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ABSTRACT 

Polyphenols have a range of health promoting effects against chronic diseases such as 

obesity and type 2 diabetes mellitus. Previous research in our group showed that Cyclopia 

species (honeybush), endemic South African plants, display anti-obesity effects. The aim 

of this study was to investigate the anti-obesity potential of polyphenol-enriched extracts 

of three Cyclopia spp. (C. subternata, C. intermedia and C. maculata) using bioactivity 

guided fractionation to facilitate the identification of anti-obesity polyphenols.  

Aqueous methanol extracts of C. subternata, C. intermedia and C. maculata were 

prepared and separated into their aqueous and organic fractions, which were tested for 

their anti-obesity effects in 3T3-L1 adipocytes using the Oil Red O, glycerol release 

(marker of lipolysis), and triglyceride assays. Cytotoxicity was evaluated using the 3-[4,5-

Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and adenosine triphosphate 

(ATP) assays. The anti-obesity properties of the organic fraction of the aqueous methanol 

extract of C. intermedia were evaluated in obese Leprdb/db mice. Thereafter, the organic 

fraction was separated into four fractions (CCC F1 to CCC F4) using high performance 

counter-current chromatography (HPCCC), which were tested for their anti-obesity and 

cytotoxic effects in 3T3-L1 pre-adipocytes and in mature adipocytes. Liquid 

chromatography tandem mass spectrometry (LC-MS/MS) and quantitative high 

performance liquid chromatography diode array detection (HPLC-DAD) were used for 

determination of phenolic composition. The molecular mechanisms of action of the 

organic fraction and its CCC fractions were assessed with quantitative real-time PCR and 

western blot analysis.  

The polyphenol-enriched extracts of C. subternata, C. intermedia and C. maculata, and 

their aqueous and organic fractions exhibited differences in phenolic composition and 

bioactivity. The aqueous fractions of C. maculata and C. subternata, containing lower 

phenolic content than the organic fractions, decreased lipid content in 3T3-L1 adipocytes 

compared to their organic counterparts. However, the organic fraction of C. intermedia, 

with higher phenolic content than its aqueous fraction, decreased lipid content compared 
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to its aqueous fraction in 3T3-L1 adipocytes. In Leprdb/db mice, the organic fraction of C. 

intermedia decreased body weight gain, without affecting food or water consumption. 

Further fractionation of the organic fraction of C. intermedia by HPCCC provided four 

fractions with differences in phenolic composition and anti-obesity effects. None of the 

extracts or fractions, except for the aqueous C. intermedia and organic C. maculata 

fractions which decreased ATP content, affected cell viability as measured with the MTT 

and ATP assays during acute treatment. The highest concentrations of CCC F1 and CCC 

F3 decreased ATP content during chronic treatment in pre-adipocytes. In 3T3-L1 

adipocytes, the organic fraction of C. intermedia and CCC fractions modulated the 

expression of genes implicated in lipid and energy metabolism, whereas the organic 

fraction of C. intermedia had no effect on the expression of these genes in Leprdb/db mice. 

In conclusion, the organic fraction of C. intermedia exhibited anti-obesity properties in vitro 

and in vivo. A flavanone with anti-obesity potential, neoponcirin, was identified in C. 

intermedia, the first discovery of this compound in Cyclopia spp. Bioactivity guided 

fractionation of the organic fraction of C. intermedia resulted in CCC fractions retaining 

different polyphenols with varying anti-obesity effects. These results demonstrate that the 

anti-obesity potential of C. intermedia is due to the presence of more than one compound, 

with different mechanisms of action, or the synergistic effects of more than one compound, 

may contribute to the bioactivity of C. intermedia. 
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OPSOMMING 

Polifenole het ‘n verskeidenheid van voordelige gesondheids-effekte teen chroniese 

siekte toestande wat obesiteit en diabetes mellitus tipe 2 insluit. Voorafgaande navorsing 

in ons groep het aangedui dat die uitsluitlik inheems Suid-Afrikaanse Cyclopia-spesies 

(heuningbos), obesiteits-teenwerkende effekte toon. Die mikpunt van die huidige studie 

was om die obesiteits-teenwerkende potensiaal van polifenol-verrykte ekstrakte van drie 

Cyclopia-spesies (C. subternata, C. intermedia en C. maculata) te ondersoek deur bio-

aktiwiteitsgerigte fraksionering te gebruik om obesiteits-teenwerkende polifenole te 

identifiseer. 

Waterige metanol ekstrakte van C. subternata, C. intermedia en C. maculata was 

voorberei en geskei in water-oplosbare en organiese fraksies wat dan getoets was vir 

moontlike obesiteits-teenwerkende eienskappe in 3T3-L1 vetselle deur gebruik te maak 

van “Oil Red O”, gliserol-vrystelling (‘n merker vir lipolise) en trigliseried toetse. 

Seldodende effekte is ondersoek deur die 3-[4,5-Di-metielthiazool-2-iel]-2,5-

difenieltetrazolium bromied (MTT) and adenosien trifosfaat (ATP) toetse te gebruik. Die 

obesiteits-teenwerkende effekte van die organiese fraksie verkry vanuit die waterige 

metanol ekstrak van C. intermedia is verder ondersoek in Leprdb/db-muise. Hierna is die 

organiese fraksie opgedeel in vier fraksies (CCC F1 tot CCC F4) deur hoë-werkverrigting 

teen-vloei chromatografie (HPCCC) te gebruik en dan weer getoets vir obesiteits-

teenwerkende en seldodende effekte in 3T3-L1 pre-vetselle en volwasse vetselle. 

Vloeistof-chromatografie gekoppelde massaspektrometrie (LC-MS/MS) en kwantitatiewe 

hoë-werkverrigting vloeistof-chromatografie met diode-reeks deteksie (HPLC-DAD) is 

gebruik vir die bepaling van die fenoliese samestelling. Die molekulêre 

werkingsmeganismes van die organiese fraksie en die CCC-fraksies is ondersoek deur 

die kwantitatiewe “intyds” polimerase kettingreaksie en western-klad tegnieke te gebruik. 

Die polifenol-verrykte ekstrakte van C. subternata, C. intermedia en C. maculata en hul 

wateroplosbare en organiese fraksies het verskille getoon in fenoliese samestelling asook 

bio-aktiwiteit. Die wateroplosbare fraksies van C. maculata en C. subternata, met laer 

fenoliese inhoud as die organiese fraksies, het vet-inhoud in 3T3-L1 vetselle verlaag 

Stellenbosch University  https://scholar.sun.ac.za



 

vi 
 

relatief tot hul ooreenstemmende organiese fraksies. Die organiese fraksie van C. 

intermedia, met hoër fenoliese inhoud as die wateroplosbare fraksie, het egter die 

vetinhoud van die 3T3-L1 vetselle verlaag in vergelyking met die ooreenstemmende 

wateroplosbare fraksie. In Leprdb/db-muise het die organiese fraksie van C. intermedia ‘n 

verlaging in liggaamsgewigstoename tot gevolg gehad sonder om die voedsel- of water-

inname te beïnvloed. Verdere skeiding van die organiese fraksie van C. intermedia met 

HPCCC het 4 fraksies opgelewer wat elkeen verskil het van die ander in terme van 

fenoliese samestelling en obesiteits-teenwerkende effekte. Geen van die ekstrakte of 

fraksies, behalwe die wateroplosbare fraksie van C. intermedia en die organiese fraksie 

van C. maculata wat ATP-inhoud laat daal het in 3T3-L1 vetselle, het sel-

lewensvatbaarheid beïnvloed soos gemeet in MTT- en ATP-toetse na akute behandeling 

nie. Tydens chroniese behandeling van 3T3-L1 pre-vetselle, het die hoogste 

konsentrasies van CCC F1 en CCC F3 die ATP-inhoud verlaag. In 3T3-L1 vetselle, het 

die organiese fraksie van C. intermedia en daaropvolgende CCC-fraksies die uitdrukking 

van gene betrokke by vet en energie metabolisme gemoduleer terwyl die organiese 

fraksie van C. intermedia nie die uitdrukking van hierdie gene in Leprdb/db-muise beïnvloed 

het nie. 

 

In samevatting, die organiese fraksie van C. intermedia het obesiteits-teenwerkende 

eienskappe getoon in vitro en in vivo. ‘n Flavanoon met obesiteits-teenwerkende 

potensiaal, neo-ponsirien, is geidentifiseer in C. intermedia en is vir die eerste keer gevind 

in Cyclopia spesies. Bio-aktiwiteitsgerigte fraksionering van die organiese fraksie van C. 

intermedia het CCC-fraksies gelewer wat verskillende polifenole bevat het en wat 

verskillende obesiteits-teenwerkende effekte getoon het. Hierdie resultate dui daarop dat 

die obesiteits-teenwerkende potensiaal van C. intermedia nie toegeken kan word aan ‘n 

enkele fenoliese verbinding nie, maar dat sinergistiese of kumulatiewe effekte vanaf meer 

as een obesiteits-teenwerkende verbinding, met verskille in werkingsmeganisme, 

betrokke mag wees. 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

vii 
 

ACKNOWLEDGEMENTS 

 

To the almighty God, I thank you for granting me this opportunity and for giving me strength for all 

my accomplishments especially throughout this study. 

 
I would like to sincerely acknowledge the following people for their contributions: 
 

 Dr Carmen Pheiffer, my supervisor, for her support, assistance, motivation and enthusiasm 

throughout the study. Thank you for your dedication, time and effort! It was a privilege to be 

your student; 

 Dr Christiaan Malherbe, my co-supervisor, for taking his time to teach and assist me with my 

experiments at the Agricultural Research Council (ARC) laboratory. Thank you for your 

encouragement, guidance and your valuable input throughout this study; 

 Prof Barbara Huisamen, my co-supervisor, for her scientific input, guidance and support 

throughout this study; 

 Dr Christo Muller and Prof Elizabeth Joubert for their valuable input and expertise throughout 

this study and Dr Johan Louw, for the opportunity to conduct my PhD research at the 

Biomedical Research and Innovation Platform (BRIP), South African Medical Research 

Council (SAMRC); 

 All my colleagues from BRIP (especially Dr Mazibuko, Dr Gabuza, Mr Linden) for technical, 

scientific and academic input and contributions ; 

 The Post-Harvest and Wine Technology Division at the ARC Infruitec Nietvoorbij and Primate 

Unit and Delft Animal Centre (SAMRC) for using their facilities to conduct my research, as well 

their technical assistance; 

 Dr Elize Willenburg and Dr Dalene De Beer (ARC) for the identification of neoponcirin; 

 To my mother, family and friends, thank you for your unconditional love, prayers, support and 

encouragement; and 

 This work was financially supported by the SAMRC Self-Initiated Research (SAMRC-SIR) 

grant BU 23143 (C Malherbe) and baseline funds from the SAMRC (C Pheiffer). Financial 

support from the SAMRC (Research Capacity Development), BRIP, Stellenbosch University, 

Harry Crossley Foundation, Ernst & Ethel Ericksen Trust, Whitehead Scientific (Travel Award) 

and the PSSA (Travel Award) is also acknowledged. 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

viii 
 

TABLE OF CONTENTS 

Declaration ........................................................................................................................ ii 

ABSTRACT ...................................................................................................................... iii 

OPSOMMING .................................................................................................................... v 

ACKNOWLEDGEMENTS ................................................................................................ vii 

TABLE OF CONTENTS .................................................................................................. viii 

LIST OF FIGURES .......................................................................................................... xiv 

LIST OF TABLES ........................................................................................................... xix 

ABBREVIATIONS ........................................................................................................... xxi 

 

CHAPTER 1 ....................................................................................................................... 1 

LITERATURE REVIEW ...................................................................................................... 1 

1.1 Introduction .................................................................................................................. 2 

1.2 Assessment of obesity .................................................................................................. 2 

1.3 Prevalence of obesity ................................................................................................... 3 

1.3.1 South Africa ........................................................................................................... 4 

1.4 Risk factors for obesity ................................................................................................. 5 

1.5 Adipose tissue .............................................................................................................. 7 

1.5.1 White adipose tissue .............................................................................................. 8 

1.5.2 Brown adipose tissue ............................................................................................. 8 

1.6 Adipogenesis ................................................................................................................ 9 

1.6.1 Transcriptional regulation of adipogenesis ........................................................... 11 

1.6.1.1 Peroxisome proliferator activator receptor gamma (PPARγ) .......................... 11 

1.6.1.2 CCAAT/enhancer binding protein (C/EBP) family .......................................... 12 

1.6.1.3 Other transcription factors involved in adipogenesis ...................................... 12 

1.7 Adipocyte metabolism ................................................................................................ 13 

1.7.1 Glucose metabolism............................................................................................. 13 

1.7.2 Lipogenesis .......................................................................................................... 15 

1.7.2.1 De novo fatty acid synthesis .......................................................................... 15 

1.7.2.2 Fatty acid uptake from circulation and transport ............................................ 16 

1.7.2.3 Triglyceride synthesis .................................................................................... 17 

1.7.3 Lipolysis ............................................................................................................... 18 

1.7.4 Fatty acid oxidation .............................................................................................. 19 

1.8 Metabolic complications associated with obesity ........................................................ 21 

Stellenbosch University  https://scholar.sun.ac.za



 

ix 
 

1.8.1 Inflammation ........................................................................................................ 22 

1.8.2 Oxidative stress and mitochondrial dysfunction .................................................... 22 

1.9 Insulin Resistance ...................................................................................................... 23 

1.10 Obesity and the metabolic syndrome ........................................................................ 25 

1.11 Obesity and chronic diseases ................................................................................... 27 

1.11.1 Type 2 diabetes mellitus .................................................................................... 27 

1.11.2 Cardiovascular disease ...................................................................................... 28 

1.11.3 Cancer ............................................................................................................... 28 

1.11.4 Non-alcoholic fatty liver disease ......................................................................... 29 

1.12 Current interventions against obesity ........................................................................ 29 

1.12.1 Lifestyle modification .......................................................................................... 29 

1.12.2 Pharmacological drugs ....................................................................................... 29 

1.12.3 Bariatric surgery ................................................................................................. 30 

1.12.4 Medicinal plants and polyphenols....................................................................... 31 

1.13 South African indigenous plants: Cape Fynbos ........................................................ 31 

1.13.1 Cyclopia species (honeybush tea)...................................................................... 32 

1.13.2 Geographical distribution ................................................................................... 33 

1.13.3 Honeybush tea industry ..................................................................................... 34 

1.13.4 Phenolic composition ......................................................................................... 34 

1.13.5 Biological properties of Cyclopia species ........................................................... 39 

1.13.5.1 Anti-obesity health effects ............................................................................ 39 

1.13.6 Anti-obesity phenolic compounds present in Cyclopia ........................................ 40 

1.13.6.1 Xanthones ................................................................................................... 40 

1.13.6.2 Flavonoids ................................................................................................... 41 

1.13.6.3 Other polyphenolic groups ........................................................................... 42 

1.14 Model systems to study obesity ................................................................................ 46 

1.14.1 3T3-L1 adipocytes ............................................................................................. 46 

1.14.2 The Leprdb/db mouse model ................................................................................. 46 

1.15 Motivation for the study ............................................................................................ 47 

1.15.1 Problem statement and research motivation ...................................................... 47 

1.14.2 Hypothesis ......................................................................................................... 48 

1.14.3 Aim .................................................................................................................... 49 

1.14.4 Study objectives ................................................................................................. 49 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

x 
 

CHAPTER 2 ..................................................................................................................... 51 

MATERIALS AND METHODS ......................................................................................... 51 

2.1 Overview of methodology ........................................................................................... 52 

2.2 Plant material ............................................................................................................. 54 

2.2.1 Preparation of 40% aqueous methanol extracts ................................................... 55 

2.2.2 Liquid-liquid fractionation of 40% aqueous methanol extracts .............................. 55 

2.2.3 Large scale preparation of the bioactive fraction .................................................. 55 

2.2.4 High performance counter-current chromatography (HPCCC) ............................. 56 

2.2.5 Separation and quantification of phenolic compounds using HPLC-DAD ............. 58 

2.2.6 Identification of phenolic compounds using LC-DAD-MS and -MS/MS Detection . 60 

2.3 In vitro cell culture ...................................................................................................... 61 

2.3.1 Cell line ................................................................................................................ 61 

2.3.2 Thawing of 3T3-L1 pre-adipocytes ....................................................................... 62 

2.3.3 Subculture of 3T3-L1 pre-adipocytes ................................................................... 62 

2.3.3.1 Trypsin treatment ........................................................................................... 62 

2.3.3.2 Cell counting .................................................................................................. 63 

2.3.3.3 Freezing cells ................................................................................................ 63 

