peripheral tissues back towards the liver could occur, or some additional protection again 

PUFA utilization for inflammation mitigation.  This would need to be investigated more in 

future studies. 

A high-fat diet has been shown to induce rapid changes in the mouse hypothalamic proteome 

( McLean et al., 2019; McLean et al., 2018; Zahid et al., 2014; Bubber et al., 2005). Changes 

including changes in cytoskeleton and synaptic plasticity, cellular stress responses, glucose 

metabolism and mitochondrial function with many of these associated with the development 

of AD (McLean et al. 2019). Pathological alterations such as IR, inflammation or mitochondrial 

dysfunction associated with obesity, are also related to AD pathological processes (Mínguez-

Olaondo, Irimia and Frühbeck, 2017; O’Brien et al., 2017). Long term consumption of high fat 

diet (HFD) can lead to leptin resistance in the ARC of the hypothalamus and ventral tegmental 

area (VTA) of the midbrain. This can affect appetite regulation and energy expenditure 

(Enriori et al., 2007; Münzberg, Flier and Bjørbæk, 2004; Heymsfield et al., 1999). It was found 

in the hypothalamus total fatty acids of HFD obese rats that levels of C18:0 were increased. 

Milanski and colleagues (2009, 2012) have shown that five days of intracerebroventricular 
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injection of SFA stearic acid (C18:0), induces hypothalamic inflammation but does not affect 

systemic inflammatory markers (Milanski et al., 2009, 2012). This study also showed that 

hepatic IR occurred following 5 days of intracerebroventricular C18:0 treatment (Milanski et 

al., 2012). Both caloric restriction (HFD-PF) and Gbe treatment both ameliorated the elevated 

levels of C18:0. In this study, hippocampus total fatty acids profiles showed no significant 

changes in FA percentage levels between NFD or HFD-S groups, or those treated with GbE or 

calorie restricted (HFD-PF). As no other significant changes in MUFA or PUFA occurred in 

either hippocampus or hypothalamus tissue, these findings suggest that peripheral tissues 

may be acting as a buffer and provided a continued supply of higher PUFA to main the brain 

FA profile, as shown in other studies (Watanabe et al., 2022; Dornellas et al., 2015). This might 

explain the changes in PUFA levels in the adipose tissues, but should be investigated further 

in future studies, including the fatty acid profiles in circulating plasma.  

Future work relating to this male Wistar rat study include bigger groups and longer treatment 

times to mimic long-term supplementation. Further proteome analysis on the tissues 

analysed here, specifically looking at fatty acid metabolism related genes and those related 

to OS and glucose signalling. Other polyphenols such as resveratrol, or singular molecules 

found in GbE would also be explored to see if similar results could be found.  

Finally, from the development of an in-house PC12 neuronal model, it was seen in PC12 cells 

undergrowing NGF differentiation experience increases in β-Tubulin III, NF-L and NF-M 

increased Akt activation and Nrf2 protein expression. HFD FA treatments increased Akt 

activation and neurofilament-L protein expression levels, which was not seen in NFD FA 

treatment. NFD treatment seem to partially ameliorate the decrease in Nrf2 protein 

expression following OS caused by hydrogen peroxide, while HFD treatment does not. Total 

FA profile analysis indicates that following NFD-differentiation, cells appear to experience FA 

deficiency, which is ameliorated with NFD and HFD FA treatment. GbE treatment appears to 

stimulate compensatory FA metabolic pathways by increasing oleic acid and mead acid, which 

can help counteract FA deficiency by increasing the unsaturation index of the cell membrane. 

Future PC12 neuronal studies should consider FA supplementation in the media during or 

after differentiation and before additional treatments take place to negate FA deficiency. 

More time-response studies would also be beneficial to investigate the acute responses to FA 

and GbE treatments. Use of amyloid-β to induce an AD like phenotype could also be explored 

in relation to the effects of a HFD and the effects of GbE treatments.  
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Figure 41. Summary of changes in liver, retroperitoneal and mesenteric tissue following 8 weeks of a HFD compared to a NFD analysed by GC-FID. NFD= normal fat diet; 
HFD = high fat diet; TAG= Triglycerides; CE = Cholesteryl Esters, MAG+DAG= Monoglycerides + Diglycerides; PPL = Phospholipids; SFA=saturated fatty acid, 
MUFA=monounsaturated fatty acid, PUFA =polyunsaturated fatty acid 
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Figure 42.  Summary of changes in liver, retroperitoneal and mesenteric tissue in rats fed a HFD and treated with Saline (S), pair-feeding (PF) and Ginkgo biloba (GbE) for 
14 days and analysed by GC-FID. NFD= normal fat diet; HFD = high fat diet; TAG= Triglycerides; CE = Cholesteryl Esters, MAG+DAG= Monoglycerides + Diglycerides; PPL = 
Phospholipids; SFA=saturated fatty acid, MUFA=monounsaturated fatty acid, PUFA =polyunsaturated fatty acid 
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Figure 43. Summary of changes in total fatty acid profiles of hippocampus, hypothalamus and differentiated PC12 (rat pheochromocytoma) cells. Hippocampus and 
hypothalamus total fatty acid profiles were compared following 8 weeks of a NFD or HFD. HFD-fed rats were subsequently treated with HFD- Saline (S), pair-feeding (PF) of 
Ginkgo biloba (GbE) for 14 days and total fatty acid profiles compared. Differentiated PC12 cells were treated with NFD, HFD, GbE or combinations for 24 hours and total 
fatty acid profiles compared. NFD= normal fat diet; HFD = high fat diet; SFA=saturated fatty acid, MUFA=monounsaturated fatty acid, PUFA =polyunsaturated fatty acid; 
H2O2 = hydrogen peroxide; AKT= protein kinase B; Nrf2= nuclear factor erythroid 2–related factor 2.  
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Appendix 1 
 
Optimizing fatty acid extraction - Comparison of Folch extraction methods 
 
Lipids play a critical role in biological cellular structures and metabolic function including cell 

signalling, transport, and biosynthetic pathways (van Meer and de Kroon 2011a; Petković et 

al. 2005). Lipids are diverse in structure, are mostly composed of hydrophobic hydrocarbon 

chains (fatty acids) and may contain aliphatic moieties and functional groups (Christie 1993).  