2.3.4 Seeding of 3T3-L1 pre-adipocytes ....................................................................... 63 

2.3.5 Differentiation of 3T3-L1 pre-adipocytes into mature adipocytes .......................... 64 

2.3.6 Extract preparation and treatments ...................................................................... 66 

2.3.6.1 Acute treatment ............................................................................................. 66 

2.3.6.2 Chronic treatment .......................................................................................... 66 

2.3.7 In vitro bioassays ................................................................................................. 67 

2.3.7.1 Oil Red O Assay ............................................................................................ 67 

2.3.7.2 Intracellular triglycerides ................................................................................ 68 

2.3.7.3 Glycerol Release Assay ................................................................................. 69 

2.3.7.4 The 3-[4, 5-Dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide Assay ..... 69 

2.3.7.5 The adenosine-5'-triphosphate (ATP) activity Assay ...................................... 70 

2.3.7.6 Propidium iodide staining ............................................................................... 70 

2.4 In vivo study ............................................................................................................... 71 

2.4.1 Overview of study ................................................................................................ 71 

2.4.2 Ethical consideration ............................................................................................ 71 

2.4.3 Animal monitoring and housing ............................................................................ 73 

2.4.4 Experimental design ............................................................................................ 73 

2.4.5 Preparation of dosage treatment and administration of treatment ........................ 74 

Stellenbosch University  https://scholar.sun.ac.za



 

xi 
 

2.4.6 Body weight and fasting plasma glucose.............................................................. 74 

2.4.7 Food and water intake monitoring ........................................................................ 74 

2.4.8 Oral glucose tolerance test (OGTT) ..................................................................... 75 

2.4.9 Blood collection and tissue harvesting ................................................................. 75 

2.4.10 Fasting insulin .................................................................................................... 75 

2.5 Gene expression analysis by quantitative real time PCR ............................................ 76 

2.5.1 RNA extraction ..................................................................................................... 76 

2.5.2 RNA quantification ............................................................................................... 77 

2.5.3 RNA integrity ........................................................................................................ 78 

2.5.4 DNase treatment .................................................................................................. 79 

2.5.5 Reverse transcription ........................................................................................... 79 

2.5.6 Quantitative real-time PCR................................................................................... 80 

2.5.6.1 Assessment of genomic DNA contamination ................................................. 81 

2.5.6.2 Quantitative real-time PCR for gene expression analyses ............................. 82 

2.6 Protein expression analysis ........................................................................................ 84 

2.6.1 Cell collection and protein extraction .................................................................... 84 

2.6.2 Quantification of protein concentration ................................................................. 84 

2.6.3 Protein separation by electrophoresis .................................................................. 85 

2.6.4 Transfer of proteins to a PVDF membrane ........................................................... 85 

2.6.5 Ponceau S staining .............................................................................................. 86 

2.6.6 Western Blot analyses ......................................................................................... 86 

2.7 Statistical analysis ...................................................................................................... 87 

 

CHAPTER 3 ..................................................................................................................... 89 

RESULTS 1 ..................................................................................................................... 89 

3.1 Phenolic Analysis ....................................................................................................... 91 

3.2 In vitro experiments to identify the most bioactive Cyclopia fraction ............................ 97 

3.2.1 Validation of the in vitro cell model ....................................................................... 97 

3.2.2 The aqueous fraction of C. maculata and organic fraction of C. intermedia dose-

dependently decrease lipid content in differentiated 3T3-L1 adipocytes ........................ 98 

3.2.3 Cytotoxicity varies according to Cyclopia species and their fractions ................. 101 

3.2.4 Selection of the organic fraction of C. intermedia for further analysis ................. 105 

3.2.4.1 Effect of the organic fraction of C. intermedia on gene expression .............. 105 

3.2.4.2 Effect of the organic fraction of C. intermedia on protein expression............ 108 

3.3 Validation of phenolic content and bioactivity of the large-scale preparation ............. 108 

Stellenbosch University  https://scholar.sun.ac.za



 

xii 
 

3.4 In vivo experiments of the organic fraction of C. intermedia ...................................... 111 

3.4.1 Validation of the Leprdb/db mouse model ............................................................. 111 

3.4.2 The organic fraction of C. intermedia decreases body weight gain in obese Leprdb/db 

without changes in food and water consumption ......................................................... 114 

3.4.3 The organic fraction of C. intermedia increases liver weight of obese Leprdb/db mice116 

3.4.4 Effect of the organic fraction of C. intermedia on glucose metabolism ................ 116 

3.4.5 Effect of the organic fraction of C. intermedia on adipose tissue gene expression118 

3.4.5.1 Subcutaneous white adipose tissue ............................................................. 119 

3.4.5.2 Gonadal white adipose tissue ...................................................................... 122 

3.4.5.3 Interscapular brown adipose tissue ............................................................. 125 

3.5 Summary of results................................................................................................... 127 

 

CHAPTER 4 ................................................................................................................... 134 

RESULTS 2 ................................................................................................................... 134 

4.1 Fractionation of the organic fraction of C. intermedia and phenolic analysis ............. 136 

4.2 Effect of CCC fractions in differentiating 3T3-L1 pre-adipocytes ............................... 140 

4.2.1 Lipid accumulation ............................................................................................. 140 

4.2.2 Triglyceride content ............................................................................................ 142 

4.2.3 ATP content ....................................................................................................... 144 

4.3 Effect of CCC fractions in mature 3T3-L1 adipocytes ............................................... 146 

4.3.1 Lipid content ...................................................................................................... 146 

4.3.2 Glycerol Release ................................................................................................ 148 

4.3.3 ATP content ....................................................................................................... 150 

4.4 Effect of the CCC fractions on gene expression in mature 3T3-L1 adipocytes .......... 152 

4.5 Effect of the CCC fractions on protein expression in mature 3T3-L1 adipocytes ....... 160 

4.6 Summary of results................................................................................................... 162 

 

CHAPTER 5 ................................................................................................................... 167 

DISCUSSION ................................................................................................................. 167 

5.1 Bioactivity varies according to Cyclopia species and phenolic content...................... 168 

5.2 Evaluation of the anti-obesity effects of C. intermedia .............................................. 173 

5.3 HPCCC fractionation of Cyclopia intermedia into four factions with different bioactivity182 

5.4 Shortcomings of the study ........................................................................................ 188 

5.6 Future work .............................................................................................................. 189 

5.7 Conclusion ............................................................................................................... 190 

Stellenbosch University  https://scholar.sun.ac.za



 

xiii 
 

REFERENCES ............................................................................................................... 192 

ADDENDUM 1 - Animal Ethics Approval ..................................................................... 219 

ADDENDUM 2 - Reagents and Buffers solutions ....................................................... 221 

ADDENDUM 3 - Supplementary Data .......................................................................... 224 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Stellenbosch University  https://scholar.sun.ac.za



 

xiv 
 

LIST OF FIGURES 

 

CHAPTER 1 

 

Figure 1.1 The global prevalence of obesity (BMI ≥ 30 kg/m2) in women and men ≥ 18 years 

of age. 

Figure 1.2 Factors contributing to the development of obesity. 

Figure 1.3 Morphological representation of adipocytes within white adipose tissue and brown 

adipose tissue.  

Figure 1.4 Stages in pluripotent stem cell development to mature adipocytes and 

transcriptional regulation of adipocyte differentiation.  

Figure 1.5 Schematic diagram depicting the process of glucose uptake, glycolysis, the 

tricarboxylic acid cycle and fatty acid synthesis in adipocytes. 

Figure 1.6 An illustration of fatty acid uptake, and triglyceride synthesis and storage in 

adipocytes. 

Figure 1.7 Regulation of lipolysis in adipocytes during fasting and basal levels. 

Figure 1.8 Schematic illustration of fatty acid oxidation in the mitochondria. 

Figure 1.9 Mechanism of inflammatory and fatty acid induced insulin resistance in 

adipocytes. 

Figure 1.10 Trifoliate leaves of Cyclopia subternata (A), Cyclopia maculata (B) and Cyclopia 

intermedia (C). 

Figure 1.11 Natural distribution of Cyclopia species in the Western and Eastern Cape regions 

of South Africa. 

 

 

CHAPTER 2 

 

Figure 2.1 Experimental outline. 

Figure 2.2 Liquid-liquid fractionation of a 40% aqueous methanol extract indicating the 

aqueous, water (lower) fraction and the organic, n-butanol (upper) fraction. 

Figure 2.3 High performance counter current chromatography (A) and an illustration of the 

HPCCC protocol (B). 

Figure 2.4 Protocol for chemical induction of pre-adipocytes into mature adipocytes.  

 

Stellenbosch University  https://scholar.sun.ac.za



 

xv 
 

Figure 2.5 Overview of animal experimental procedure.  

Figure 2.6 Schematic illustration of the transfer sandwich assembly used for transferring 

proteins from SDS-PAGE gel to a PVDF membrane.  

 

 

CHAPTER 3 

 

Figure 3.1 Phenolic profile of C. subternata. 

Figure 3.2 Phenolic profile of C. intermedia. 

Figure 3.3 Phenolic profile of C. maculata. 

Figure 3.4 Validation of the in vitro cell model. 

Figure 3.5 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. subternata on lipid content in 3T3-L1 adipocytes. 

Figure 3.6 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. intermedia on lipid content in 3T3-L1 adipocytes. 

Figure 3.7 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. maculata on lipid content in 3T3-L1 adipocytes. 

Figure 3.8 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. subternata on mitochondrial dehydrogenase activity in 

3T3-L1 adipocytes. 

Figure 3.9 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. subternata on ATP content in 3T3-L1 adipocytes. 

Figure 3.10 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. intermedia on mitochondrial dehydrogenase activity in 3T3-

L1 adipocytes. 

Figure 3.11 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. intermedia on ATP content in 3T3-L1 adipocytes. 

Figure 3.12 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. maculata on mitochondrial dehydrogenase activity in 3T3-

L1 adipocytes. 

Figure 3.13 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. maculata on ATP content in 3T3-L1 adipocytes. 

Stellenbosch University  https://scholar.sun.ac.za



 

xvi 
 

Figure 3.14 The effect of the organic fraction of C. intermedia on the mRNA expression genes 

involved in lipid or fatty acid, glucose and energy metabolism in 3T3-L1 

adipocytes. 

Figure 3.15 The effect of the organic fraction of C. intermedia on PPARγ and PPARα protein 

expression in 3T3-L1 adipocytes. 

Figure 3.16 Phenolic profile of the large-scaled preparation of C. intermedia. 

Figure 3.17 Metabolic characteristics of Leprdb/db mice and Leprdb/+ mice.   

Figure 3.18 The effect of the organic fraction of C. intermedia on body weight gain in Leprdb/+ 

and Leprdb/db mice. 

Figure 3.19 The effect of the organic fraction of C. intermedia on food intake and water 

consumption of Leprdb/+ and Leprdb/db mice. 

Figure 3.20 The effect of the organic fraction of C. intermedia on liver weight of Leprdb/db and 
Leprdb/+ mice. 

Figure 3.21 The effect of the organic fraction of C. intermedia on fasting plasma glucose 
concentration and glucose tolerance of Leprdb/+ and Leprdb/db mice. 

Figure 3.22 The effect of the organic fraction of C. intermedia on fasting serum insulin levels 

of Leprdb/+ and Leprdb/db mice. 

Figure 3.23 The effect of the organic fraction of C. intermedia on the mRNA expression of 

genes associated with lipid, fatty acid, glucose and energy metabolism  in 

subcutaneous adipose tissue of Leprdb/+ and Leprdb/db mice. 

Figure 3.24 The effect of the organic fraction of C. intermedia on the mRNA expression of 

genes associated with lipid, fatty acid, glucose and energy metabolism in the 

gonadal adipose tissue of Leprdb/+ and Leprdb/db mice. 

Figure 3.25 The effect of the organic fraction of C. intermedia on the mRNA expression of on 

the mRNA expression of brown fat markers and energy metabolism genes in the 

interscapular brown adipose tissue of Leprdb/+ and Leprdb/db mice. 

 

 

CHAPTER 4 

 
Figure 4.1 HPCC chromatographic profile of the organic fraction of C. intermedia. 

Figure 4.2 Phenolic profile showing the major phenolic compounds of CCC fraction 1. 

Figure 4.3 Phenolic profile showing the major phenolic compounds of CCC fraction 2. 

Stellenbosch University  https://scholar.sun.ac.za



 

xvii 
 

Figure 4.4 Phenolic profile showing the major phenolic compounds of CCC fraction 3. 

Figure 4.5 Phenolic profile showing the major phenolic compounds of CCC fraction 4. 

Figure 4.6 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on lipid accumulation in 

differentiating 3T3-L1 pre-adipocytes. 

Figure 4.7 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on triglyceride content in 

differentiating 3T3-L1 pre-adipocytes. 

Figure 4.8 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on intracellular ATP content 

in differentiating 3T3-L1 pre-adipocytes. 

 

Figure 4.9 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on lipid content in 

differentiated 3T3-L1 adipocytes. 

Figure 4.10 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on glycerol release in 

differentiated 3T3-L1 adipocytes. 

Figure 4.11 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on intracellular ATP content 

in differentiated 3T3-L1 adipocytes. 

Figure 4.12 The effect of the CCC fractions on mRNA expression of genes involved in lipid or 

fatty acid, energy and glucose metabolism. 

Figure 4.13 The effect of CCC fractions on PPARα and PPARγ protein expression. 

 

 

ADDENDUM 3  

 

Figure S1 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extracts of C. maculata, C. intermedia and C. subternata on cell density 

in 3T3-L1 adipocytes. 

 

Figure S2 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on cell density in 

differentiating 3T3-L1 pre-adipocytes. 

 

Figure S3 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on cell density in 

differentiated 3T3-L1 adipocytes. 

 

Figure S4 The effect of the aqueous fraction of C. maculata and the organic fraction of C. 

intermedia on propidium iodide staining. 

Figure S5 The effect of the old and new organic fraction of C. intermedia on lipid 

accumulation in 3T3-L1 adipocytes. 

Stellenbosch University  https://scholar.sun.ac.za



 

xviii 
 

Figure S6 The effect of the old and new organic fraction of C. intermedia on the 

mitochondrial dehydrogenase activity in 3T3-L1 adipocytes. 

Figure S7 The effect of the old and new organic fraction of C. intermedia on the ATP content 

in 3T3-L1 adipocytes. 

Figure S8 The effect of the organic fraction of C. intermedia and the CCC fractions on 

PPARα and PPARγ protein expression. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stellenbosch University  https://scholar.sun.ac.za



 

xix 
 

LIST OF TABLES 

 
CHAPTER 1 
 
Table 1.1 Methods of assessment and classification of obesity, and the risk associated with 

metabolic disease. 

Table 1.2 World Health Organization criteria to define the metabolic syndrome. 

Table 1.3 International Diabetes Federation criteria to define the metabolic syndrome.  

Table 1.4 Chemical compounds identified in Cyclopia to date. 

Table 1.5 Studies demonstrating the in vitro anti-obesity and anti-diabetic properties of the 

major phenolic compounds of Cyclopia species and the mechanism of their 

biological activity. 

Table 1.6 Studies demonstrating the in vivo anti-obesity and anti-diabetic properties of the 

major phytochemicals of Cyclopia species and the mechanism of their biological 

activity. 

 

CHAPTER 2 

 

Table 2.1 Information regarding the original harvestings and processing of Cyclopia species. 

Table 2.2 Standard calibration mixtures for C. subternata, C. intermedia and C. maculata 

phenolic standards.  

Table 2.3 Cell seeding densities and volumes used for multi-well plate culturing. 

Table 2.4 Media formulations used for adipocyte differentiation and maintenance. 

Table 2.5 Treatment groups for the mice. 

Table 2.6 Components used for the reverse transcription reaction.  

Table 2.7 Reaction components for quantitative real time PCR to assess genomic DNA 

content. 
 

Table 2.8 Reaction components for quantitative real time PCR reactions. 

Table 2.9 Taqman® gene expression assays used in this study. 

Table 2.10 Primary antibodies and dilutions used in Western blot detection. 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

xx 
 

CHAPTER 3 

 

Table 3.1 Quantification of major phenolic compounds in 40% aqueous methanol extracts of 

C. subternata, C. intermedia and C. maculata and their aqueous and organic 

fractions by HPLC-DAD. 

Table 3.2 Quantification of major phenolic compounds (g/100 g) in the upscaled 40% 

aqueous methanol extract of C. intermedia and its organic fraction by qHPLC-DAD. 

Table 3.3 Metabolic characteristics of the Leprdb/+ and Leprdb/db control mice after 28 days. 

Table 3.4 Effect of the organic fraction of C. intermedia on body weight. 

Table 3.5 Summary of in vitro results for C. subternata. 

Table 3.6 Summary of in vitro results for C. intermedia.  

Table 3.7 Summary of in vitro results for C. maculata. 

Table 3.8 Summary of in vitro mRNA gene expression results.  

Table 3.9 Summary of in vitro protein expression results.  

Table 3.10 Summary of mRNA gene expression results in sWAT and gWAT.  

Table 3.11 Summary of mRNA gene expression results in iBAT.   

 

CHAPTER 4 

 

Table 4.1 Quantification of major phenolic compounds (g/100 g organic fraction) in the CCC 

fractions of the organic fraction of a 40% aqueous methanol extract of C. 

intermedia by qHPLC-DAD. 

Table 4.2 Summary of results for CCC fraction screening in differentiating 3T3-L1 pre-

adipocytes. 

Table 4.3 Summary of results for CCC fraction screening in differentiated 3T3-L1 adipocytes. 

Table 4.4 Summary results for the effect of CCC fractions on mRNA expression in 

differentiated 3T3-L1 adipocytes. 

Table 4.5 Summary results for the effect of CCC fractions on protein expression in 

differentiated 3T3-L1 adipocytes. 

 
 

 

Stellenbosch University  https://scholar.sun.ac.za



 

xxi 
 

ABBREVIATIONS  

Acaca Acetyl-coenzyme A carboxylase alpha 

ACC Acetyl-coenzyme A carboxylase 

Actβ Beta-actin 

Adipoq Adiponectin 

ADP Adenosine diphosphate 

AMPK Adenosine monophosphate activated protein kinase 

ANOVA Analysis of variance 

ATCC American type culture collection 

ATGL Adipose triglyceride lipase 

ATP Adenosine triphosphate 

AUC Area under the curve 

B2M Beta-2 microglobulin 

BSA  Bovine serum albumin 

BMI Body mass index 

BW Body weight 

cAMP Cyclic adenosine monophosphate 

CCC F1 Counter-current chromatography fraction-1 

CCC F2 Counter-current chromatography fraction-2 

CCC F3 Counter-current chromatography fraction-3 

CCC F4 Counter-current chromatography fraction-4 

C/EBPα CCAAT/enhancer-binding protein alpha 

C/EBPβ CCAAT/enhancer binding protein beta 

C/EBPδ CCAAT/enhancer binding protein delta 

CD36/FAT Fatty acid translocase 

cDNA Complementary DNA 

CO2 Carbon dioxide 

CPM Counts per minute 

CPTIα Carnitine Palmitoyltransferase I alpha 

CREB1 cAMP response element binding protein 1 

Cs Citrate synthase 

Ct Cycle threshold 

CVD Cardiovascular disease 

DAG Diacylglycerol 

DMEM Dulbecco's modified eagle's medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

dNTPs Deoxynucleotides 

DPBS Dulbecco's phosphate buffered saline 

DPM Disintegrations per minute 

ECM Extracellular matrix 
EGCG Epigallocatechin gallate 
ELISA Enzyme-linked immunosorbent assay 

Ex/em Excitation and emission  

Stellenbosch University  https://scholar.sun.ac.za



 

xxii 
 

FA Fatty acid 

FAs Fatty acids 

FABP4 Fatty acid binding protein 4 

FABPpm Plasma membrane fatty acid binding protein 

FABPc Cytosolic fatty acid binding protein 

FASN Fatty acid synthase 

FATP Fatty acid transport protein 

FBS Fetal bovine serum 

FFA Free fatty acid 

FGF2 Fibroblast growth factor 2 

Fig Figure  

G3PDH Glyceraldehyde-3-phosphate dehydrogenase 

G6P Glucose-6-phosphate 

G6Pc Glucose 6-phosphatase, catalytic 

G6Pase Glucose 6-phosphatase 

GATA2 GATA binding protein 2 

GDM Gestational diabetes mellitus 

GLUT1 or 4 Glucose transporter 1 or 4 

HDL-C High density lipoprotein cholesterol 

HPCCC High performance counter-current chromatography 

HPLC-DAD High performance liquid chromatography with diode-array detection 

HRP Horseradish peroxidase 

HSL Hormone sensitive lipase 

HSP90AB1 Heat shock protein 90 alpha (cytosolic), class B member 1 

HPRT1  Hypoxanthine guanine phosphoribosyl transferase 1 

IBMX Isobutyl methyl xanthine 

IDF International diabetes federation 

IL-6 Interleukin-6 

IRS Insulin receptor substrate 

IRS1 Insulin receptor substrate-1 

LCFA Long chain fatty acid 

LC-MS/MS Liquid chromatography tandem mass spectrometry 

LPL  Lipoprotein lipase 

LDL-C Low-density lipoprotein cholesterol 

MetS Metabolic syndrome 

mRNA Messenger ribonucleic acid 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NaOH Sodium hydroxide 

NBCS New born calf serum 

NEFA  Non-esterified fatty acids 

NONO Non-POU-domain-containing, octamer binding protein  

NTC No template control 

OD Optical density 

OGTT Oral glucose tolerance test 

Stellenbosch University  https://scholar.sun.ac.za



 

xxiii 
 

PBS Phosphate buffered saline 

PMSF Phenylmethylsulfonyl fluoride 

PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PPARα Peroxisome proliferator-activated receptor alpha 

PPARγ Peroxisome proliferator-activated receptor gamma 

AMPK 5' AMP-activated protein kinase 
PUDAC Primate unit and delft animal centre 

PVDF Polyvinylidene difluoride 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

RC/DC Reducing agent compatible and detergent compatible 

ROS Reactive oxygen species 

rpm revolutions per minute 

RPL13A Ribosomal protein l13a 

SCD1  Stearoyl-coenzyme A desaturase 1  

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM Standard error of the mean 

SIRT1 Sirtuin1 

SIRT3 Sirtuin3 

SREBF1 Sterol regulatory element binding transcription factor 1 

SST Serum separating tubes 

STZ Streptozotocin 

T1DM Type 1 diabetes mellitus 

T2DM Type 2 diabetes mellitus 

TBST Tris buffered saline with tween 

TC Total cholesterol 

TG Triglycerides 

TNFα Tumor necrosis factor alpha 

UCP1  Uncoupling protein 1 

UCP2 Uncoupling protein 2 

UCP3 Uncoupling protein 3 

VLDL-C Very low density lipoprotein cholesterol 

WC Waist circumference 

WHO World health organization 

WHR Waist to hip ratio 

 

 

UNITS OF MEASUREMENTS 

µL Microliter 
mL Milliliter 
L Litre 
Ng Nanogram 
µg Microgram 
Mg Milligram 

Stellenbosch University  https://scholar.sun.ac.za



 

xxiv 
 

G Gram 
kg Kilogram 
nM Nanomolar 
µM Micromolar 
mM Millimolar 
M Molar 
mm Millimeters 
µm Micrometer 
min Minute 
sec Second 
H Hour 
°C Degree Celsius 
× g Centrifugal gravity  
% Percentage 

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

1 
 

CHAPTER 1 

 

LITERATURE REVIEW 

 

  

Stellenbosch University  https://scholar.sun.ac.za



 

2 
 

1.1 Introduction 

Obesity is a metabolic disorder that is characterized by the excessive accumulation of fat, 

to the extent that it negatively impacts health (Jung and Choi, 2014). Obese individuals 

have an increased risk of developing a number of chronic diseases such as type 2 

diabetes mellitus (T2DM), cardiovascular diseases (CVD) and certain types of cancers 

(Schuklenk and Zhang, 2014), with obesity often regarded as the plague of the 21st 

century and the leading cause of preventable death (Rössner, 2002). 

 

1.2 Assessment of obesity 

Body mass index (BMI) is the most commonly used method to assess obesity (Nguyen 

and El-Serag., 2010) and is calculated by dividing weight in kilograms (kg) by height in 

meters squared (m2) (Rothman, 2008). A BMI value of 30 kg/m2 or more indicates obesity; 

BMI can also be used to determine whether individuals are underweight, normal weight 

or overweight (Table 1.1) (Aditya and Wilding, 2011). Although BMI is used globally as a 

marker for obesity, it is unable to distinguish between peripheral (subcutaneous) obesity 

and central (visceral) obesity, and fails to account for muscle mass. Subcutaneous fat is 

associated with fat distribution throughout the body, for example in the buttocks, thighs 

and arms, whereas visceral obesity occurs when excess body fat accumulates in the 

abdominal or chest areas, surrounding the internal organs and is often associated with 

metabolic disorders (Hamdy et al., 2006). For example, Asian women, despite having 

similar BMI to Caucasian women, have an increased risk of developing metabolic and 

obesity-related diseases, which could be due to increased visceral adiposity (Lim et al., 

2011). A combination of BMI, waist circumference (WC), which is the measurement 

around the narrowest part of the abdomen above the hip, and waist-to-hip ratio (WHR), 

the ratio of the WC to the hip circumference, the measurement around the narrowest part 

of the waist and the widest area of the hips, have been suggested to more accurately 

predict the risk of metabolic diseases (Table 1.1). Although using a combination of these 

measurements is superior to using them individually, they are susceptible to ethnic 

variation (Chan and Woo, 2010). 
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Table 1.1 Methods of assessment and classification of obesity, and the risk associated with 

metabolic disease. 

Assessment Method Measurement and classification Health risk 

 
 
 
 

BMI 
(kg/m2) 

< 18.5 kg/m2 (underweight) - 

18.5 - 24.9 kg/m2  (Normal) Normal 

25.0 - 29.9 kg/m2  (Overweight) Increased 

30.0 - 34.9 kg/m2  (Obesity) High 

35.0 - 39.9 kg/m2  (High obesity) Very high 

≥ 40.0 kg/m2  (Extreme obesity) Extremely high 

Waist-to-hip ratio 
Waist (cm) / Hip (cm) 

 

Males ≥ 0.95 High 

Females ≥ 0.8 High 

Waist Circumference 
Waist (cm) 

Male        < 94 cm  
                 ≥ 94 cm 
                 ≥ 102 cm 

Low   
High  
Very high  

 
Females  < 80 cm  
                 ≥ 80 cm 
                 ≥ 88 cm 

 
Low 
High  
Very high 

Adapted from the National Institutes of Health (1998).  

 

 

1.3 Prevalence of obesity 

The prevalence of obesity increased rapidly during the 1980s, with the World Health 

Organization (WHO) classifying obesity an epidemic in 1997 (James, 2008). Recent 

epidemiological data show that the number of overweight and obese individuals has 

increased from 857 million individuals in 1980 to 2.1 billion individuals in 2013, i.e. nearly 

30% of the world’s population is either overweight or obese (Ng et al., 2014), and of those 

individuals 670 million are classified as obese (BMI ≥ 30 kg/m²) and 98 million severely 

obese (BMI ≥ 35 kg/m²) (World Obesity Federation, 2015). If the current trajectory 

continues to escalate without effective interventions, the number of obese individuals in 

the world could increase by up to 1.12 billion individuals by 2030 (Kelly et al., 2008). It is 

estimated that obesity accounted for approximately 3.4 million deaths in 2010 (Ng et al., 

2014). The obesity epidemic is not restricted to adults, with an increasing number of 
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children classified as obese. Globally, approximately 42 million children under the age of 

five were overweight or obese in 2013 (WHO, 2014). 

 

1.3.1 South Africa 

Although obesity was traditionally considered a disease of developed countries, recent 

studies report its growing prevalence in low and middle income countries. For example, a 

recent survey reported that South Africa (SA), a middle income country at the southern-

most tip of Africa, has amongst the highest rates of overweight and obese individuals 

globally (Fig. 1.1) (Ng et al., 2014). In particular, approximately 69.3% of South African 

women are overweight, of whom 42% are obese. These rates are higher than those 

reported for women in the United States of America (USA) (61.9% overweight, of whom 

33.95% obese), a country renowned for its high overweight and obesity rates (Ng et al., 

2014). Alarmingly, many of these women are of child-bearing age, and candidates for 

abnormal intrauterine programming, thus increasing the risk of their offspring developing 

obesity and metabolic disease in later life (Desai et al., 2013). Further, obesity increases 

the risk of non-communicable diseases, and in SA it is estimated that up to 90% of T2DM 

cases are attributable to being overweight (Joubert et al., 2007). This presents a major 

burden to an already struggling health care system, challenged with high rates of human 

immunodeficiency virus and acquired immune deficiency syndrome (HIV/AIDS) and 

tuberculosis (TB). 
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Figure 1.1 The global prevalence of obesity (BMI ≥ 30 kg/m2) in women and men ≥ 18 years of 

age. Adapted from WHO (2014). 

 

 

 

1.4 Risk factors for obesity  

Although obesity is a multifactorial disorder caused by a number of factors including 

genetics, medication, psychological, cultural and economic factors, the consumption of an 

unhealthy diet characterized by high-fat or high-sugar foods, and a sedentary lifestyle is 

thought to be the main contributors to the disease (Popkin, 2005) (Fig. 1.2). A number of 

rodent and non-human primate studies have provided direct evidence of dietary effects 
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on obesity and metabolic disease (Bremer et al., 2011; Yang et al., 2012). Yang et al. 

(2012) showed that consumption of a high fat and sucrose diet induced weight gain, 

hepatosteatosis, adipose tissue hypertrophy and hyperinsulinemia in male C57BL/6 J 

mice. In rhesus monkeys, a high-fructose diet induced insulin resistance and other 

features of the metabolic syndrome including central obesity, dyslipidemia, and 

inflammation (Bremer et al., 2011). Similarly, in human studies such as the Leeds Fat 

Study, obesity was 19 times higher in individuals who consumed diets high in fat 

compared to individuals who consumed low fat diets (Blundell and MacDiarmid, 1997). 

Bray et al. (2004) showed that increased consumption of high-fructose corn syrup is 

associated with the increased obesity epidemic. Epidemiological studies have shown that 

the increased prevalence of obesity is associated with reduced physical activity and 

increased sedentary behavior, especially amongst children and adolescents (Maffeis, 

2000). 

 

 

 
 

Figure 1.2 Factors contributing to the development of obesity. Adapted and modified from Popkin 

(2005). 
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1.5 Adipose tissue 

There are two types of adipose tissue, white adipose tissue (WAT), whose main function 

is to store excess energy as fat thereby maintaining whole-body energy homeostasis, and 

brown adipose tissue (BAT), whose function is thought to be heat generation (Cannon 

and Nedergaard, 2004; Gaidhu and Ceddia, 2011). Adipocytes within these adipose 

depots have different cellular structures and physiological roles. Adipocytes within WAT 

contain a single large lipid droplet, a nucleus and a few mitochondria in the periphery of 

the cytoplasmic area; in contrast, adipocytes within BAT contain smaller lipid droplets and 

many mitochondria (Fig. 1.3). 

 

 

 

Figure 1.3 Morphological representation of adipocytes within white adipose tissue and brown 

adipose tissue. Adipocytes from white adipose tissue (WAT) contain a large single triglyceride-

containing lipid droplet (LD), a single nucleus (N) and few mitochondria in the limited cytoplasmic 

(Cyt) area, whereas adipocytes from brown adipose tissue (BAT) contain a high density of 

mitochondria and multiple small LD. Adapted and modified from Gaidhu and Ceddia (2011). 

 

 

 

Adipose tissue respond to excess nutrients by adipocyte hypertrophy and/or hyperplasia. 

Adipocyte hyperplasia refers to adipose tissue growth due to an increased number of 

adipocytes, whereas adipocyte hypertrophy refers to adipose tissue growth due to an 
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increase in adipocyte size (Jo et al., 2009). Adipocyte hypertrophy is associated with 

abnormal tissue remodeling, hypoxia, adipocyte cell death, increased secretion of 

chemokines, recruitment of macrophages and chronic inflammation (Lee et al., 2010). 

 

1.5.1 White adipose tissue 

WAT is comprised of 35% - 75% adipocytes (Gaidhu and Ceddia, 2011), which are 

specialized cells for the synthesis and storage of fat as triglycerides (TGs) (Fig. 1.3). Other 

cell types include small mesenchymal stem cells (MSCs), T regulatory cells, endothelial 

precursor cells, immune cells, macrophages and pre-adipocytes (Halberg et al., 2008). In 

addition to its main function to store energy and regulate energy homeostasis (Vázquez-

Vela et al., 2008), WAT has also been identified as a key endocrine organ that secretes a 

variety of adipokines (leptin, adiponectin, interleukin 6 (IL-6) and tumor necrosis factor 

alpha (TNF-α)) that function as autocrine/paracrine molecules regulating metabolism 

within adipose and multiple other tissues (Cao, 2014). White adipose tissue can occur 

subcutaneously or as visceral fat (Hamdy et al., 2006). 