They may be classified into two major groups based on the polarity of their head groups (Breil 

et al. 2017): 

1. Neutral lipids: Predominantly synthetized for the storage of energy. Examples within 

this category include free fatty acids, sterols, sterols esters, waxes, acylglycerols and 

hydrophobic pigments  

2. Polar lipids: predominantly found within the cellular membrane. Examples within this 

category include phospholipids and glycolipids. Notably, sterols such as cholesterol 

are also found in the cellular membrane. 

The ability to estimate the total lipid content of biological tissues is a valuable tool. Lipids are 

soluble in many organic solvents with many methods for lipid extraction existing. While the 

Matyash method (Matyash et al. 2008) have been developed in recent decades, the most 

frequently used and cited protocols for lipid extraction remains with the classical Folch et al., 

methods (Folch et al. 1951; Folch, Lees and Stanley 1957) and Bligh-Dyer method (Bligh and 

Dyer 1959). Both the Folch and Bligh-Dyer methods rely on a bi-phasic lipid extract system of 

chloroform (CHCl3), methanol (MeOH) and water (H2O) in various volumes. The combination 

of chloroform and methanol allows for the non-selective extraction of a broad range of lipid 

classes, making it a good option for non-targeted extractions (Christie, 1993). Chloroform acts 

as a good overall solvent for lipids and methanol (an amphiphilic compound) disrupting 

hydrogen bonding reducing hydrophobic reactions and destabilizes micelle structures of lipid-

lipid and lipid-protein molecules (Christie 1993; Reis et al. 2013) allowing for the extraction 

of hydrophobically bound lipids. The Folch method utilizes a general guideline of at least 20 

volumes of CHCl3: MeOH: H2O, 8:4:3, v/v/v per tissue volume while the Bligh-Dyer method 

utilizes three volumes of CHCl3: MeOH: H2O 2:2:1.8 (v/v/v) per volume of tissue (Breil et al. 
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2017) taking into account water in the sample. Both methods are comparable for the isolation 

of lipids, free of non-lipid contaminants (Breil et al. 2017; Iverson, Lang and Cooper 2001; 

Ulmer et al. 2018). The Bligh-Dyer Method is an adaptation of the original Folch method and 

utilizes smaller volumes of chloroform and methanol (Bligh and Dyer, 1959). This makes it 

suitable for samples with a high-water content. The reduced number of solvents also makes 

it more economical and convenient. Issues may occur however between sample types of 

varying water content. For this reason, the Folch method was chosen for this study for 

consistency across tissue types. While a variety of adapted methods based on this original 

Folch method have been reported, they can be costly in time, labour, equipment, glassware. 

They also pose an environmental issue with the quantity of toxic solvent by-products that 

must be disposed of. Therefore, here we set out to compare two adapted versions of the 

Folch et al., (1957) methods as published previously (Bueno et al. 2015c; Schreiner 2006). 

 
Optimizing fatty acid extraction - Comparison of Folch extraction methods 
 
Two published lipid extraction methods (Bueno et al., 2015, Schreiner, 2006) based on the 

original Folch et al., (1957) method were compared for consistency of sampling across a 

variety of samples, including animal brain and adipose tissue (100mg homogenised tissue), 

consumable culinary oils (15mg) and in vitro cultured cells (1 X 106 cells) (. When comparing 

both methods, the double pipette method (Method 2) used approximately 70 % less solution 

than Method 1, as well as 50 % less time (See  

 

 

 

 

 
 

Table 84). When comparing the efficacy of both methods on FA extraction, both methods 

produced similar GC profiles and the identified fatty acid profiles of the samples were like 

those previously published for the type of sample analysed (Table 85). 

Table 85 and Table 86 shows the fatty acid profiles of samples used to compare method 1 and 

method 2 for FA extraction. Table 87 show the ratio difference between the two methods 

based on identification of identical FA peaks. The ratio test shows when comparing both 
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methods that the ratio of fatty acids that contribute to a higher percentage of the sample is 

close to 1:1 for most samples. Variances start to occur when lower quantities of fatty acids 

are present in the sample, with the most discrepancy occurring in fatty acids that contribute 

to less than 1% of the total sample. 

 
 
 
 
 
 
 

Table 84. Comparison of total solution volumes for method 1 or method 2 used for fatty acid 
(FA) extraction optimization; Method 1 (Separatory funnel Folch method (Bueno et al., 2015) 
and Method 2 (Double-pipette Folch method (Schreiner, 2006)). 
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 Table 85. Fatty acid (FA) composition of animal-based products, tissues, and cells (Mean 

values and standard deviations of total FA %) 
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Table 86. Comparison Fatty acid (FA) composition of plant based culinary oils following two varying fatty acid 
extraction methods (Method 1 Vs Method 2 (Values expressed as ratio of Method 1 (M1)/ Method 2 (M2) of 
total FA %) 
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Table 87. Comparison of fatty acid extraction methods on animal-based tissue fatty acid (FA) composition 
(Method 1 (3) Vs Method 2 (4)) (Values expressed as ratio of Method 1/ Method 2 of total FA %) 
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Lipid Extraction - Choosing a Folch Method  
Variations of the original Folch et al., (1957) method have been reported for over 60 years 

since its first publication. Here we compared to previously published adapted Folch methods 

to see if comparable fatty acid percentage (%) profiles could be achieved using small 

quantities of solvents following the Folch ratio of CHCl3: MeOH: Saline. 

Method 1 (Bueno et al., 2015) is based more closely to the original Folch et al., (1957) utilizing 

more than 20 volumes of the CHCl3: MeOH: Saline solution (ratio of 8:4:3 (v/v/v)) per sample. 

A minor modification was made to the original method by replacing water at the initial 

extraction stage of 0.85% Saline solution. Using a low NaCl concentration solution provides 

Na+ and Cl+ ions that bind to the polar water molecules and helps force hydrophilic or 

amphiphilic lipids (e.g., phospholipids) with highly hydrophilic functional groups out of the 

aqueous phase into the organic phase, while allowing for proteins to precipitate and 

aggregate This process is known as “salting out” (Christie, 1993). 

Method 2, commonly known as the double pipette extraction method (Schreiner, 2006) 

utilizes ratio of CHCl3: MeOH: Saline (8:4:3 (v/v/v)) but with lower quantities. Here we also 

utilized a 0.85% Saline solution in place of water. This method bypasses the need for filtration 

and a separatory funnel step, which reduces overall processing time. It also required less 

equipment and refrigerated storage space. When comparing the efficacy of both methods on 

FA extraction, both methods produced similar GC profiles and the identified fatty acid profiles 

of the samples. Table 87 shows the ratio difference between the two methods based on 

identification of identical FA peaks. The ratio test shows when comparing both methods that 

the ratio of fatty acids that contribute to a higher percentage of the sample is close to 1:1 for 

most samples of higher percentage. Variances start to occur when lower quantities of fatty 

acids are present in the sample, with the most discrepancy occurring in fatty acids that 

contribute to less than 1% of the total sample. This may be due to inconsistencies in the 

baseline and peak integration. Differences in the area %, area and height may occur when 

peaks are integrated slightly differently. Figure 44 below illustrates how minor alteration to 

the integration of peaks can change the numerical data in the same sample. Figure 44.A was 

integrated using 250µV as the y-axis r minor unit, while Figure 44.B was integrated using 

500µV as the y-axis r minor unit. The resulting peak integration resulted in different area %, 

area and height data, and when compared against each other resulted in a close 1:1 ratio for 

the larger C24:0 (third peak) in all three parameters. However, because of minor changes in 
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peak integration a ratio difference between 1.23-1.27 occurred for both of the two smaller 

peaks C23:0 and C22:3n6, respectively (each representing less than 1% of the sample area 

percentage). 

 

A B 
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Peak Fig. 
A 

Fig. 
B 

Fig. 
A 
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Fig. 
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% 
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Heigh
t 
 

C23:0 0.041 0.033 146 119 68 60 1.24 1.23 1.13 
C22:2n6 0.085 0.067 306 242 141 126 1.27 1.26 1.12 

C24:0 1.697 1.625 6098 5834 2705 2666 1.04 1.05 1.01 
 

Figure 44. Comparison of differences in area%, area and height from minor changes in peak Integration of the 
same sample 

Going forward, utilizing consistent integration techniques, and utilizing x/y axis controls will 

help reduce inconsistencies between peak integration. Overall, when comparing the two 

methods, the newer Method 2 (Double-pipette) gives consistent results to the more practiced 

and reported Method 1, but with the benefits of using much less solvent, time, glassware, 

and storage space. The double pipette method also requires less labour as it reduces the 

number of lengthy steps and time involved while decreasing the quantity of glassware 

requiring cleaning. For this study, Method 2 – Double-pipette fatty acid extraction will be the 

mode of extracting fatty acids for analysis as it reduces hazardous chemical usage and is more 

environmentally friendly, cost efficient, time efficient and less labour intensive. 
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Appendix 2 
 
Solid phase extraction for isolation of lipid classes by silica gel column chromatography  
 
A variety of methods exist for the separation of lipid classes (Adlof 2003; Burdge et al. 2000; 

Ingalls et al. 1993). For this study, the Ingalls et al., (1993) method was selected for the 

separation of Cholesteryl esters, triglycerides, and phospholipids. HyperSep™ silica SPE 

columns (100 mg Bed Weight; 1 mL Column Volume) (code:10563985), HPLC grade Isooctane, 

ethyl acetate, chloroform, methanol, and glacial acetic acid were obtained from Fisher 

Scientific (Cleveland, OH, USA). In-house development and optimization of this method using 

commercially available standards was conducted in the following manner. 

1. The extent of selective elution of individual lipid classes was achieved using 

commercially available lipid class standards purchased from Sigma –Aldrich (Merck 

KGaA, Darmstadt, Germany) as summarised in Table 88. 5mg of Triglycerides, 

Cholesteryl stearate, Erucic acid, and Heptadecanoic acid were aliquoted in triplicate. 

1mg of Monoglycerides was aliquoted in triplicate. 100ug of each phospholipid was 

aliquoted in triplicate. 

2. All solvent mixtures were made fresh before extraction at a ratio specified in the 

Ingalls et al., (1993) method (v/v), summarized in Table 2. 

3. HyperSep Columns were conditioned with 4 X 1 ml of isooctane (4 column volumes) 

and allowed to drain under gravity. 5 mg of sample lipid residues were extracted twice 

in succession with 0.5 ml of isooctane-ethyl acetate (80: 1, v/v). These extracts were 

applied to prepared silica gel columns under gravity. Each SPE solution (Fraction 1-6) 

was applied in succession as set out in Table 2 and allowed to elute under gravity. Each 

fraction elution was collected separately and dried under nitrogen for later analysis. 

Each fraction elution solution was immediately loaded on to the column after the 

previous solvent to avoid drying of the silica bed. Following Fraction 2 elution and 

collection, any solid residues remaining in the sample tubes were extracted twice in 

succession with 0.5 ml of isooctane-ethyl acetate (75:25, v/v), and applied to the silica 

gel columns, followed by elution with fraction solutions 3, 4 and 5 as per Table 2. 

4. After fraction 5 elution, any solid residue remaining in the original sample tube was 

extracted twice with 0.5 ml of methanol and applied to the silica gel columns followed 
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by elution with fraction 6 solution. All elution samples were dried under OFN and 

stored at -20⁰C until needed and methylated as per the protocol outlined earlier. All 

methylated samples made up in 1 ml Heptane+BHT (100mg/ml). Samples were 

separated and analysed by GC-FID.  

 

Table 88. Lipid standards used for testing selective elution of lipid classes by solid phase  

Lipid Standards - Sigma-Aldrich (Merck KGaA, Darmstadt, Germany)  

Triglycerides in cocoa butter  IRMM801 

Monoglyceride Stock Solution in pyridine  49446-U 

Cholesterol C8667 

Alfa Aesar™ Cholesteryl stearate, 96% C79409 

cis-13-Docosenoic acid / Erucic acid (C22:1n9)  45629 

Heptadecanoic acid (C17:0) 

 

H3500 

Phospholipids - Sigma-Aldrich (Merck KGaA, Darmstadt, Germany)  

L-alpha-Phosphatidylcholine, from egg yolk  P3556 

1,2-Diacyl-sn-glycero-3-phospho-L-serine P6641 

L-α-Phosphatidylinositol from Glycine P6636 

Phosphatidylethanolamine P7693 

Sphingomyelin  S0756 
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Method optimisation results 

Our findings using a commercially available HyperSep™ silica SPE column (100 mg Bed Weight; 

1 mL Column Volume), differed to that of the original method in several ways.  