 

1.5.2 Brown adipose tissue 

The term BAT is derived from the brown color of this adipose tissue, which is attributed to 

the presence of a large number of mitochondria in these cells (Fig. 1.3) (Cannon and 

Nedergaard, 2004). Brown adipose tissue is found abundantly in infants and in small 

mammals, with its expression decreasing with age (Graja and Schulz, 2015). The primary 

function of BAT is to transform energy into heat, a term referred to as adaptive 

thermogenesis. During adaptive thermogenesis, the uncoupling protein 1 (UCP-1, also 

known as thermogenin) uncouples oxidative phosphorylation from ATP synthesis, thus 

generating heat and increasing energy expenditure. Adaptive thermogenesis is induced 

by cold (non-shivering thermogenesis) or by excess calorie intake (diet-induced 

thermogenesis) (Cannon and Nedergaard 2004; Wu et al., 2013). Rodent and human 

studies have shown that brown adipocytes are able to maintain energy balance and 

improve glucose metabolism compared to their white counterparts (Chondronikola et al., 
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2014). Over the last few years, the conversion of white adipocytes into brown or beige 

adipocytes has attracted considerable interest as therapeutic targets for obesity (Wu et 

al., 2013). 

 

1.6 Adipogenesis 

Adipogenesis refers to adipocyte formation, a process whereby precursor cells 

differentiate into mature adipocytes. In vitro cell line models such as 3T3-L1 adipocytes, 

discussed in more detail in Section 1.12, have facilitated the elucidation of the process of 

adipogenesis (Fig. 1.4). Pluripotent stem cells differentiate into mesenchymal precursor 

cells that have the ability to differentiate into various cell lineages including pre-

adipocytes, chondroblasts, osteoblasts or myoblasts (Gregoire et al., 1998). The process 

of differentiation into mature adipocytes includes growth arrest, post-confluence mitosis, 

clonal expansion, early differentiation and terminal differentiation (Fig. 1.4) (Gregoire et 

al., 1998). Adipogenesis is co-ordinated by a number of transcription factors that regulate 

the expression of genes involved in adipocyte development (Fig. 1.4) (Gregoire et al., 

1998). 
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Figure 1.4 Stages in pluripotent stem cell development to mature adipocytes and transcriptional regulation of adipocyte differentiation. 

Adipocytes are derived from pluripotent stem cells, differentiated into mesenchymal precursor cells and pre-adipocytes. For the 

development of mature adipocytes, pre-adipocytes undergo four major stages including growth arrest, clonal expansion, early 

differentiation and terminal differentiation. This is regulated by several transcription factors. Adapted and modified from Gregoire et al. 

(1998). 

Pref-1 - Pre-adipocyte factor 1; C/EBPβ - CCAAT/enhancer-binding protein beta; C/EBPδ - CCAAT/enhancer-binding protein delta; 

PPARγ - peroxisome proliferator activator receptor gamma; C/EBPα - CCAAT/enhancer-binding protein alpha; ECM - Extracellular 

matrix.
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1.6.1 Transcriptional regulation of adipogenesis 

Adipogenesis is regulated by several transcription factors, with peroxisome proliferator 

activator receptor gamma (PPARγ) and members of the CCAAT/enhancer binding protein 

(C/EBP) family considered the most important (Cowherd et al., 1999). 

 

1.6.1.1 Peroxisome proliferator activator receptor gamma (PPARγ) 

PPARγ, a key regulator of adipogenesis (Rosen et al., 1999), is a member of the nuclear 

hormone receptor superfamily and is predominantly expressed in adipose tissue. PPARγ 

exists in two isoforms, PPARγ1 and PPARγ2, due to alternative splicing or alternative 

promoter usage of the PPARγ gene (Rosen et al. 2000). PPARγ1 is expressed in several 

tissues, whereas PPARγ2 is primarily expressed in adipocytes (Cowherd et al., 1999; 

Rosen et al., 2000). Both isoforms induce adipogenesis (Cowherd et al., 1999), although 

PPARγ2 is considered more essential for adipocyte differentiation than PPARγ1. The 

additional 30 amino acid residues at the N-terminal of PPARγ2 are thought to account for 

its higher transcriptional activity compared to PPARγ1 (Zhu et al., 1995). The expression 

of PPARγ is regulated by several transcription factors which either inhibit or activate its 

expression. In addition to its role in adipogenesis, PPARγ also regulates a number of 

genes involved in lipid and glucose metabolism such as adipocyte fatty acid binding 

protein (aP2), lipoprotein lipase (LPL), fatty acid transport protein (FATP), acyl-CoA 

synthase (ACS), fatty acid synthase (FASN), glucose transporter 4 (GLUT4), perilipin and 

hormone-sensitive lipase (HSL) (Savage, 2005). 

PPARγ plays an important role in regulating insulin sensitivity, and ligands that are able 

to activate PPARγ have been investigated as therapeutic targets for T2DM. The most 

popular are the thiazolidinediones (TZDs) such as rosiglitazone and pioglitazone 

(Monsalve et al., 2013). Unsaturated fatty acids (oleate, linoleate, eicosapentaenoic or 

arachidonic acids) and their metabolites are also able to activate PPARγ (Ferré, 2004). 

Other members of the PPAR family include PPAR alpha (α) and PPAR delta (δ) (Vázquez-

Vela et al., 2008). PPARα is highly expressed in the liver, heart, kidneys and skeletal 

muscle, and plays an important role in fatty acid metabolism by regulating the expression 
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of genes involved in β-oxidation (Berger et al., 2005). PPARα is also expressed in 

adipocytes where it induces adipogenesis, although not as effectively as PPARγ2 (Brun 

et al., 1996). PPARδ is highly expressed in rodents and humans, however it is not capable 

of inducing adipogenesis (Cowherd et al., 1999; Vázquez-Vela et al., 2008), and has been 

implicated in mechanisms such as energy uncoupling and fatty acid catabolism in 

hepatocytes, muscles and adipocytes (Wang et al., 2003; Lee et al., 2006). 

 

1.6.1.2 CCAAT/enhancer binding protein (C/EBP) family 

Six isoforms of the C/EBP family have been identified, but only C/EBP alpha (α), C/EBP 

beta (β) and C/EBP delta (δ) have been reported to regulate adipocyte differentiation 

(Akasaka et al., 2007). The essential role of C/EBPα in adipogenesis has been 

demonstrated in several mouse fibroblastic cell lines where its overexpression induced 

adipogenesis (Freytag et al., 1994). Moreover, adipocytes of C/EBPα knockout mice failed 

to accumulate lipids (Wang et al., 1995), further illustrating the importance of C/EBPα in 

adipocyte development. Both PPARγ and C/EBPα are essential for regulating 

adipogenesis (Rosen et al., 2002) and it has been suggested that they participate in a 

single pathway. However, Rosen et al. (2002) showed that PPARγ is also able to stimulate 

adipose development independently of C/EBPα. 

The pro-adipogenic role of C/EBPβ and C/EBPδ has been established in vitro by several 

studies. In 3T3-L1 pre-adipocytes, the expression of both C/EBPβ and C/EBPδ, 

stimulated adipogenesis and also induced the expression of C/EBPα (Cao et al., 1991). 

Similarly, the expression of C/EBPβ in NIH-3T3 fibroblasts enhanced adipogenesis and 

increased PPARγ expression (Wu et al., 1995). These studies suggest that C/EBPβ and 

C/EBPδ are necessary for inducing the expression of C/EBPα and PPARγ, which are 

important regulators of adipocyte differentiation. 

 

1.6.1.3 Other transcription factors involved in adipogenesis 

Other transcription factors essential for adipogenesis include the sterol regulatory element 

binding protein (SREBP)-1c, members of the Krüppel-like factors (KLF) proteins, and the 
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signal transducer and activator of transcription-5a (STAT5a) (Stephens, 2012). Several 

studies have demonstrated that SREBP1c stimulates adipocyte development (Kim and 

Spiegelman, 1996; Kim et al., 1998; Fajas et al., 1999); possibly by inducing PPARγ 

expression (Kim et al., 1998). Further, SREBP1c regulates lipid metabolism by inducing 

the expression of genes involved in fatty acid (FA) and triglyceride (TG) synthesis (Kim 

and Spiegelman, 1996). KLF transcription factors such as KLF15, KLF5, KLF4, KLF6 and 

KLF9 are essential for adipocyte development whereas KLF2, KLF3 and KLF7 are anti-

adipogenic (Wu and Wang, 2013). Transcription factors such as members of the GATA-

binding (GATA2 and GATA3), the Forkhead families (Forkhead Box O1 [FOXO1] and 

Forkhead Box A2 [FOXA2]) and the Wnt families inhibit adipocyte differentiation 

(Stephens, 2012). 

 

1.7 Adipocyte metabolism 

After the ingestion of food, FAs are taken up directly from the circulation in the form of 

non-esterified FAs/free fatty acids (FFAs), or synthesized endogenously from excess 

glucose metabolites during de novo lipogenesis. FAs are used as an energy source or for 

energy storage in the form of TGs (Kersten, 2001). During nutrient deprivation, TGs are 

hydrolyzed, resulting in the release of FAs from adipocytes and their transport to target 

tissues such as the muscle or liver (Duncan et al., 2007), where they can be used for 

energy production through β-oxidation (Glatz et al., 2010). The processes important in 

glucose and FA metabolism, TG formation, storage and mobilization will be discussed 

below. 

 

1.7.1 Glucose metabolism 

Glucose is used primarily as a source of energy and carbon for FA synthesis and provides 

the glycerol backbone for TG synthesis (Guo et al., 2012). Two transport proteins, glucose 

transporter 1 (GLUT1), encoded by the solute carrier family 2 (facilitated glucose 

transporter), member 1 (SLC2A1) gene, and glucose transporter 4 (GLUT4), encoded by 

the solute carrier family 2 (facilitated glucose transporter), member 4 (SLC2A4) gene, are 
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responsible for the uptake of glucose by adipocytes. Basal glucose uptake is facilitated by 

GLUT1, while insulin stimulated glucose uptake is facilitated by GLUT4 (Pessin et al., 

1992). After entry into the adipocyte, the majority of glucose is metabolized via glycolysis. 

Hexokinase (HK) catalyzes the first step of glycolysis, i.e. the phosphorylation of glucose 

to glucose-6-phosphate, which undergoes a number of reactions to yield pyruvate as an 

end product (Fig. 1.5) (Guo et al., 2012). Pyruvate is converted to acetyl-CoA by pyruvate 

dehydrogenase (PDH) and in the mitochondrial matrix. In the mitochondria, acetyl-CoA 

enters the tricarboxylic acid (TCA) cycle, also known as the Krebs cycle, and is 

metabolized to carbon dioxide (CO2), NADH + H+ and FADH2 and to a lesser extent the 

TCA cycle leads to the production of adenosine triphosphate (ATP) through oxidative 

phosphorylation. Citrate is used for the transport of acetyl-CoA from the mitochondrial 

matrix into the cytoplasm using ATP citrate lyase, where acetyl-CoA is used as the 

substrate for endogenous FA synthesis (Fig. 1.5).  
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Figure 1.5 Schematic diagram depicting the process of glucose uptake, glycolysis, the 

tricarboxylic acid cycle and fatty acid synthesis in adipocytes. After glucose uptake by adipocytes, 

it is converted to pyruvate by glycolysis in the cytoplasm and thereafter pyruvate is converted to 

acetyl-CoA and enters the mitochondrion. Acetyl-CoA is either used for energy (ATP) production 

in the mitochondria or used in the cytoplasm for FA synthesis. Adapted and modified from (Ferré 

and Foufelle, 2007). GLUT4 - glucose transporter 4; HK - hexokinase; ACLY - ATP citrate lyase; 

ACC - Acetyl-CoA carboxylase; FASN - fatty acid synthase. 

 

1.7.2 Lipogenesis 

Lipogenesis refers to the formation and storage of FAs as TGs from acetyl-CoA or directly 

from FAs taken up directly from the circulation. 

 

1.7.2.1 De novo fatty acid synthesis 

As described above (Section 1.7), FAs can be synthesized endogenously from excess 

carbohydrates, during de novo lipogenesis or de novo FA synthesis (Ameer et al., 2014; 

Frayn et al., 2006; Kersten, 2001; Strable and Ntambi, 2010). Excess carbohydrate intake 

induces de novo lipogenesis in both adipose tissue and liver, whereas fasting decreases 

de novo lipogenesis in adipocytes by stimulating TG hydrolysis (Kersten, 2001). During 
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lipogenesis, citrate (derived from glucose metabolism) is converted to acetyl-CoA by ATP 

citrate lyase (ACLY) (Fig. 1.5). Acetyl-CoA carboxylase (ACC) converts acetyl-CoA to 

malonyl-CoA (Ameer et al., 2014; Tong and Harwood, 2006), which is then converted to 

long chain fatty acids, including palmitoyl-CoA, stearoyl-CoA and oleoyl-CoA, through a 

series of steps catalyzed by the fatty acid synthase (FASN) complex which uses NADPH 

as a reducing equivalent (Fig. 1.5). The long chain fatty acids (3 molecules of fatty acyl-

CoA) are re-esterified to glycerol-3-phosphate (Gycerol-3-P) for complete TG synthesis 

and storage, or used for energy production (Gibson and Harris, 2002). 

 

1.7.2.2 Fatty acid uptake from circulation and transport 

The uptake of FAs from lipoproteins is the primary function of adipocytes, and FAs that 

are taken up directly from the circulation contribute to the majority of TG storage (Frayn 

et al., 2006). Triglyceride-rich lipoproteins (including the chylomicrons and the very-low 

density lipoproteins (VLDL)) are released into circulation from the gut and liver (Glatz et 

al., 2010) and hydrolyzed by lipoprotein lipase (LPL) to release FAs as FFAs, which are 

taken up by peripheral tissues and used either as metabolic fuels or for TG storage 

(Gibson and Harris, 2002). Although FAs are hydrophobic and are able to easily permeate 

the plasma membrane by passive diffusion (Glatz et al., 2010), FA uptake is mainly 

facilitated by plasma membrane-associated fatty acid transport proteins (Glatz et al., 

2010). These proteins, include the plasma membrane-associated fatty acid binding 

protein (FABPpm), the fatty acid transport protein family 1 - 6 (FATP 1 - 6) and the fatty 

acid translocase (FAT)/CD36 protein (Glatz et al., 2010). After FAs are taken up, they are 

transported into the cytoplasm by the cytoplasmic FABP (FABPc). FAs can be used by 

cells for energy storage as TGs, or transported to the mitochondria for energy production 

via β-oxidation (Fig. 1.6) (Gibson and Harris, 2002). 
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Figure 1.6 An illustration of fatty acid uptake, and triglyceride synthesis and storage in adipocytes. 

Adipocytes take up fatty acids (FAs) in the form of free fatty acids directly from the circulation 

using FA transport proteins including the fatty acid transport protein (FATP) or fatty acid 

translocase protein (CD36). Once inside cells, they are transported through the cytoplasm by fatty 

acid binding protein (FABPc) and converted to fatty acyl CoA by fatty acyl-CoA synthase (FACS) 

and either used for energy production by beta oxidation in the mitochondria, or converted to 

lysophosphatidic acid in the presence of glycerol-3-phosphate in a reaction catalyzed by glycerol-

3-phosphate acyltransferase (GPAT). This leads to a stepwise synthesis of triglycerides and their 

storage in lipid droplets (lipogenesis). Alternatively triglycerides (TGs) can be synthesized from 

fatty acyl CoA derived from de novo fatty acid synthesis. Adapted and modified from (Ahmadian 

et al., 2007). AGPAT - acylglycerol-3-phosphate acyltransferase; PAP - phosphatidic acid 

phosphatase; DGAT - diacylglycerol acyltransferase; TAG - triacylglycerol or triglyceride (TG). 

 

 

1.7.2.3 Triglyceride synthesis 

Glycerol-3-phosphate (Glycerol-3-P) derived from the glycolytic pathway, is required for 

TG synthesis (Nye et al., 2008; Guo et al., 2012). Emerging evidence shows that glycerol 

is also produced by other metabolic pathways such as glyceroneogenesis, which 

generates glycerol from sources other than glucose (Nye et al., 2008). 

During TG synthesis, the initial step involves the formation of 1-acylglycerol-3-phosphate 

(lysophosphatidic acid) from Glycerol-3-P and one FA molecule (fatty acyl-CoA). This 
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reaction is catalyzed by glycerol-3-phosphate acyltransferase (GPAT) (Fig. 1.6) 

(Ahmadian et al., 2007). Thereafter 1-acylglycerol-3-phosphate acyltransferase (AGPAT) 

catalyzes the esterification and conversion of lysophosphatidic acid to 1,2-diacylglycerol-

3-phosphate (phosphatidic acid). Phosphatidic acid can either be used for the synthesis 

of various phospholipids or used for TG synthesis (Ahmadian et al., 2007). For TG 

synthesis, phosphatidic acid is converted to 1,2-diacylglycerol (1,2-DAG) in a reaction 

catalyzed by phosphatidic acid phosphatase (PAP) and thereafter diacylglycerol 

acyltransferase (DGAT) catalyzes the acylation of 1,2-DAG for the formation of TGs, 

which are stored inside lipid droplets in adipocytes (Fig. 1.6)  (Ahmadian et al., 2007). 