It was observed that Triglycerides elute predominantly in fractions 1-3, with the majority 

eluting with an application of 5.5ml of Fraction 1 solution (isooctane: ethyl acetate 80:1 v/v). 

An average 10-fold elution difference was observed between the Fraction 1 and Fraction 2 

(Isooctane: ethyl acetate 20:1(v/v)) while an average 20-fold difference was observed 

between Fraction 1 and Fraction 3 (isooctane-ethyl acetate (75:25, v/v). 

 

Figure 45. Silica-based solid phase extraction of triglycerides (5mg) using varying solutions, expressed in area 
(μV), (n=3).Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl acetate 
(20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-ethyl 
acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, v/v/v); 
Fraction 6 -  8 ml of Methanol. 
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It was observed that Cholesteryl stearate (5mg) predominantly elutes in fractions 1-3 with the 

highest elution observed in fraction 3 solution (4.5 ml of isooctane-ethyl acetate (75:25, v/v)). 

An average 2-fold elution difference was observed between the Fraction 1 and Fraction 2 

while an average 1.5-fold difference was observed between Fraction 1 and Fraction 3 (Figure 

46). 

 

Figure 46. Silica-based solid phase extraction of Cholesteryl Stearate (5mg) using varying solutions, expressed in 
area (μV), (n=3). Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl 
acetate (20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-
ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, 
v/v/v); Fraction 6 -  8 ml of Methanol. 

 

Figure 47. Silica-based solid phase extraction of monoglycerides (1mg) using varying solutions, expressed in 
area (μV), (n=3). Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl 
acetate (20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-
ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, 
v/v/v); Fraction 6 -  8 ml of Methanol. 
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It was observed that monoglycerides (1mg) elute in fraction solutions 3-5 in varying 

proportions with the majority eluting with 5.5 ml of fraction 3 solution (isooctane-ethyl 

acetate (75:25, v/v)) (Figure 47). A 6-fold difference between fractions 3 and 4, and a 2.5-fold 

difference between fractions 3 and 5 was observed. It was observed that monoglycerides 

elute in fraction solutions 3-5 in varying proportions with the majority eluting with 5.5 ml of 

fraction 3 solution (isooctane-ethyl acetate (75:25, v/v)) (Figure 47). A 6-fold difference 

between fractions 3 and 4, and a 2.5-fold difference between fractions 3 and 5 was observed. 

While Fraction 4 shows promise as a representation for monoglycerides, profile for not match 

that of Fraction 3, which the majority of the monoglycerides fraction elutes. Additionally, 

there is some overlap between cholesteryls and triglycerides in fraction 3. On further analysis, 

however cholesteryls and triglycerides are at much lower levels compared to monglycerides 

when the amount of initial standard loading is taken into consideration. When the area (µV) 

is adjusted to represent 1mg/ml final sample rather than 5mg/ml the area for C18:0 in 

Cholesteryl stearate fraction 3 is 3451 μV (representing 1mg/ml) as compared to the original 

14,827 μV (representing 5mg/ml) (Figure 46). When using this adjusted area of 3451 μV 

(representing an approximate 1mg sample) it results in a 23-fold difference favouring 

monoglyceride elution in fraction 3. Similarly, when triglyceride elution data is adjusted to 

represent a 1mg sample like that of the monoglycerides the fraction 3 elution areas are 

adjusted as follows: C16:0 (2629 μV), C18:0 (3451 μV) and C18:1n9 (3810 μV). The elution 

areas for the same fatty acids in the monoglyceride (1mg) sample are as follows: C16:0 (76683 

μV), C18: zero (80752 μV) and C18:1n9 (97719 μV). When triglycerides and monoglycerides 

are thus compared, there is a 25-fold higher difference in favour of monoglycerides eluting in 

fraction 3 as compared to triglycerides. For non-esterified fatty acids testing (Heptadecanoic 

acid and Erucic acid), most of the elution was observed in Fraction 1. A 4-fold difference 

between Fraction 1 and Fraction 2 was observed for both non-esterified fatty acids, while a 

60-fold and 200 fold difference was observed between fractions 1 and 3 for Heptadecanoic 

acid (Figure 48) and Erucic acid (Figure 49), respectively.  
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A 4-fold difference between Fraction 1 and Fraction 2 was observed for both non-esterified 

fatty acids (Heptadecanoic acid-5mg, Erucic acid – 5mg) tested while a 60-fold and 200-fold 

difference was observed between fractions 1 and 3 for Heptadecanoic acid and Erucic acid, 

respectively.  

 

 
Figure 48. Silica-based solid phase extraction of Heptadecanoic acid (5mg) using varying solutions, expressed in 
area (μV), (n=3).Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl 
acetate (20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-
ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, 
v/v/v); Fraction 6 -  8 ml of Methanol 

 

 
Figure 49. Silica-based solid phase extraction of Erucic acid (5mg) using varying solutions, expressed in area 
(μV), (n=3).Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl acetate 
(20:1,v/v); Fraction 3 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-ethyl acetate-
acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, v/v/v); Fraction 6 -  
8 ml of Methanol 
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For all phospholipids (100μg) tested (Phosphatidylethanolamine, Phosphatidylserine, 
Phosphatidylcholine, Phosphatidylinositol, Sphingomyelin) elution occurred in fraction 6 only 
(Figure 47 - 51).  
 
 
 

 
Figure 50. Silica-based solid phase extraction of Phosphatidylethanolamine (100ug) using varying solutions, 
expressed in area (μV), (n=3).Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of 
isooctane-ethyl acetate (20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml 
of isooctane-ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid 
(75:25:2, v/v/v); Fraction 6 -  8 ml of Methanol 

 
 
 

 
Figure 51. Silica-based solid phase extraction of Phosphatidylserine (100ug) using varying solutions, expressed 
in area (μV), (n=3).Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl 
acetate (20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-
ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, 
v/v/v); Fraction 6 -  8 ml of Methanol. 
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Figure 52. Silica-based solid phase extraction of Phosphatidylcholine (100ug) using varying solutions, expressed 
in area (μV), (n=3).Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl 
acetate (20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-
ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, 
v/v/v); Fraction 6 -  8 ml of Methanol 

 
 
 
 
 
 

 
Figure 53. Silica-based solid phase extraction of Phosphatidylinositol (100ug) using varying solutions, expressed 
in area (μV), (n=3).Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl 
acetate (20:1,v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-
ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 -  8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, 
v/v/v); Fraction 6 -  8 ml of Methanol. 

 
 

0

20000

40000

60000

80000

100000

120000

Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Fraction 6

Phosphatidylcholine

C16:0 C18:0 C18:1n-9 DMA 18:1 C18:2n-6 C20:3n-3 C22:6n-3

μV

0

10000

20000

30000

40000

50000

60000

70000

Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Fraction 6

Phosphatidylinositol

C16:0 C18:0 C18:1n-9 C18:2n-6 C18:3n-3

μV



452 
 

 
Figure 54. Silica-based solid phase extraction of Sphingomyelin (100ug) using varying solutions, expressed in 
area (μV), (n=3). Fraction 1 - 4.5 ml of isooctane-ethyl acetate (80: 1, v/v); Fraction 2 - 5 ml of isooctane-ethyl 
acetate (20:1, v/v); Fraction 3 - 4.5 ml of isooctane-ethyl acetate (75:25, v/v); Fraction 4 - 4 ml of isooctane-
ethyl acetate-acetic acid (75:25:2, v/v/v; Fraction 5 - 8 ml of isooctane- ethyl-acetate-acetic acid (75:25:2, 
v/v/v); Fraction 6 -  8 ml of Methanol 
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When taking the selective elution test results into consideration, it was decided to use: 

• Fraction 1 elution as a representation of Triglycerides  

• Fraction 2 elution as a representation of Cholesteryl esters  

• Fraction 3 elution as a representation of monoglycerides  

• Fraction 6 elution as a representation of phospholipids  

No fraction was assigned to non-esterified fatty acids owing to the overlap of elution in 

Fractions 1-3 with Triglycerides and Cholesteryl esters. As unbound fatty acids only make up 

a very small percentage of tissue lipid profiles and with TAG levels making up a large 

proportion of tissue lipids (Grzybek et al. 2019) this overlap of MAG and TAG elution with SPE 

separation was not considered pertinent in relation to the triglyceride profiles of Fraction 1.  
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Appendix 4 
 
Phospholipid molecular species separation and analysis by HPLC-MS 
 
To further isolate, separate and characterize both the PL classes and separate and 

characterize the molecular species within that class a 2-dimensional (2D) LC (LC×LC) method 

was explored. A review of the literature resulted in two potential methods (Dugo et al. 2013; 

Netto, Wong and Ritchie 2013). Both methods reported to separate PL classes by a silica 

hydrophilic interaction liquid chromatography (HILIC) column in the first dimension (D1) and 

a by silica column in the second dimension (D2). The capability of such a system for analysis 

of PLs was evaluated on our equipment. The method was assessed with commercially 

available PL standards (Table 88) and Folch-extracted egg yolk samples. Samples were 

dissolved in chloroform/methanol 2:1 (v/v) and stored at –20 °C until use. 

Reagents and materials 
LC-MS grade reagents were purchased from Thermo Fisher Scientific, UK - water, acetonitrile, 

methanol, tetrahydrofuran, isopropanol, ammonium format, and formic acid. The buffered 

mobile phases were adjusted to pH6.5 by adding a few drops of formic acid. The standards of 

phosphatidylinositol (PI), phosphatidylethanolamine (PE), phosphatidylcholine (PC), 

sphingomyelin (SM) and phosphatidylcholine (PC) were purchased from Sigma–Aldrich 

(Merck KGaA, Darmstadt, Germany) (See Table 88). 

Chromatographic separations were carried out using two different core-shell columns 

purchased from Phenomenex, Macclesfield, UK: Phenomenex Kinetex HILIC minibore 

Column. 1.7μm, 2.1 X 100mm and Phenomenex Kinetex® 1.7 µm C18 100 Å, LC Column 150 x 

2.1 mm. All analysis was performed on a Shimadzu Nexera X2 equipped with a Shimadzu CBM-

20A controller, Shimadzu LC-30ADdual-plunger pumps, Shimadzu DGU-20A5 degassing unit, 

Shimadzu CTO-20A column oven, Shimadzu SIL-20AC autosampler, Shimadzu SPD-M20A 

photo diode array detector (2.5μL detector flow cell), Shimadzu LCMS-2020 mass 

spectrometer. Post run analysis was performed on Shimadzu LabSolutions (Version 5.82 SP1). 

Installation of Columns 
Both columns were installed and conditioned as per manufacturer’s instructions 

(Phenomonex 2017). Briefly, each column was installed without the outlet connected to the 

detector. The HILIC column was initially flushed with an acetonitrile / water (85:15) solvent 

mixture to remove any particulate matter from the column, while the C18 column was flushed 
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with acetonitrile / water (65:35). An initial flow rate was set to 0.1 mL/min (for 2.1 mm ID) for 

5 minutes and then increased to 0.2 mL/min (2.1mm ID) for 10 minutes with the solvent 

collected in a small beaker to confirm flow rate. The outlet end of column was then connected 

to the detector and further flushed with 30 column volumes (10ml-HILIC; 16ml-C18) at low 

flow (~0.2 mL/min) while monitoring the backpressure. 

LC Conditions 
Several flow rates and solvent combinations was assessed against commercially available 

standards for optimum separation (summarized in Table 89). Briefly, for HILIC separation of 

Phospholipid classes, Acetonitrile/ ammonium format (10 mM) (ACN/AmFm10mM) in the 

ratios 95:5v/v, 90:10 v/v and 85:15 v/v were assessed at flow rates of 0.05ml/min, 0.1ml/min 

and 0.2ml/min.  

 
Table 89. Mobile phases and flow rates assessed for HILIC and C18 columns used for the separation of 
phospholipids by liquid chromatography. 

 HILIC C18 

Mobile phases:  Acetonitrile/ammonium formate 

(10 mM) buffer pH6.5  

 

in the ratios 95:5v/v, 90:10 v/v 

and 85:15 v/v 

(A) ammonium formate buffer 

(10 mM; pH 6.5)/ 

isopropanol/tetrahydrofuran 

(30:55:15) and  

 

(B) acetonitrile 

 

Isocratic elution (40% B) 

Flow Rate: 0.05ml/min - 0.2ml/min 0.1 - 0.3 ml/min 

Sample injection 

volume: 

10 μL 20 μL 

 

  



467 
 

MS conditions  
 

For the identification of phospholipid molecular species MS acquisition conditions will be 

performed as per the Shimadzu technical report (Dugo et al. 2013) for a Shimadzu LCMS-2020 

mass spectrometer using the ESI interface operating in both positive and negative ionization 

modes. The specific settings are summarized in Table 90. 