 

1.7.3 Lipolysis 

Lipolysis (also known as adipolysis in adipocytes) is defined as the hydrolysis of the three 

ester bonds of TGs to release three FFA molecules and a glycerol molecule. These FFAs 

are distributed to target tissues where they serve as energy substrates (Duncan, 2007) 

while glycerol is transported to the liver or kidney, where it is converted to Glycerol-3-P by 

glycerol kinase (Hagopian et al., 2008). During lipolysis, TGs are hydrolyzed by 

desnutrin/adipocyte triglyceride lipase (ATGL), releasing a FFA molecule and a 

diacylglycerol (DAG) moiety (Villena et al., 2004). DAG is hydrolyzed to monoacylglycerol 

(MAG) and a free fatty acid molecule, in a reaction catalyzed by hormone sensitive lipase 

(HSL). Thereafter, MAG is hydrolyzed by monoacylglycerol lipase (MGL) and releases a 

free fatty acid molecule and glycerol (Fig. 1.7) (Duncan, 2007). 

During fasting or exercise, lipolysis is stimulated by catecholamines. Catecholamines bind 

and activate β-adrenoreceptor proteins in the cell membrane, which activates adenylyl 

cyclase thereby increasing cyclic adenosine monophosphate (cAMP) concentrations. 

High levels of cAMP activate protein kinase A (PKA), whose function is to phosphorylate 

HSL and perilipin, therefore stimulating lipolysis (Fig. 1.7). Perilipin, a lipid droplet 

associated protein located on the outer surface of lipid droplets (Tansey et al., 2004), 

regulates lipolysis during both basal and stimulated conditions (Duncan, 2007). During 

basal conditions, perilipin restricts lipolysis by preventing entry of TG lipases into lipid 
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droplets (Tansey et al., 2004). Upon stimulation, perilipin is phosphorylated via the 

adenylyl cyclase pathway and increases lipolysis (Tansey et al., 2004).  

 

 

 

 

Figure 1.7 Regulation of lipolysis in adipocytes during fasting and basal levels. During fasting, 

catecholamines stimulate lipolysis by binding to β-adrenergic receptors (β-AR), activating adenylyl 

cyclase (AC) which increases cyclic adenosine monophosphate (cAMP) concentrations and 

activates protein kinase A (PKA). PKA phosphorylates perilipin and stimulates lipolysis. PKA also 

phosphorylates hormone sensitive lipase (HSL), resulting in translocation of HSL from the cytosol 

to the lipid droplet where it stimulates the hydrolysis of diacylglycerol (DAG) to form 

monoacylglycerol (MAG). MAG is further hydrolyzed to glycerol and a free fatty acid molecule. 

Free fatty acids generated from lipolysis are released into the circulation and used by target 

tissues as substrates for energy. At basal level, perilipin (unphosphorylated) inhibits lipolysis. 

Adapted and modified from (Duncan, 2007). TG - triglycerides; ATGL - adipose triglyceride lipase; 

MAL - monoacylglycerol lipase; FFA - free fatty acid. 

 

 

 

1.7.4 Fatty acid oxidation 

Fatty acid oxidation, often referred to as β-oxidation, is defined as the oxidation of FAs in 

order to generate the energy required for several cellular processes. Although β-oxidation 
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primarily occurs in the mitochondria, studies have shown that β-oxidation also occurs in 

peroxisomes, whereas omega (ω) oxidation occurs in the endoplasmic reticulum 

(Bechmann et al., 2012). After conversion of FAs into long chain fatty acids (fatty acyl-

CoAs) by fatty acyl-CoA synthase (FACS) in the cytoplasm as described in Section 1.7.2, 

they are transported to the mitochondria for β-oxidation (Fig. 1.8) (Bechmann et al., 2012). 

The mitochondrial carnitine transport system transports fatty acyl-CoAs across the 

mitochondrial membrane into the mitochondrial matrix. Carnitine palmitoyltransferase-I 

(CPT-I) is located on the outer mitochondrial membrane and catalyzes the 

transesterification of fatty acyl-CoA to acyl-L-carnitine (Glatz et al., 2010), which is then 

translocated across the inner mitochondrial membrane by carnitine:acyl-L-carnitine 

translocase (CACT). After translocation, carnitine palmitoyltransferase-II (CPT-II) coverts 

acyl-L-carnitine to fatty acyl-CoA in the mitochondrial matrix for oxidation (Fig. 1.8) 

(Kerner and Hoppel, 2000). 

Malonyl-CoA inhibits the catalytic activity of CPT-I and hence prevents β-oxidation (Abu-

Elheiga et al., 2000; McGarry and Brown, 1997). In a fed state, the expression of malonyl-

CoA is increased, favoring fatty acid storage (Akkaoui et al., 2009). However, during 

starvation or exercise the concentration of malonyl-CoA decreases, stimulating β-

oxidation (Ruderman et al., 2003). In addition to the carnitine transport system, other FA 

transport proteins in the mitochondrial membrane facilitate fatty acid transport into the 

mitochondrial matrix (Glatz et al., 2010). Peroxisome proliferator-activated receptor alpha 

(PPARα) stimulates β-oxidation by inducing the expression of target genes involved in β-

oxidation such as CPT-I (Goto et al., 2011) 

 

Stellenbosch University  https://scholar.sun.ac.za



 

21 
 

 

Figure 1.8 Schematic illustration of fatty acid oxidation in the mitochondria. Fatty acids are taken 

up from the circulation as free fatty acids and activated into long chain fatty acids (fatty acyl-CoAs) 

by fatty acyl-CoA synthase (FACS). Thereafter fatty acyl-CoAs are transported across the 

mitochondrial membrane by carnitine:acyl-L-carnitine translocase (CACT) for oxidation by the 

carnitine transport system consisting of carnitine palmitoyltransferase-I (CPT-I) and carnitine 

palmitoyltransferase-II (CPT-II). Once inside the mitochondrial matrix, fatty acyl-CoA is 

regenerated and undergoes β-oxidation producing acetyl-CoA which is used in the TCA cycle for 

energy production. Adapted and modified from (Wakil and Abu-Elheiga, 2009). 

 

 

 

1.8 Metabolic complications associated with obesity 

Increased fat storage alters adipose tissue metabolism and dysregulates energy 

metabolism, triggering the secretion of pro-inflammatory adipocytokines (German et al., 

2010). Increased fat accumulation within adipose tissue is also associated with oxidative 

stress and mitochondrial dysfunction (Nassir and Ibdah, 2014; Matsuda and Shimomura, 

2013). The association of obesity with chronic low-grade systematic inflammation, 

oxidative stress and mitochondrial dysfunction will be discussed below. 
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1.8.1 Inflammation  

The expansion of adipose tissue (adipocyte hypertrophy) during obesity induces 

macrophage recruitment and infiltration, particularly M1 macrophages, regulated by the 

monocyte chemotactic protein-1 (MCP-1) (German et al., 2010). Macrophage infiltration 

leads to the secretion of pro-inflammatory cytokines including TNF-α and interleukin 6 (IL-

6) (Okabe et al., 2014). Obese individuals have high levels of circulating TNF-α and IL-6, 

which can be reversed by weight loss (Emanuela et al., 2012). TNF-α induces insulin 

resistance by inhibiting insulin receptor substrate 1 (IRS1) signaling (Hotamisligil et al., 

1996), and stimulates the activation of other pro-inflammatory cytokines such as IL-6, 

while inhibiting the expression of adiponectin (Wang and Trayhurn, 2006; Kwon and 

Pessin, 2013). 

Adiponectin is an anti-inflammatory adipokine that increases insulin sensitivity and inhibits 

inflammation (Liu and Liu, 2009). Adiponectin is expressed at high levels in adipocytes, 

however pro-inflammatory cytokines such as TNF-α and IL-6, and reactive oxygen 

molecules (ROS), inhibit its expression (Kwon and Pessin, 2013). Obese subjects have 

low adiponectin levels, which are inversely correlated with insulin resistance and the 

development of T2DM (Arita et al., 1999; Kadowaki et al., 2006). 

 

1.8.2 Oxidative stress and mitochondrial dysfunction 

Oxidative stress has been proposed as one of the mechanisms linking obesity to 

diabetes, hypertension, dyslipidemia, atherosclerosis and cancer (Matsuda and 

Shimomura, 2013). Oxidative stress occurs due to an imbalance between ROS 

production and scavenging (Sies, 1997). Excess intake of glucose and FAs, as a result 

of obesity or hyperglycemia leads to increased substrate oxidation and thus results in 

excessive mitochondrial ROS production (Brownlee, 2005; Matsuda and Shimomura, 

2013). ROS are capable of inducing cellular damage by oxidizing cell constituents such 

as proteins, lipids and DNA (Matsuda and Shimomura, 2013). Obesity is associated with 

high levels of TNF-α and IL-6, which are responsible for inducing ROS and reactive 

nitrogen species (RNS) in adipocytes (Fernández-Sánchez et al., 2011). 
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Furukawa et al. (2004) showed that  linoleate increases ROS production in 3T3-L1 

adipocytes and this effect was significantly ameliorated by anti-oxidants, N-acetyl 

Cysteine (NAC) and apocynin, an inhibitor of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase (Furukawa et al., 2004). Adipose tissue from obese mice 

have elevated lipid peroxidation levels, high H2O2 content and increased messenger RNA 

(mRNA) expression of NADPH oxidase subunits (Furukawa et al., 2004). In addition, 

increased TNF-α mRNA levels and decreased expression levels of anti-oxidant enzymes 

such as copper-zinc superoxide dismutase (Cu-ZnSOD), glutathione peroxidase (GPx) 

and catalase (CAT) were observed (Furukawa et al., 2004). 

Mitochondrial dysfunction, an important pathophysiology of obesity and insulin resistance 
(Bournat and Brown, 2010), occurs due to decreased mitochondrial biogenesis, reduced 

mitochondrial content and decreased activity of oxidative proteins in the electron transport 

chain (ETC), thus resulting in decreased substrate oxidation (Montgomery and Turner, 

2015), increased lipid accumulation and oxidative stress (Montgomery and Turner, 2015). 

In mature adipocytes, mitochondrial dysfunction has been associated with high levels of 

free fatty acids due to impaired fatty acid oxidation (Gao et al., 2010), dysregulated 

glucose homeostasis (Sutherland et al., 2008) and impaired adiponectin function (Koh et 

al., 2007). It is suggested that excessive substrates, as a result of obesity induce abnormal 

lipid and glucose metabolism, leading to mitochondrial dysfunction (increased ROS 

production, decreased energy expenditure and ATP production)  (Gao et al., 2010).  

 

1.9 Insulin Resistance  

Insulin resistance (IR) is defined as the inability of peripheral tissues to respond to 

physiological concentrations of insulin (Choi and Kim, 2010) leading to impaired fasting 

glucose, impaired glucose tolerance and T2DM (Tables 1.2 and 1.3). IR is associated 

with high insulin concentration (hyperinsulinemia), due to excessive insulin secretion by 

β-cells, ultimately leading to β-cell dysfunction and loss (Kasuga, 2006). Visceral fat is 

one of the major risk factors for IR (Banerji et al., 1997), although subcutaneous adiposity 

has also been reported to contribute to IR (Abate et al., 1995; Patel and Abate, 2013). 

Obese individuals have increased levels of plasma FAs due to adipose fat storage 
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exceeding its capacity; hence excessive FFAs are released into the circulation (Fig. 1.9). 

A number of mechanisms whereby FAs induce IR have been proposed. Randle et al. 

(1963) suggested that FAs compete with glucose for substrate oxidation, thus inhibiting 

glucose metabolism. FAs also inhibit insulin signaling by directly decreasing insulin 

receptor substrate 1 (IRS1) associated phosphatidylinositol 3-kinase activity; resulting in 

impaired glucose uptake (Dresner et al., 1999). Abdul-Ghani and DeFronzo, 2010 showed 

that FAs induce IR by increasing the accumulation of intracellular lipid metabolites such 

as diacylglycerol or ceramides in muscle, which disrupts insulin signaling by inhibiting 

tyrosine phosphorylation of the IRS 1/2 (Petersen and Shulman, 2006). It has also been 

reported that FAs induce IR by stimulating cellular (oxidative and endoplasmic reticulum) 

stress, activation of inflammatory cytokines and decreasing anti-inflammatory adipokines 

(Fig. 1.9) (Boden, 2011). 
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Figure 1.9 Mechanism of inflammatory and fatty acid induced insulin resistance in adipocytes. 

During obesity, adipose tissue increase in size by hypertrophy leading to dysregulated secretion 

of adipokines and an increase in the release of free fatty acids (FFAs). The FFAs and pro-

inflammatory adipokines are transported from adipocytes to target tissues including the muscle 

and the liver, where they deregulate metabolic pathways (glucose and lipid) and also alter 

inflammatory responses thus inducing insulin resistance and other metabolic diseases including 

dyslipidemia and the non-alcoholic fatty liver disease. Adapted and modified from Jung and Choi 

(2014). MCP-1 - monocyte chemoattractant protein-1; TNF-α - tumor necrosis factor alpha; TGF-

β - transforming growth factor beta; IL-1 - interleukin 1; IL - interleukin 6; IL-18 - interleukin 18; 

PAI-1 - plasminogen activator inhibitor-1; RBP4 - retinol binding protein 4; ANGPTL2 - angiopoietin 

like protein 2; SAA - serum amyloid A; ASP - acylation stimulating protein; IL-10 – interleukin 10; 

SFRP5 - secreted frizzled-related protein 5. 

 

 

1.10 Obesity and the metabolic syndrome 

The metabolic syndrome (MetS) is a group of disorders including obesity (particularly 

visceral obesity), dyslipidemia, hypertension and hyperglycemia (Alberti et al., 2005; Jung 

and Choi, 2014) that are clinically used to assess the risk for cardiovascular diseases and 

T2DM. According to the International Diabetes Federation (IDF), a quarter of the world’s 
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adult population has the metS, which is associated with the increased prevalence of 

obesity (Grundy et al., 2005). The diagnostic criteria for the MetS, defined by the World 

Health Organization (WHO) and IDF are illustrated in Table 1.2 and 1.3. 

Dyslipidemia, due to impaired lipoprotein metabolism, is characterized by high TG levels, 

increased levels of total cholesterol (TC), low density lipoprotein (LDL) and very low 

density lipoprotein (VLDL) cholesterol, high apolipoprotein (apo) levels and decreased 

high density lipoprotein (HDL) cholesterol levels (Klop et al., 2013). Dyslipidemia is widely 

accepted as a risk factor for coronary heart diseases, particularly low HDL cholesterol 

levels. The increasing prevalence of obesity is accepted as one of the major risk factors 

for the development of hypertension (Narkiewicz, 2006). 

 
Table 1.2 World Health Organization criteria to define the metabolic syndrome. 
 

One of the following below: 

 Type 2 diabetes mellitus 

 Insulin resistance 

 Impaired fasting glucose  

 Impaired glucose tolerance 

Plus any of the two below: 

Blood pressure 
Systolic ≥ 140 mmHg  

Diastolic ≥ 90 mmHg 

Plasma triglycerides ≥ 1.7 mmol/L 

HDL-cholesterol 
Males: < 0.9 mmol/L 

Females: < 1.0 mmol/L 

Obesity 

Males: Waist-to-hip ratio > 0.9 

Females: Waist-to-hip ratio > 0.85 

and/or BMI > 30 kg/m2 

Microalbuminuria 
Urinary albumin excretion rate ≥ 20 mg/min  

Albumin:creatinine ratio ≥ 30 mg/g 

Adapted and modified from Alberti et al. (2006), Grundy et al. (2005) and Kassi et al. (2011) 
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Table 1.3 International Diabetes Federation criteria to define the metabolic syndrome. 
 

 Ethnicity Sex Measurement 

Waist circumference 

Europidsa 

(Caucasian) 

Male ≥ 94 cm 

Female ≥ 80 cm 

South Asiansb Male ≥ 90 cm 

Female ≥ 80 cm 

Chinese Male ≥ 90 cm 

Female ≥ 80 cm 

Japanese Male ≥ 85 cm 

Female ≥ 90 cm 

Plus any two of the following: 

Blood pressure 
Systolic ≥ 130 mmHg  

Diastolic ≥ 85 mmHg 

Plasma triglycerides ≥ 1.7 mmol/L   

Hyperglycemia ≥ 5.6 mmol/L 

aInclusive of Sub-Saharan Africa, Mediterranean and Middle East  
bInclusive of ethnic South and Central Americans  

Adapted and modified from Alberti et al. (2006), Grundy et al. (2005) and Kassi et al. (2011). 

 

 

1.11 Obesity and chronic diseases 

1.11.1 Type 2 diabetes mellitus 

Diabetes is a major source of morbidity and mortality worldwide. In 2013, it was estimated 

that 382 million adults worldwide were affected by diabetes, with the prevalence expected 

to rise to 592 million adults by 2035 (Guariguata et al., 2014). There are three major types 

of diabetes, namely type one diabetes mellitus (T1DM) which is associated with insulin 

deficiency as a result of autoimmune-mediated destruction of pancreatic β-cells (Yoon 

and Jun, 2005), T2DM which is associated with insulin resistance and pancreatic β-cell 

dysfunction and accounts for more than 90% of diabetes cases (Zhang and Moller, 2000), 

and gestational diabetes mellitus (GDM) which is a condition of glucose intolerance first 

diagnosed during pregnancy (Gilmartin et al., 2008). Obesity is one of the major risk 

factors for T2DM and up to 80% of people with T2DM are either obese or overweight 
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(Ross et al., 2011). In SA, a middle income country, approximately 90% of T2DM are 

attributable to excess weight (Joubert et al., 2007). Thus, diabesity a term coined to refer 

to obesity-dependent T2DM (Farag and Gaballa, 2011) is a major cause of concern for 

the global burden of the disease, particularly in low and middle income countries with 

already struggling health care systems. 

 

1.11.2 Cardiovascular disease 

Cardiovascular disease (CVD) is the leading cause of death worldwide causing 

approximately 17.3 million deaths per year, with rates expected to increase to more than 

23.6 million deaths by 2030 (Smith et al., 2012). Obesity is associated with dyslipidemia 

and increased levels of pro-inflammatory cytokines, leading to endothelial damage and 

vascular hypertrophy, and thus increasing the risk factor for hypertension, coronary heart 

diseases (CHD) and heart failure (Poirier et al, 2006). Abnormal secretion of IL-6 by 

adipocytes has been associated with impaired endothelium-dependent dilation in human 

veins (Bhagat and Valance, 1997). Abnormal lipid profiles (low HDL cholesterol and 

increased LDL cholesterol levels) during obesity are associated with atherosclerosis 

(Gordon et al. 1977).  

 

1.11.3 Cancer 

Obesity is associated with an increased risk of several cancers including oesophageal, 

postmenopausal breast, endometrium, colon, rectum and kidney cancer (Vainio et al., 

2002). In a study by Calle et al. (2003), women with a BMI > 40 kg/m2 had a 62% higher 

risk of developing liver and pancreatic cancer, non-Hodgkin’s lymphoma and myeloma 

compared to women with BMI < 25 kg/m2. Several mechanisms, for the role of obesity in 

cancer development have been proposed (Basen-Engquist and Chang, 2011). Enlarged 

adipose tissue continually secrete inflammatory adipokines (TNF-α and IL-6) that induce 

tumorigenesis in various target tissues including the liver and the kidney (Stemmer et al., 

2012). Stemmer et al. (2012) showed that high fat diet-induced obesity is carcinogenic in 

rat kidneys by inducing an inflammatory and tumor-promoting environment. 
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1.11.4 Non-alcoholic fatty liver disease 

Non-alcoholic fatty liver disease (NAFLD) is the most common form of liver disease, 

characterized by a spectrum of diseases including hepatic steatosis (lipid accumulation in 

the liver) and non-alcoholic steatohepatitis (NASH, liver inflammation and fibrosis) (Jung 

and Choi, 2014). NAFLD is associated with obesity and T2DM, and previous studies have 

shown that NAFLD is present in up to 90% of obese people (Machado et al., 2006). 

NAFLD occurs due to abnormal hepatic lipid metabolism as a result of increased FA input 

(FA uptake, FA synthesis and FA re-esterification into TG) and decreased FA output (FA 

oxidation and secretion) (Fabbrini et al., 2010). 

 

1.12 Current interventions against obesity 

1.12.1 Lifestyle modification 

Lifestyle modification, such as dietary intervention and increased physical activity is 

considered the most effective prevention and treatment strategy for obesity (Fabricatore 

and Wadden, 2003; Shaw et al., 2005). A very low energy density diet (≤ 800 kcal per 

day) demonstrated a 21.3% weight loss compared to the baseline weight after 24 weeks 

of dietary intervention (Anderson et al., 2004). Moreover, a combination of physical activity 

and dietary intervention improves weight loss compared to individual interventions 

(Jakicic, 2009). Wing et al. (1998) showed that interventions consisting of diet only, 

physical activity only or a combination of diet and physical activity induced a 9.1, 2.1 and 

10.4% weight loss, respectively in obese subjects. Despite the potential success of 

lifestyle modification, adherence is poor, resulting in the increased reliance on 

pharmacological agents to manage obesity. Furthermore, studies have shown that the 

huge variability in individual’s response to exercise and dietary intervention is likely 

associated with genetic variation (Bray, 2008). 

 

1.12.2 Pharmacological drugs 

According to the Food and Drug Administration (FDA), an anti-obesity drug can only be 

approved for clinical use when it is considered safe and shows at least a 5% reduction in 
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weight (FDA, 2007). Anti-obesity drugs employ several mechanisms whereby they 

decrease weight, for example, appetite suppression (Phentermine and Amphetamine), 

inhibition of intestinal lipases (Orlistat), inhibition of serotonin, dopamine and 

norepinephrine reuptake (Lorcaserin and sibutramine), enhancing γ-aminobutyric acid 

(GABA) signaling in order to promote anorexigenic signaling (Topiramate) and targeting 

glucagon-like peptide 1 receptor agonists (Exenatide), leptin receptor agonists and amylin 

analogs (Pramlintide) (Kim et al., 2014). However their clinical use is hindered by their 

adverse side-effects which include cardiovascular complications and psychiatric events. 

Anti-obesity drugs such as sibutramine, rimonabant and the amphetamine analogues 

have been withdrawn from the market due to their side-effects (Chaput et al., 2007; 

Derosa and Maffioli, 2012; Kim et al., 2014). Although Orlistat, Phentermine/Topiramate 

and Lorcaserin have been approved to treat obesity, they are also plagued by side-effects 

such as insomnia, headaches and gastrointestinal effects (Derosa and Maffioli, 2012; 

Adan, 2013). 

 

1.12.3 Bariatric surgery 

Bariatric surgery refers to a range of gastrointestinal surgical procedures used to treat 

severe obesity, and due to the increased prevalence of obesity globally, the use of 

bariatric procedures has increased considerably (Smith et al., 2008 and 2011). Bariatric 

surgery improves obesity related diseases including T2DM, hypertension and 

dyslipidemia. The major disadvantages of bariatric surgery include surgical complications 

and expense (Fabricatore and Wadden, 2003; Hoerger et al., 2010). Furthermore, 

increased suicidal risks have been reported following bariatric surgery (Mitchell et al., 

2013), and individuals who have done this procedure usually require life-long 

supplementation with vitamins because of the malabsorption of essential vitamins, 

minerals and even pharmacological drugs (Xanthakos, 2009; Sawaya et al., 2012). 
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1.12.4 Medicinal plants and polyphenols 

More than 80% of the world’s population, particularly in developing countries, rely on 

traditional plant-based medicinal systems for primary healthcare (Ekor, 2014). Africa is 

heavily reliant on traditional medicines with about 5000 plant species used for medicinal 

purposes, and these medicinal plants are considered safer compared to conventional 

drugs, furthermore, they are easily accessible and affordable (Mahomoodally, 2013).  

Polyphenols are secondary metabolites of plants produced in response to stress. They 

possess anti-oxidant properties and have the ability to prevent a wide range of metabolic 

diseases, including obesity (Hsu and Yen, 2008; Rayalam et al., 2008; Meydani and 

Hasan, 2010; Yun, 2010). Polyphenols are found in a variety of dietary sources including 

fruits, vegetables and beverages such as tea or wine (Pandey and Rizvi, 2009), and are 

often explored as an alternative or as an adjunct to conventional obesity treatment. 

Polyphenols exist in several forms, the most common types of which are the flavonoids, 

lignans, stilbenes and phenolic acids (Rispail et al., 2005). Of these polyphenols, apigenin, 

genistein, kaempferol, resveratrol, curcumin and catechins have showed anti-obesity 

properties (Rayalam et al., 2008; Meydani and Hasan, 2010; Yun, 2010). These 

compounds prevent or decrease obesity by regulating physiological and molecular 

pathways such as suppression of appetite, inhibition of pancreatic lipase activity, 

regulating lipid metabolism by inhibiting adipogenesis and lipogenesis or stimulating 

lipolysis and fatty acid oxidation, and stimulating energy expenditure or thermogenesis 

(Rayalam et al., 2008; Meydani and Hasan, 2010; Yun, 2010). In addition to their effects 

against obesity, studies have also reported a number of health promoting properties 

against chronic diseases such as T2DM and CVD (Bahadoran et al., 2013; Trigueros et 

al., 2013). 

 

1.13 South African indigenous plants: Cape Fynbos 

South Africa is rich in indigenous plants with health promoting properties (Van Wyk, 2011). 

These plants have been used for centuries to treat disease, although scientific validation 

of their clinical use is often lacking. Two Cape fynbos plant genera, Aspalathus linearis 
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(rooibos) and the Cyclopia species (honeybush) have been consumed as herbal teas in 

South Africa and internationally, mainly due to their pleasant taste and aroma (Du Toit et 

al., 1998). Furthermore, there are a number of anecdotal reports of their health effects 

(Du Toit et al., 1998). The South African government, together with the Agricultural 

Research Council (South Africa), has spearheaded projects to exploit South Africa’s vast 

indigenous resources to benefit the economy. Additionally, the medicinal properties of 

these plants make them attractive preventative or therapeutic agents against a number of 

health conditions. The honeybush tea industry has therefore attracted considerable 

interest due to its growth potential for commercialization. 

 

1.13.1 Cyclopia species (honeybush tea) 

The Cyclopia genus, commonly referred to as honeybush, belongs to the tribe Podalyrieae 

under the leguminous family of Fabaceae and forms part of the rich fynbos biome 

(Schutte, 1997). Cyclopia species are morphologically similar but not identical; they have 

woody stems with a height ranging from 1.5 m to 3 m (Bond and Goldblatt, 1984). They 

have trifoliate leaves, differing in their shapes across species (Fig. 1.10) and are 

characterized by bright yellow flowers with a sweet, honey-like aroma that occurs during 

their flowering season, usually between September and October (Joubert et al., 2008a). 

More than 20 species of Cyclopia have been described to date (Joubert et al., 2011). 

Cyclopia genistoides was the first species of Cyclopia identified; it was originally termed 

Honigtee (Greenish, 1881). Unlike rooibos tea which is manufactured from one species 

only, i.e. Aspalathus linearis, the leaves, stems and flowers of various species of Cyclopia 

spp. are consumed as honeybush tea, with Cyclopia genistoides, Cyclopia subternata and 

Cyclopia intermedia commercialized for the production of honeybush herbal tea. Although 

the first branded honeybush tea product ‘Caspa Cyclopia Tea’ appeared on the South 

African market during the 1960s, the honeybush tea industry is not as established as 

rooibos tea (Joubert et al., 2008a). However, the demand for honeybush tea has 

increased both nationally and internationally (Joubert et al., 2011) mainly due to its 

pleasant taste, absence of caffeine (Greenish, 1881), low tannin content (Terblanche, 

1982) and anecdotal and scientific reports of its medicinal properties. 
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Figure 1.10 Trifoliate leaves of Cyclopia subternata (A), Cyclopia maculata (B) and Cyclopia 
intermedia (C). Adapted from the South African Honeybush tea Association (SAHTA). 
 

 

1.13.2 Geographical distribution 

Cyclopia spp. occur in the coastal and mountainous regions of the Western and Eastern 

Cape provinces of South Africa (Du Toit et al., 1998) (Fig. 1.11). These species grow in 

cool, wet southern slopes and in sandy soils with low phosphorous, pH and nematode 

content (Schutte, 1997). Each species is locally described according to its appearance 

and environment (Du Toit et al., 1998). 

 

 

Figure 1.11 Natural distribution of Cyclopia species in the Western and Eastern Cape regions of 

South Africa. Adapted from Joubert et al. (2011). 
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1.13.3 Honeybush tea industry 

Currently three Cyclopia spp., C. genistoides, C. subternata and C. intermedia are used 

for the commercial production of honeybush tea. It is estimated that approximately 200 

hectares are used for the commercial cultivation of the former two, while the latter, C. 

intermedia is not currently cultivated and is only wild harvested, due to its slow growth 

(Joubert et al., 2008a, 2011). The increased demand for honeybush tea has led to the 

cultivation of other members such as C. maculata, C. longifolia and C. sessiliflora (Joubert 

et al., 2011). The honeybush tea export market has grown significantly over the last ten 

years; approximately 200 tons of honeybush is exported annually to countries such as 

The Netherlands, United Kingdom (UK), United States of America (USA) and Germany 

(Joubert et al., 2011). 

 

1.13.4 Phenolic composition 

De Nysschen et al. (1996) identified three major polyphenols in the leaves of several 

Cyclopia species, including the xanthone C-glycoside (mangiferin) and the two flavanone 

O-glycosides, hesperitin and isosakuranetin. Thereafter, phenolic characterization of two 

Cyclopia spp., fermented C. intermedia (Ferreira et al., 1998; Kamara et al., 2003) and 

unfermented C. subternata (Kamara et al., 2004) showed the presence of several phenolic 

groups including the xanthones, flavanones, flavonols, isoflavones, flavones, 

coumestans, pinitol and p-Coumaric (Para-Coumaric) acid (Table 1.4). Using liquid 

chromatography mass spectrometry (LC-MS), Joubert et al. (2008b) failed to detect 

isosakuranetin in extracts of several Cyclopia species including C. intermedia, C. 

subternata, C. genistoides and C. sessiliflora, as it was previously identified by De 

Nysschen et al. (1996). The major phenolic compounds identified in all Cyclopia species 

analyzed to date include mangiferin, isomangiferin and hesperidin (Joubert et al., 2008a; 

2011). Recently, high contents of benzophenones and dihydrochalcones have been 

identified in C. genistoides and C. subternata species (Table 1.4) (De Beer et al., 2012; 

Kokotkiewicz et al., 2012; 2013; Malherbe et al., 2014; Beelders et al., 2014b). 
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Factors such as seasonal variation, geographical location and processing affect phenolic 

composition, thus providing an explanation for the differences in biological properties of 

Cyclopia. For example, Marnewick et al. (2009) compared the anti-mutagenic and anti-

oxidant properties of fermented and unfermented teas, and showed that lower phenolic 

content, as a result of fermentation, was associated with decreased protective effects of 

these herbal teas. Fermentation was also shown to result in decreased anti-oxidant 

activity (Joubert et al., 2008b). Fermentation refers to the processing or oxidation of plant 

material, usually at high temperatures, in order to develop certain characteristics in tea 

infusions. In honeybush tea, fermentation is important for the development of its dark 

reddish brown color and its characteristic aroma and flavour (Joubert et al., 2011). The 

unfermented or ‘green’ honeybush tea has recently attracted interest, since it minimizes 

the oxidation of polyphenols (De Beer et al., 2012) and enhances the protective effects of 

honeybush (Joubert et al., 2008a). 
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Table 1.4 Chemical compounds identified in Cyclopia to date. 
 