 
Table 90. Mass spectrometry acquisition conditions for the identification of phospholipid molecular species 
separated on a C18 column. 

Mass Spectral 

Range:  

200–1100 M/Z Desolvation Line (Dl) 

Temperature:  

250°C 

Event Time:  1 Sec 

 

Dl Voltage:  −34 V 

Scan Speed:  938 Amu/S 

 

Probe Voltage:  +4.5 Kv 

Nebulizing Gas (N2) 

Flow:  

1.5 L. Min−1 Qarray Dc Voltage:  1 V 

Drying Gas (N2) 

Flow:  

15 L. Min−1 Qarray Rf Voltage:  100 V 

Interface 

Temperature:  

350° Detection Gain:  0.8 Kv 

Heat Block 

Temperature:  

200°C   
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HILIC separation of phospholipid classes 
For HILIC separation of Phospholipid classes, an initial screening of solvent combinations was 

undertaken (data not shown) for the HILIC method screening acetonitrile: ammonium format 

(10 mM) (ACN: AmFm10mM) in the ratios 95:5v/v, 90:10 v/v and 85:15 v/v as per previously 

published methods (Dugo et al. 2013; Netto, Wong and Ritchie 2013). After initial screening 

ACN/AmFm10mM was chosen as the HILIC solvent of choice for further analysis. The pH of 

the solvent was also checked (data not shown) as this varied between methods from pH 5.5 

– 8.0. A final pH of 6.5 was chosen as pH 5.5 interfered with detector and a pH below 7.0 was 

recommended for the column.  

A number of flow rates (Table 89) were explored for optimum HILIC separation of 

phospholipids (PI, PE, PC, SM) using ACN: AmFm10mM (90:10v/v) and commercially available 

standards (Table 88.). Data is presented in Table 91. and Figure 55, Figure 56 and Figure 57.  

All flow rates adequately separated individual phospholipids into distinct fractions. 0.2ml/min 

allowed for the fastest separation at approx. 40 minutes; however, some overlap of PI and PE 

may occur with only a 0.5min difference between fractions. Better separation of PI and PE 

was observed when run at 0.1ml/min but still may present potential overlap of fractions with 

only 0.7min time difference between fractions. A final flow rate of 0.05ml/min provides a 3-

minute time difference between PI and PE and will allow for distinct fraction collection 

between the two distinct classes. PC and SM show distinct separation at all flow rates with no 

overlap between them and the earlier phospholipids. A flow rate of 0.2ml/min provides the 

fasted separation of these two phospholipid fractions. The retention times of the 

phospholipid classes was tested against Folch-extracted egg yolk phospholipids (see Table 91. 

and Figure 55, Figure 56 and Figure 57). PE (27±0.85%), PC (72±0.9%) and SM (0.65±0.06%) 

were identified in the egg yolk sample (See Figure 58). 
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C18 separation of phospholipid molecular species  
 

An Initial screening for separation of phospholipid molecular species by C18 liquid 

chromatography was undertaken using acetonitrile: ammonium format (90:10v/v) at a flow 

rate of 0.3ml/min with (A) ammonium format buffer (10 mM; pH 6.5)/isopropanol 

/tetrahydrofuran (30:55:15) and (B) acetonitrile; Isocratic elution (40% B). As shown in Figure 

59 all standards eluted within a 25-minute run time, although PI eluted with the solvent front. 

PC appeared to be richest in molecular species, and appeared to have some overlapping of 

peaks, while PE also showed poorer peak formation. PC was further run at flow rates 0.2, 0.3 

and 0.4 ml/min to explore better peak formation (Figure 60). While 0.4ml/min produced a 

similar peak profile to 0.3ml/min, some later peaks overlapped. 0.2ml/min produced even 

more overlapping.  

 
HPLC-MS 
The objective of this work was to develop an HILIC-C18-LC system in combination single 

quadrupole mass spectrometric detection for analysis of phospholipid molecular species in 

absence of a tandem mass spectrometer. Hydrophilic -interaction Chromatography (HILIC) is 

a technique used to separate very polar samples. It works in a similar fashion to normal-phase 

chromatography but with reverse-phase solvents utilizing a polar stationary phase and an 

organic-rich (acetonitrile) low aqueous mobile to elute analytes in order of increasing 

hydrophilicity. To make this separation system operate seamlessly as a 2D separation 

method, a quaternary solvent pump system would be required, but was not available in-

house at the time of method development for use in our HPLC-MS. Due to time constraints, 

this method of analysis for PPL separation was reassessed and it was decided that total PPL 

fatty acid profiles would be examined instead. Therefore, this additional analysis was not 

utilized for the further sample analysis of the PPL SPE fractions but may provide a useful 

starting point for further method development for in-house PPL separation. 
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Table 91. Flow rates and retention times of commercially available standards using HILIC liquid 
chromatography (Acetonitrile: ammonium formate (90:10v/v) separation of phospholipids 

LC Flow Rate 0.05ml/min 0.1ml/min 0.2ml/min 

 Retention time (mins) Retention time (mins) Retention time (mins) 

 Standard Egg  

Yolk 

Standard Egg Yolk Standard Egg Yolk 

Phosphatidylinositol (PI) 4-5  - 2 - 2.8  - 1 – 1.5  - 

Phosphatidylethanol-amine (PE) 8-50  15 – 45  3.5 - 17.5  8 – 18  2 – 11  4 – 9  

Phosphatidylcholine (PC) 60-85  60 – 85  30 – 40  30 – 42  13 – 20  15 – 21  

Sphingomyelin (SM) 135 – 180 139 – 156  65 – 100  68 – 77  27 – 50  34 – 38  
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Figure 55. HILIC liquid chromatography separation of commercially available phospholipids and Folch-extracted 
egg yolk phospholipids using acetonitrile: ammonium format (90:10v/v) at a flow rate of 0.05ml/min showing 
distinct fraction separation of lipid classes 
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Figure 56. HILIC liquid chromatography separation of commercially available phospholipids and Folch-extracted 
egg yolk phospholipids using acetonitrile: ammonium format (90:10v/v) at a flow rate of 0.1ml/min showing 
distinct fraction separation of lipid classes 
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Figure 57. HILIC liquid chromatography separation of commercially available phospholipids and Folch-extracted 
egg yolk phospholipids using acetonitrile: ammonium format (90:10v/v) at a flow rate of 0.1ml/min showing 
distinct fraction separation of lipid classes 



474 
 

 

 

 

Sample 

percentage % 

 SEM 

n=3 

Phosphatidylethanolamine (PE) 26.89 ± 0.85 

Phosphatidylcholine (PC) 72.46 ± 0.90 

Sphingomyelin (SM) 0.65 ± 0.06 

 
Figure 58. Sample percentage (%) of phospholipids classes separated in Folch-extracted egg yolk lipids by HILIC 
Liquid chromatography 
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Figure 59. Separation of phospholipid molecular species by C18 liquid chromatography using acetonitrile: 
ammonium format (90:10v/v) at a flow rate of 0.3ml/min with (A) ammonium format buffer (10 mM; pH 
6.5)/isopropanol/tetrahydrofuran (30:55:15) and (B) acetonitrile; Isocratic elution (40% B). 
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Figure 60. Separation of phospholipid molecular species by C18 liquid chromatography using acetonitrile: 
ammonium format (90:10v/v) under different flow rates of 0.2, 0.3 and 0.4ml/min with (A) ammonium format 
buffer (10 mM; pH 6.5)/isopropanol/tetrahydrofuran (30:55:15) and (B) acetonitrile; Isocratic elution (40% B) 
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Appendix 5 
 
Table 92. Macronutrients, caloric value, and lipid profiles of normal fat diet (NFD) and high-fat diet (HFD) diet 
chow fed to male Wistar Rats (Taken from (Hirata Pedroso et al, 2019)). 

 
In the male Wistar rat study, rats were fed either standard rat chow (NuvilabR, Brazil, 2.7 

kcal/g), or a supplemented high fat chow prepared by mixing 40% (w/w) ground standard 

chow with 28% (w/w) melted lard, 20% (w/w) casein powder, 10% (w/w) sucrose, 2% (w/w) 

soybean oil, and 0.02% (w/w) butylated hydroxytoluene (5.0 kcal/g) as standardized  and used 

in previous studies (Banin et al. 2014b; Hirata Pedroso et al,. 2019, 2015, 2019). 
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Appendix 6 
 
NGF-induced differentiation 
It was reported by Greene in 1978, that for PC12 cell survival and morphological 

differentiation in serum-free media, a minimum of 10 ng/ml 2.5S NGF was required (Greene, 

1978). Under serum-free conditions up to 90% of PC12 cells become non-viable within 4-6 

days but if NGF is added upon serum starvation, cells undergo one doubling and remain viable 

for up to 4 weeks. Additionally, if NGF is added after two or more days of serum-deprivation, 

NGF works to maintain surviving cells but does not stimulate cell proliferation (Greene, 1978). 

It is now standard protocol to use reduced serum media PC12 differentiation to limit cell 

proliferation and encourage cell differentiation (Rudkin et al., 1989; Das, Freudenrich and 

Mundy, 2004; Marszalek et al., 2004; Hahn, Jones and Meyer, 2009; Mei et al., 2013). Reduced 

serum media helps to synchronize the cell cycle and arrest it in the G1 phase. G1 phase occurs 

at the end of mitotic division and before the commencement of DNA replication in S phase. 

The G1/S checkpoint prevents cells entering S phase if DNA damage is identified and triggers 

ubiquitin-mediated degradation and apoptosis (Weitzman and Wang, 2013). Lindenboim and 

colleagues (1995) also reported that upon serum starvation, RNA levels in PC12 cells 

decreased significantly in cells in G1, S, and G2-M phases leading to DNA damage and 

apoptosis (Lindenboim et al., 1995). Hahn and colleagues (2009) found that NGF-treated PC12 

cells predominantly arrest in G1 phase of the cell cycle compared to non-treated cells (Hahn, 

Jones and Meyer, 2009). Hahn and colleagues (2009) also reported that NGF-treated cells 

spent more time in G1 phase of the cell cycle compared to S phase. They also found that cells 

exposed to NGF when in G1 phase rarely proceeded into S, G2 and M phases of the cell cycle, 

while cells already in S, G2 and M phases, upon NGF exposure, continued through the cell 

cycle before arresting in G1 phase. Between 24 and 61 hours of NGF treatment, Hahn and 

colleagues reported that cells spent 88% of the time in G1 compared to non-NGF treated cells 

that spent 61% (Hahn, Jones and Meyer, 2009).  
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0.5% HS media differentiation 
After 4 days of incubation (96 hours), cell viability of cells incubated with 0.5% HS reduced-

serum media (0.5% HS) was 46% less (192 Vs 0 Hrs, p=0.04) than that of RPMI complete media 

(235% Vs 0 Hrs). At 144 hours the viability of cells grown in 0.5% HS reduced further to half 

(126% Vs 0 Hrs) that of RPMI complete media (269% Vs 0 Hrs, p<0.0001) (Figure 61.A). Like 

that of the 1% HS group, cells started to detach from the collagen coating into suspension 

after 72 hours. With regards to NGF treatment, no significant difference in viability was seen 

in vehicle only treatment or NGF treated groups compared to 0.5% HS across all time point 

(Figure 61.B). Of note however was a 104% reduction in viability in the 100ng/ml NGF group 

(145% Vs 0 Hrs) compared to 50ng/ml (249% Vs 0 Hrs, p=0.002) after 96 hours. This difference 

disappeared however after 144 hours of treatment with 50ng/ml NGF viability (113% Vs 0 

Hrs) dropping below that of 100ng/ml NGF (143% Vs 0 Hrs), although not significantly so 

(p=0.81). At 144 hours of 0.5% HS serum deprivation, viability was found to be 126% 

compared to 0 Hrs, less than that of 1% HS (191%). 0.5% HS supplemented with 25ng/ml NGF 

resulted in 99.5% viability, 50ng/ml NGF resulted in 112.8% viability while 100ng/ml NGF 

resulted in 143% viability compared to 0 Hrs. 0.5% HS-NGF treated cells did not experience 

the approximate doubling found in the 1% HS groups (1% HS+NGF; 25ng/ml-231%; 50ng/ml-

211%,100ng/ml-165% Vs 0Hrs, Figure 61)  and as reported by Greene (1978). 