Class and structure Compound’s name  and substitute 

Xanthone 
 

 

 
Mangiferina: R1 = C-β-D-glucosyl;  R2 = H 
Isomangiferina:  R1 = H; R2 = C-β-D-glucosyl 

Benzophenone 
 

 

 
Iriflophenone-3-C-β-D-glucoside-4-O- β-D-glucosidef: R1 = C-β-
D-glucosyl; R2 = H, R3 = O-β-D-glucosyl  
Iriflophenone-3-C-β-D-glucosided: R1 = C-β-D-glucosyl; R2 = H 
Maclurin-3-C-β-glucosidee: R1 = C-β-glucosyl; R2 = OH 

Flavanone 
 
 

 

 
Hesperidina,c:  R1 = O-rutinosyl; R2 = OH; R3 = OCH3; R4 = OH  
Hesperetina:  R1 = R2 = OH; R3 = OCH3; R4 = OH 
Eriocitrinc:  R1 = O-rutinosyl; R2 = R3 = R4 = OH 
Eriodictyola:  R1 = R2 = R3 = R4 = OH 
Naringenina:  R1 = R2 = R3 = OH; R4 = H 
Narirutinc:  R1 = O-rutinosyl; R2 = R3 = OH; R4 = H 
Pruninb:  R1 = O-glucosyl; R2 = R3 = OH; R4 = H 
Naringenin-5-O-rutinosideb: R1 = R3 = OH; R2 = O-rutinosyl; R4 = 
H 
Eriodictyol-5-O-glucosideb: R1 = R3 = R4 = OH; R2 = O-β-D-
glucosyl 
Eriodictyol-7-O-glucosideb: R1 = O-β-D-glucosyl; R2 = R3 = R4 = 
OH 

Flavanol 
 

 

 
Kaempferol-5-O-glucosideb: R1 = R2 = H; R3 = O-α-D-glucosyl; R4 
= OH 
Kaempferol-6-C-glucosideb: R1 = H; R2 = C- β-D-glucosyl; R3 = R4 
= OH 
Kaempferol-8-C-glucosideb: R1 = C- β-D-glucosyl; R2 = H; R3 = R4 
= OH 
Kaempferol-di-3-O,6-C-glucosideb: R1 = H; R2 = C-β-D-glucosyl; 
R3 = OH; R4 = O-β-D-glucosyl 
 

Flavone 
 

 

 
Luteolina,c: R1 = R2 = R3 = R4 = OH 
Diosmetinb: R1 = R2 = R4 = OH; R3 = OCH3 
5-Deoxyluteolinc: R1 = R3 = R4 = OH; R2 = H 
Scolymosidec : R1 = O-rutinosyl; R2 = R3 = R4 = OH 
Isorhoifolind:R1 = O-rutinosyl; R2 = R3 = OH; R4 = H 
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Flavan-3-ol 
 

 

(−)-epigallocatechin gallate (EGCG)c 
 
 
 
 
 

Isoflavone 
 
 

 
 
 

Formononetina:  R1 = OH; R2 = R3 = R4 = H; R5 = OCH3 
Formononetin diglucosideb: R1 = O-α-apiofuranosyl-(1’’’ → 6’’)-β-
D-glucopyranosyl; R2 = R3 = R4 = H; R5 = OCH3 
Afrormosina: R1 = OH; R3 = R4 = H; R2 = R5 = OCH3 
Calycosina: R1 = R4 = OH; R2 = R3 = H; R5 = OCH3 

Calycosin-7-O-β-glucosided: R1 = O-β-D-glucosyl; R2 = R3 = H; R4 
= OH; 
R5 = OCH3 
Wistinb: R1 = O-β-D-glucosyl; R3 = R4 = H; R2 = R5 = OCH3 
Orobolc: R1 = R3 = R4 = R5 = OH; R2 = H 
Ononin (Formononetin-7-O-glucoside) d: R1 = O-β-D-glucosyl; R2 
= R3 = R4 = H; R5 = OCH3 

Dihydrochalcone 
 

 

 
Phloretin-3’, 5’-di-C-β-D-glucosided: R = C-β-D-glucosyl 
 
 
 
 

Coumestans 
 

 

 
Medicagola: R1 = H; R2 = OH 
Flemichapparina:  R1 = H; R2 = OCH3 
Sophoracoumestan Ba: R1 = OCH3; R2 = OH 

Methylinedioxyisoflavo
ne derivative 
 

 
 

 
Pseudobaptigenina: R1 = H; R2 = OH 
Fujikinetina: R1 = OCH3; R2 = OH 
Rothindind: R1 = H; R2 = O-β-D-glucosyl 
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Methylinedioxyflavonol 
derivative 

 

 
3’,4’-Methylenedioxyflavonol-6-O-apiosyl-glucosideb: R = O-α 
apiofuranosyl- (1’’’→ 6’’)-β-D-glucopyranosyl 
 
 
 

Phenylethanol 
derivative 
 

 

 
Tyrosolb: R1 = H; R2 = OH 
3-Methoxy-tyrosolb: R1 = OCH3; R2 = OH 
Tyrosol-4-O-glucosidec:  R1 = H; R2 = O- β-D-glucosyl 
Phenylethanol-3-O-apiosyl-glucosideb: R1 = O-α -apiofuranosyl-
(1’’→ 6’)-β-D-glucopyranosyl; R2 = H 

Benzaldehyde 
derivative 
 

 
 

 
Benzaldehyde-4-O-apiosyl-glucosideb: R = O-α-apiofuranosyl-
(1’’→ 2’)-β-D-glucopyranosyl 
 
 
 

Phenolic carboxylic 
acid 

 

 
 

 
Para-Coumaric acida,c 

 

 

 

Organic acid 
 

 

 
(±)-Shikimic acidc 
 
 
 
 

Inositol 
 

 

(+)-Pinitola,c 

a Ferreira et al., 1998; b Kamara et al., 2003; c Kamara et al., 2004; d Kokotkiewicz et al., 2012; e Kokotkiewicz 

et al., 2013, f Beelders et al., 2014b. Table adapted from Joubert et al., 2008a.  
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1.13.5 Biological properties of Cyclopia species 

A number of anecdotal claims of the medicinal properties of honeybush have been 

reported. Native tribes have been using honeybush infusions for the treatment of coughs 

and infections associated with the upper respiratory system (Dharmananda, 2004), to cure 

chronic catarrh and pulmonary tuberculosis (Bowie, 1830), to stimulate milk production 

(Terblance, 1982), and to prevent stomach ulcers, and skin problems such as psoriasis 

(Du Toit et al., 1998) for centuries. Furthermore, honeybush has been used as an appetite 

stimulant and as a sleeping remedy due to it being caffeine free (Du Toit et al., 1998). 

Recently, a number of scientific studies have confirmed the health properties of 

honeybush tea. For example, HPLC analysis has identified pinitol, a compound which is 

used as an expectorant (Beecher et al., 1989) in honeybush tea extracts, thus validating 

the earlier reports of its use as an expectorant (Dharmananda, 2004). Furthermore, pinitol 

exhibited insulin-like activity by decreasing hyperglycemia in STZ-induced diabetic mice 

(Bates et al., 2000). Studies have demonstrated anti-oxidant (Marnewick et al., 2003; 

Petrova et al., 2011), anti-mutagenic (Marnewick et al., 2000; Marnewick et al., 2004; Van 

der Merwe et al., 2006), chemoprotective (Marnewick et al., 2005; Marnewick et al., 2009; 

Sissing et al., 2011), phytoestrogenic (Verhoog et al., 2007a; Verhoog et al., 2007b; 

Mfenyana et al., 2008; Visser et al., 2013; Mortimer et al., 2015), anti-microbial (Coetzee 

et al., 2008), anti-osteoclastogenic (Visagie et al., 2015) anti-diabetic (Muller et al., 2011; 

Chellan et al., 2014; Beelders et al., 2014b; Schulze et al., 2016) and anti-obesity (Dudhia 

et al., 2013; Pheiffer et al., 2013) activity of several Cyclopia extracts. The studies relating 

to the anti-obesity effects of honeybush tea extracts will be discussed below. 

 

1.13.5.1 Anti-obesity health effects 

Mechanisms whereby dietary polyphenols could mediate their anti-obesity effects include 

1) inhibition of adipogenesis by decreasing the expression of PPARγ and other pro-

adipogenic transcription factors, 2) preventing lipogenesis by decreasing the expression 

of genes involved in FA synthesis and TG storage, 3) stimulating lipolysis by increasing 

the expression of HSL, as well as the rate of FA oxidation by inducing PPARα expression 

Stellenbosch University  https://scholar.sun.ac.za



 

40 
 

(Okabe et al., 2014), 4) inhibiting pancreatic lipase activity (Birari and Bhutani, 2007), or 

5) suppressing appetite by increasing satiety (Mashmoul et al., 2013). In 2013, Dudhia et 

al. (2013) reported that hot water extracts of fermented and unfermented C. maculata and 

unfermented C. subternata inhibited adipogenesis in 3T3-L1 pre-adipocytes. Decreased 

adipogenesis was mediated by decreased expression of PPARγ2 and associated with 

decreased intracellular TG accumulation. The anti-obesity properties of the extracts were 

associated with increased leptin secretion and also adiponectin secretion in the case of 

unfermented C. maculata. Furthermore, fermented C. maculata stimulated lipolysis in 

mature 3T3-L1 adipocytes by increasing HSL and perilipin protein expression levels 

(Pheiffer et al., 2013). 

 

1.13.6 Anti-obesity phenolic compounds present in Cyclopia  

As discussed above, Cyclopia extracts are rich in complex polyphenols with several 

biological activities. Most of the polyphenols identified in Cyclopia extracts have shown 

anti-obesity activity in other plants; some of these compounds will be discussed below, as 

they may confer similar effects in Cyclopia.  

 

1.13.6.1 Xanthones 

The two most common C-glycoside xanthones, mangiferin and isomangiferin have been 

identified as the major compounds of several Cyclopia species (Joubert et al., 2009). 

Mangiferin (2-C-β-D-gluco-pyranosyl-1,3,6,7-tetrahydroxyxanthone) was first identified as 

the major constituent of mango (Mangifera indica) extracts (Mirza et al., 2013). Other 

sources of mangiferin include Salacia reticulata (Shimada et al., 2011), the Bunge rhizome 

(Anemarrhena asphodeloides) (Miura et al., 2001), the mango ginger (Curcuma amada) 

(Kullu et al., 2014) and Swertia ciliata (Chauhan and Dutt, 2013). Isomangiferin (4-C-β-D-

gluco-pyranosyl-1,3,6,7-tetrahydroxyxanthone), a structural isomeric form of mangiferin 

has been detected in Anemarrhena asphodeloides (Aritomi and Kawasaki, 1969) and 

several Pyrrosia species (Li and Tong, 1992). 

Stellenbosch University  https://scholar.sun.ac.za



 

41 
 

Mangiferin ameliorates hyperlipidemia and hypertriglyceridemia by regulating the 

expression of genes involved in FA metabolism, lipid oxidation and lipogenesis (Guo et 

al., 2011; Niu et al., 2012) (Table 1.5 and Table 1.6). The concentration of mangiferin is 

essential for its bioactivity. Shimada et al. (2011) showed that mangiferin at various 

concentrations (0.1, 1 and 10 µM) did not reduce TG content in 3T3-L1 adipocytes. 

However in human mesenchymal stem cells (hMSCs), mangiferin at 40 µM decreased 

adipocyte differentiation and lipid accumulation (Subash-babu and Alshatwi, 2015). These 

results could also suggest that the bioactivity of mangiferin is cell type specific. More 

recently Xing et al. (2014) showed that 15 mg/kg of mangiferin ameliorated hepatic 

steatosis by inhibiting the expression of diacylglycerol acyltransferase (DGAT)-2, and 

preventing TG and lipid accumulation in the liver of fructose-fed hypertensive rats (Table 

1.6). Mangiferin, purified from Salacia oblonga increased glucose uptake in rat L6 

myotubes and mouse 3T3-L1 adipocytes by increasing the expression and translocation 

of GLUT4 (Giron et al., 2009). Recently, Kumar et al. (2013) showed that mangiferin 

improved glucose oxidation in 3T3-L1 cells (Table 1.5). 

 

1.13.6.2 Flavonoids 

Hesperidin was originally identified as one of the major flavanones in citrus fruits (Babu et 

al., 2013) and in various species of Cyclopia (Joubert et al., 2009). Dietary 

supplementation with 0.2 g/kg of hesperidin exhibited anti-hyperlipidemic and anti-

hyperglycemic effects in C57BL/KsJ-db/db mice. The anti-hyperlipidemic effects were 

mediated by decreased hepatic and serum TGs due to inhibition of FASN. The anti-

hyperlipidemic effect of hesperidin was also demonstrated in STZ-induced diabetic rats 

(Akiyama et al., 2010) (Table 1.6). 

Other examples of flavonoids in Cyclopia with anti-obesity health properties include 

hesperetin, naringenin, eriocitrin, kaempferol, luteolin, epigallocatechin gallate (EGCG) 

and formononetin. Hesperetin is derived from the hydrolysis of hesperidin, and together 

with its metabolites decreased plasma TG and cholesterol levels in rats fed a high 

cholesterol diet (Kim et al., 2003). Naringenin, a compound responsible for the bitter taste 

of grapefruit (Goldwasser et al., 2010), was shown to inhibit the apolipoprotein B (apoB) 
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secretion in HepG2 cells via inhibition of acyl-coenzyme A: cholesterol acyltransferase 2 

(ACAT2) and microsomal triglyceride transfer protein (MTP) (Wilcox et al., 2001). 

Eriocitrin, a major anti-oxidant flavonoid in lemon fruit (Hiramitsu et al., 2014) showed lipid-

lowering activity in rats fed a high fat and cholesterol diet (Table 1.6) (Miyake et al., 2006). 

In vitro studies in HepG2 liver cells also confirmed the lipid-lowering activity of eriocitrin 

(Hiramitsu et al., 2014) (Table 1.5). 

Kaempferol is abundantly present in dietary sources such as apples, grapefruit and 

beverages such as tea. Luteolin was shown to inhibit the differentiation of 3T3-L1 pre-

adipocytes by inhibiting the transcription of PPARγ (Park et al., 2009). On the contrary, 

Ding et al. (2010) showed that luteolin stimulates insulin sensitivity by increasing 

transcription of PPARγ in 3T3-L1 adipocytes (Table 1.5). Epigallocatechin gallate (EGCG) 

is the major flavonoid catechin in Camellia sinensis green tea (Lee et al., 2013), and was 

shown to inhibit adipogenesis in 3T3-L1 pre-adipocytes (Chan et al., 2011).  Of the 

Cyclopia species investigated, this flavonoid was thus far only identified in C. subternata 

(Kamara et al., 2004). 

 

1.13.6.3 Other polyphenolic groups 

The benzophenones, iriflophenone-3-C-β-glucoside, iriflophenone-3-C-β-D-glucoside-4-

O-β-D-glucoside and maclurin-3-C-β-glucoside were recently detected in Cyclopia 

subternata (Kokotkiewicz et al., 2012) and Cyclopia genistoides (Kokotkiewicz et al., 

2013; Beelders et al., 2014b). These compounds have previously shown anti-obesity 

effects. Zhang et al. (2011) showed that iriflophenone-3-C-β-D-glucoside and maclurin-3-

C-β-glucoside extracted from mango leaves decreased TG and free fatty acid 

accumulation, while increasing the expression of AMP-activated protein kinase (AMPK) 

in 3T3-L1 adipocytes. 

Phloretin-3,5-di-C-glucoside, a dihydrochalcone compound with anti-oxidant properties 

(Barreca et al., 2011) was identified for the first time in C. subternata (Kokotkiewicz et al., 

2012). Other dihydrochalcones, aspalathin and nothofagin from A. linearis have previously 

showed anti-obesity activities (Kawano et al., 2009) and therefore phloretin-3, 5-di-C-
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glucoside could have similar activity in Cyclopia. Para-Coumaric acid, a major constituent 

of Sasa quelpaertensis leaf extract (SQE), was previously detected in C. intermedia 

(Ferreira et al., 1998) and C. subternata (Kamara et al., 2004). This extract (SQE) has 

demonstrated anti-obesity effects in adipose tissue of high-fat diet (HFD)-induced obese 

C57BL/6 mice and in mature 3T3-L1 adipocytes through the AMPK pathway (Kang et al., 

2012), suggesting that the presence of p-Coumaric acid in this extract could be 

responsible for its biological activity.
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Table 1.5 Studies demonstrating the in vitro anti-obesity properties of the major phenolic compounds of Cyclopia species and the 
mechanism of their biological activity. 
Bioactive 
Compound 

Study Model and experimental methods Mode of Activity Reference 

Mangiferin HepG2 cells treated with  0.2 mM oleic acid (to 
stimulate high plasma free fatty acid levels), were 
treated with mangiferin (12.5, 25, 50, 100 µM) for 24 h 

↑    FFA uptake and AMPK phosphorylation, CD36, CPT1 gene expression 

 
↓    Intracellular FFA and TG and  DGAT2, ACC gene expression 

Niu et al., 2012 

Hesperidin 3T3-L1 adipocytes pre-treated with hesperidin (50 and 
100 µM) for 1h and thereafter incubated with or without 
TNF-α (10ng/ml) for 4 or 24 h 

↓    TNF-α induced insulin resistance by inhibiting IL-6 and PGE2 production 

 

Chae and Shin, 2012 

Naringenin 3T3-L1 pre-adipocytes differentiated in the presence of 
naringenin (0, 6, 12, 25 and 50 µg/mL)  
Matured 3T3-L1 adipocytes treated with naringenin (0-
50 µg/mL) 

↓    Adipocyte differentiation by inhibiting PPARγ  

 
↑    Insulin stimulated glucose uptake by inhibiting IRS-1 tyrosine phosphorylation  

Richard et al., 2013 

Eriocitrin HepG2 cells treated with 30 µM eriocitrin for 48 h. 
Then exposed to 400 µM palmitate with or without 
eriocitrin   

↓    Palmitate-induced lipid accumulation 

↑    Mitochondrial size and mitochondrial DNA content 

↑    mRNA ACADM expression levels (involved in lipid metabolism) 