Morphologically, as shown in Figure 62, after 144hours of NGF treatment, some long neurite 

outgrowths were observed in 25ng/ml NGF treatment, with observable outgrowths appearing 

more abundant and longer in 50 and 100 ng/ml treatments.  

Treatment with 50 µg/ml GbE (120% Vs 0 Hrs, p=0.0003) and 100µg/ml GbE (133% Vs 0 Hrs, 

p=0.006) significantly decreased cell viability compared to 0.5% HS alone (192% Vs 0 Hrs) at 

96 hours (Figure 61.C.). Morphologically cells appeared rounded without neurite outgrowths 

(not shown), comparable to that of 0.5% HS (Figure 62). 
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Figure 61. Viability (%) of PC12 cells after six days incubation with 1% horse serum (1% HS) media. A). 15% 
complete serum media (10% horse serum+ 5% foetal bovine serum) Vs 0.5% HS. B). 0.5% HS media Vs Vehicle 
(0.085% saline) and nerve growth factor 2.5s (NGF 25,50 and 100ng/ml) C. 0.5% HS Vs Ginkgo biloba (GbE, 50 
and 100ug/ml). *p < 0.05, ***p < 0.001, ~p=0.5% HS Vs 25ng/ml NGF, #p= 0.5% HS Vs NGF 50ng/ml, Δp=0.5% 
Hs Vs GbE50, λp=0.5% Hs Vs GbE100. Data presented as mean±SEM. Data analysed by two-way ANOVA with 
Šídák (A.) or Tukey (B. and C.) post hoc test. 
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Figure 62.Microphotographs of PC12 cell differentiation with RPMI media supplemented with 0.5% horse 
serum (0.5% HS) and nerve growth factor (NGF) for 7 days. A.) PC12 cells incubated in complete media (RPMI 
+ 15% serum. B.) Cells incubated in 0.5% HS. C.) Cells incubated in 0.5% HS and 0.85% Saline (Vehicle). D.) Cells 
incubated in 0.5% HS and 25ng/ml NGF. E.) Cells incubated in 0.5% HS and 50ng/ml NGF. F.) Cells incubated 
in 0.5% HS and 100ng/ml NGF. Media was replaced every 48 hours. Increased neurite outgrowth was observed 
in all NGF treatments (D-F) but not with 0.85% saline (C). White arrows indicate representative long neurite 
outgrowth. 
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0.1% HS media differentiation 

 

By 48 hours of 0.1% HS incubation, cells started to detach from the collagen coating into 

suspension. After 96 hours of incubation, cell viability of cells incubated with 0.1% HS 

reduced-serum media (0.1% HS) was 92% less (153.6% Vs 0 Hrs, p=0.04) than that of RPMI 

complete media (235% Vs 0 Hrs). At 144 hours the viability of cells grown in 0.1% HS was 

173.4% compared to 0 Hrs, but 95% less than the RPMI complete group (269% Vs 0 Hrs, 

p<0.0001) (Figure 63.A). With regards to NGF treatment, no significant difference in viability 

was seen in vehicle only treatments across all time point Figure 63.B).  

By 96 hours of NGF treatment, when compared to 0.1% HS alone (156% Vs 0 hrs), 25ng/ml 

NGF treatment (132% Vs 0hrs) was 24% less viable (p=0.008), 50ng/ml NGF (136.5% Vs 0 hrs) 

was 19.5% less viable (p=0.047) and 100ng/ml NGF (126.7% Vs 0 hrs) was 29% less viable 

(p=0.0005). By 144 hours of NGF treatment, viability levels significantly reduced further in all 

NGF treatments 25ng/ml, 94.9% Vs 0 hrs, p<0.0001; 50ng/ml 96.1% Vs 0 hrs, p<0.0001; 

100ng/ml Vs 0 hrs, 102.1%, p<0.002) compared to 0.1% HS alone (133.7% Vs 0 hrs). 

Morphologically, as shown in Figure 64, after 144hours of NGF treatment, few neurite 

outgrowths were observed across all NGF treatments.  

After 144hours of treatment with GbE, no differences in viability were observed between 

0.1% HS media alone and 50 µg/ml GbE (127.8% Vs 0 Hrs, p=0.81) and 100µg/ml GbE (127% 

Vs 0 Hrs, p=0.73) Morphologically, like that of 1% HS and 0.5% HS, cells appeared rounded 

without neurite outgrowths (not shown), comparable to that of 0.5% HS. 
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Figure 63. Viability (%) of PC12 cells after six days incubation with 0.1% horse serum (0.1% HS) media. A). 15% 
complete serum media (10% horse serum+ 5% foetal bovine serum) Vs 0.1% HS. B). 1% HS media Vs Vehicle 
(0.085% saline) and nerve growth factor 2.5s (NGF 25,50 and 100ng/ml) C. 0.1% HS Vs Ginkgo biloba (GbE, 50 
and 100ug/ml). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs 1% serum. ~p=Vs 25ng/ml NGF, #p= Vs 
NGF 50ng/ml, &p= Vs NGF 100ng/ml vs 0.1% serum. Data presented as mean±SEM. Data analysed by Two-
way ANOVA with Šídák (A.) or Tukey (B. and C.)  post hoc test). 
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Figure 64.Microphotographs of PC12 cell differentiation with RPMI media supplemented with 0.1% horse 
serum (0.1% HS) and nerve growth factor (NGF) for 7 days. A.) PC12 cells incubated in complete media (RPMI 
+ 15% serum. B.) Cells incubated in 0.1% HS. C.) Cells incubated in 0.1% HS and 0.85% Saline (Vehicle). D.) Cells 
incubated in 0.1% HS and 25ng/ml NGF. E.) Cells incubated in 0.1% HS and 50ng/ml NGF. F.) Cells incubated 
in 0.1% HS and 100ng/ml NGF. Media was replaced every 48 hours. Increased neurite outgrowth was observed 
in all NGF treatments (D-F) but not with 0.85% saline (C). White arrows indicate representative long neurite 
outgrowth. 

 
 