↑    mRNA TFAM, COX4I1 and ATP5J expression levels (mitochondrial biogenesis) 

Hiramitsu et al., 2014 

Kaempferol 3T3-L1 adipocytes treated with kaempferol (5, 10, 20 
and 50 µM) for additional 3 days after differentiation  

↑    Insulin stimulated glucose uptake in matured adipocytes 

↓    Differentiation of 3T3-L1 pre-adipocytes 

Fang et al., 2008 

Luteolin 3T3-L1 adipocytes treated with luteolin 20 µM, for 6 or 
24 h 

↑    Insulin sensitivity by increasing insulin stimulated glucose uptake 

↑    Insulin stimulated Akt2 phosphorylation, PPARγ, adiponectin and leptin 

↓    TNF-α, IL-6 and MCP-1 

Ding et al., 2010 

Luteolin 3T3-L1 pre-adipocytes differentiated in the presence of 
luteolin (10, 25 and 50 µM) 

↓    TG accumulation  

↓    PPARγ and C/EBPα mRNA and protein expression levels 

Park et al., 2009 

Para-
Coumaric 
acid 

Differentiated L6 skeletal muscles exposed to p-
Coumaric acid (12.5, 25, 50 or 100 µM) with or without 
oleic acid (1 mM) for 48 or 24 h 

↑     AMPK phosphorylation (time and dose dependent manner), ACC 

phosphorylation, PPARα  
↑     CPT-1 mRNA expression and Glucose uptake 

↑     Oleic acid-induced TG accumulation 

Yoon et al., 2013 

GLUT4 - glucose transporter protein 4; FFA - free fatty acids; AMPK - AMP-activated protein kinase, CD36 - fatty acid translocase; CPT1 - carnitine 
palmitoyltransferase 1; TG - triglycerides; DGAT2 - diacylglycerol acyltransferase 2; ACC - acetyl-CoA carboxylase; IL-6 - interleukin 6; PGE2 - prostaglandin E2; 
PPARγ - peroxisome proliferator activator receptor gamma; IRS-1 - insulin receptor substrate 1; ACADM - acyl-CoA dehydrogenase, medium chain; TFAM - 
transcription factor A, mitochondrial; COX4I1 - cytochrome c oxidase subunit 4I1; ATP5J - ATP synthase, H+ transporting, mitochondrial Fo complex subunit F6; Akt2 
- V-Akt murine thymoma viral oncogene homolog 2; TNF-α - tumor necrosis factor alpha; MCP-1 - monocyte chemoattractant protein-1; C/EBPα - CCAAT/enhancer 
binding protein alpha; PPARα - peroxisome proliferator activator receptor alpha.  
 

↑Increased                            ↓Decreased
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Table 1.6 Studies demonstrating the in vivo anti-obesity properties of the major phytochemicals of Cyclopia species and the 
mechanism of their biological activity. 

Bioactive 
Compound 

Study Model and experimental methods Mode of Activity Reference 

Mangiferin Hyperlipidemic Wistar rats on high fat diet 
supplemented with mangiferin (50, 100 and 150 mg/kg 
BW) for 6 weeks 

↓    Liver and plasma FFA and TG 

↑    Liver AMPK, CD36, CPT1 

↓    Liver DGAT2, ACC 

Niu et al., 2012 

Mangiferin Spontaneously hypertensive rats fed fructose to induce 
liver steatosis were administrated mangiferin (15 
mg/kg) by oral gavage for over7 weeks    

 ↓ Hepatic TG content and lipid content  
 ↓ Hepatic DGAT2 

Xing et al., 2014 

Hesperidin STZ T1DM rats feed a standard diet containing 10 g/kg 
diet hesperidin for four weeks 

↓    Blood glucose, G6Pase, serum and hepatic TG, TC and serum LDL-C, VLDL-C 

↑    Serum insulin, adiponectin, GK, serum HDL-C and HDL-C/TC 

Akiyama et al., 2010 

Hesperidin C57BL/KsJ-db/db (T2DM) mice  ↑    GK (hepatic), GLUT4 (adipocytes), PPARγ (hepatic and adipocyte) 

↓    Plasma and hepatic FFA and triglycerides; hepatic  FASN, G6PD and PAP, 

GLUT2 

Jung et al., 2006 

Eriocitrin  Zebra fish on diet-induced obesity (overfeeding) 
obtained oral administration of eriocitrin (32 mg/kg/day) 
for 28 days 

↓    Liver steatosis, plasma TG 

↑    Hepatic mRNA ACOX1 and ACADM expression levels (lipid metabolism) 

↑    Hepatic mRNA NRF1 and TFAM expression levels (mitochondrial biogenesis) 

Hiramitsu et al., 2014 

Eriocitrin Rat on High fat and high cholesterol diet supplemented 
with 0.35% and 0.7% eriocitrin for 21 days 

↓    Serum TC, TG and VLDL-C, LDL-C, phospholipids Miyake et al., 2006 

Kaempferol Wistar rat on HFD-induced obesity were orally dosed 
with kaempferol (70, 150 and 300 mg/kg) once a day 
for 8 weeks.  

↓    Body  weight gain, fat pad weight, plasma and hepatic lipids, hepatic SREBP-1 

and SREBP-2 protein expression 

↑    Hepatic PPARα, ACO and CYP4A protein expression 

Chang et al., 2011 

Para-Coumaric 
acid 

Ovariectomized rats orally administered 10 mg/kg  p-
Coumaric acid daily for 4 weeks 

↓     Serum cholesterol, body mass gain 

↑     Serum estradiol levels 

Zych et al., 2009 

FFA - free fatty acids; TG - triglycerides; AMPK - AMP-activated protein kinase, CD36 - fatty acid translocase; CPT1 - carnitine palmitoyltransferase 1; DGAT2 - 
diacylgycerol acyltransferase 2; ACC - acetyl-CoA carboxylase; TC – total cholesterol; LDL-C – low density lipoprotein cholesterol, VLDL-C – very low density 
lipoprotein cholesterol; GK - glucokinase; G6Pase - glucose-6-phosphatase; HDL-C - high density lipoprotein cholesterol; GLUT4 - glucose transporter protein 4; 
PPARγ - peroxisome proliferator activator receptor gamma; FASN - fatty acid synthase; G6PD - glucose-6-phosphate dehydrogenase; PAP - phosphatidate 
phosphohydrolase; GLUT 2 - glucose transporter protein 2; TLR2 - toll-like receptor 2; TNF-α - tumor necrosis factor alpha; MCP-1 - monocyte chemoattractant 
protein-1; ACADM - acyl-CoA dehydrogenase, medium chain; ACOX1 - acyl-CoA oxidase 1; TFAM - transcription factor A, mitochondrial; NRF1 - nuclear respiratory 
factor-1; SREBP - sterol regulatory element-binding protein 1 or 2; PPARα - peroxisome proliferator activator receptor alpha; ACO - acyl-CoA oxidase; CYP4A - 
cytochrome P450 isoform 4A1.  
 

 ↑Increased                              ↓Decreased 
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1.14 Model systems to study obesity 

Understanding the pathophysiology of obesity require suitable in vitro and in vivo models 

that mimic disease pathogenesis. Currently, the most commonly used in vitro models to 

study obesity are 3T3-L1 cells, Ob1771 cells, 3T3F442A cells, TA1 cells and Ob17 cells, 

with the former being the most widely used (Ntambi and Young-Cheul, 2000). Primary 

adipocytes derived from the subcutaneous and visceral fat depots of animals and humans 

are also used to understand the pathophysiology of obesity. Rodent models including diet-

induced obese, genetic obese, and genetic obese and diabetic models are commonly 

used for in vivo studies (Lutz et al., 2001). The relevance of the 3T3-L1 adipocytes and 

the Leprdb/db mouse model to study obesity will be discussed below. 

 

1.14.1 3T3-L1 adipocytes 

Although in vitro models do not represent the complexity of human physiology and their 

relevance to study disease is often questioned, they are useful for rapid and inexpensive 

screening of bioactive compounds. The 3T3-L1 pre-adipocyte cell line is an immortalised 

mouse fibroblast cell line, commonly used for in vitro studies associated with 

adipogenesis, lipid and glucose metabolism (Green and Kehinde 1976). After their 

differentiation into mature adipocytes, they represent similar morphology, gene 

expression and metabolism as normal adipocytes (Green and Kehinde, 1976). The use 

of chemical inducers of adipogenesis (insulin, dexamethasone and 3-isobutyl-1-

methylxanthine [IBMX]), that mimic the hormonal, dietary and genetic influences of 

adipocyte differentiation in vivo has made a significant impact towards understanding 

molecular events involved in adipogenesis (Park et al., 2014). 

 

1.14.2 The Leprdb/db mouse model 

The Leprdb/db mouse is a model of obesity and T2DM (Srinivasan and Ramarao, 2007). 

This animal model has a diabetic homozygous, spontaneous glycine to threonine mutation 

in the leptin receptor gene on chromosome 4, which results in the expression of a non-

functional leptin receptor protein (Wang et al., 2014). Leptin, a hormone secreted by 
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adipose tissue, regulates appetite and maintains energy homeostasis. Leptin binds to the 

leptin receptor in order to regulate its signaling, and loss of the leptin receptor leads to 

several physiological abnormalities including hypothalamus disturbance (Wang et al., 

2013; 2014). The Leprdb/db mouse is characterized by progressive metabolic deterioration 

including obesity, hyperphagia, hyperglycemia, glucose intolerance, hyperinsulinemia and 

T2DM at a very young age (Wang et al., 2013). The use of the Leprdb/db mouse model 

allows the screening of compounds without any side effects normally associated with 

chemical inducers of diabetes such as alloxan and streptozotocin (STZ) (King, 2012). 

Furthermore the use of this in vivo animal model is useful in representing the complexity 

and heterogeneous conditions associated with obesity including IR, dyslipidemia and 

T2DM (Srinivasan and Ramarao, 2007). However, Leprdb/db mice have a short life span, 

making it difficult to investigate the long term complications of obesity and T2DM (Wang 

et al., 2013). 

 

1.15 Motivation for the study 

1.15.1 Problem statement and research motivation 

Obesity, a multifactorial metabolic disorder, has been described as a global pandemic that 

is significantly spreading in several parts of the world. The prevalence of being overweight 

and obesity has rapidly increased since 1980, in both developed and developing 

countries, and almost 30% of the world’s population is either overweight or obese 

(Finucane et al., 2011; Ng et al., 2014). Obesity is a complex metabolic disorder that is 

frequently associated with several metabolic abnormalities including low-grade 

inflammation, insulin resistance, dyslipidemia, hyperglycemia, glucose intolerance, 

hypertension and non-alcoholic fatty liver disease (Kaila and Raman, 2008). Obesity also 

increases the risk for chronic diseases such as T2DM, CVD and certain types of cancers 

(Haslam and James, 2005). These chronic diseases place a huge socioeconomic burden 

on countries, particularly developing countries, such as South Africa, with an already over-

burdened health care system. 
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Increased physical activity and reduced energy consumption are effective strategies for 

weight management and the prevention of obesity, however people are reluctant to 

lifestyle modification, resulting in the increased reliance on pharmacotherapy to treat 

obesity (Hunter et al., 2008; Lagerros and Rösner, 2013). The currently available 

pharmacological drugs approved by the FDA for obesity treatment (Orlistat, 

Phentermine/Topiramate and Lorcaserin) are not effective, and have a number of 

unpleasant side effects (Adan, 2013). Thus, there is an urgent need to develop effective 

interventions in order to prevent or better manage the rapidly increasing prevalence of 

obesity and obesity-related complications. 

Medicinal plants and their phytochemicals, particularly polyphenols have recently received 

considerable attention as alternative or adjunct therapies for the treatment or prevention 

of chronic diseases such as obesity and T2DM. Natural medicines are used frequently all 

over the world and they are often considered safer than conventional medicine 

(Mahomoodally, 2013). Increasing evidence show that Cyclopia spp., indigenous South 

African plants used for the commercial production of honeybush herbal tea, have potential 

to ameliorate obesity (Dudhia et al., 2013; Pheiffer et al., 2013). Aqueous extracts of C. 

maculata and C. subternata inhibited adipogenesis in differentiating 3T3-L1 pre-

adipocytes and stimulated lipolysis in differentiated 3T3-L1 adipocytes (Dudhia et al., 

2013; Pheiffer et al., 2013). The bioactivity of these extracts is thought to be due to the 

high content of polyphenols, and therefore the specific roles of these polyphenols as anti-

obesity agents needs to be further studied, which would guide nutraceutical development. 

 

1.15.2 Hypothesis 

Cyclopia plant extracts contain complex mixtures of polyphenolic compounds with 

bioactivity. Although a number of previous studies have reported that these extracts may 

have beneficial health effects, identification of the compound/s or sub-fractions 

responsible for the biological effect of these extracts is critical before it can be developed 

as a nutraceutical. We hypothesize that polyphenol enrichment of Cyclopia extracts may 

enhance their anti-obesity effects, and that bioactivity guided fractionation will facilitate 

the identification of these bioactive polyphenols. 
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1.15.3 Aim 

The aim of this study is to investigate the anti-obesity properties of three commercially 

relevant Cyclopia spp. using polyphenol-enriched Cyclopia extracts and fractions, and to 

characterize and identify polyphenols responsible for the anti-obesity potential of Cyclopia 

using bioactivity guided fractionation. 

 

1.15.4 Study objectives 

Objective 1: To prepare 40% aqueous methanol extracts of C. maculata, C. intermedia 

and C. subternata, and to separate these extracts into aqueous and organic fractions for 

further enrichment of the phenolic content of the organic fraction. To identify and compare 

the polyphenolic composition of the aqueous methanol extracts, and their aqueous and 

organic fractions using liquid chromatography tandem mass spectrometry (LC-MS/MS) 

and quantitative high performance liquid chromatography-diode array detector (HPLC-

DAD). 

Objective 2: Screening of aqueous and organic fractions of the aqueous methanol 

extracts of C. maculata, C. intermedia and C. subternata for their effect on lipid content 

and cell viability in differentiated 3T3-L1 adipocytes in order to select the most bioactive 

Cyclopia fraction. Further analysis of the bioactive fraction, for its effect on the expression 

of genes relevant to lipid, glucose and energy metabolism in differentiated 3T3-L1 

adipocytes. 

Objective 3: To prepare the bioactive Cyclopia fraction on large scale and confirm its 

activity in obese Leprdb/db mice. Further elucidation of its effect on the expression of genes 

associated with lipid, glucose and energy metabolism in various adipose fat depots. 

Objective 4: To further fractionate the selected Cyclopia fraction into four sub-fractions 

using high performance counter-current chromatography (HPCCC), and determination of 

their polyphenolic composition using LC-MS/MS and quantitative HPLC.  
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Objective 5: To determine the effect of the fractions obtained from HPCCC on lipid 

content and TG accumulation, lipolysis and ATP content in differentiating 3T3-L1 pre-

adipocytes and in differentiated 3T3-L1 adipocytes in order to facilitate the identification 

of anti-obesity polyphenols. Determine the effect of these fractions on the expression of 

genes relevant to lipid, glucose and energy metabolism in mature 3T3-L1 adipocytes. 
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CHAPTER 2 

 

MATERIALS AND METHODS 
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2.1 Overview of methodology 

Aqueous methanol (40% methanol) extracts of three Cyclopia species (C. subternata, C. 

intermedia and C. maculata) were prepared, and subsequently separated into aqueous 

and organic fractions to further enrich the phenolic content of the organic fraction. LC-

MS/MS and HPLC-DAD were used to determine the polyphenolic composition of these 

extracts and fractions. The aqueous and organic fractions of the 40% aqueous methanol 

extracts were thereafter screened for their effect on lipid content and cell viability in mature 

3T3-L1 adipocytes. The mechanism of action of the most bioactive fraction was assessed 

by measuring the messenger RNA (mRNA) expression of known lipid, glucose and energy 

metabolism genes, using quantitative real-time PCR (qRT-PCR). The expression of 

PPAR and PPARα was assessed by western blot analysis. The anti-obesity effects of 

the selected bioactive fraction were evaluated in an obese Leprdb/db mouse model, where 

after the mRNA expression of genes involved in lipid, glucose and energy metabolism 

was assessed in various adipose fat depots. The bioactive fraction was further separated 

into four major sub-fractions (CCC fractions) using HPCCC, and LC-MS/MS and 

quantitative HPLC-DAD were used to determine the polyphenolic composition of the CCC 

fractions. CCC fractions were tested in vitro for their effect on lipid content, TG 

accumulation, lipolysis and ATP content in both differentiating 3T3-L1 pre-adipocytes and 

differentiated 3T3-L1 adipocytes. The expression of genes and proteins, as described 

previously, were investigated after treatment of differentiated 3T3-L1 adipocytes with 

optimized concentrations of CCC fractions using qRT-PCR and western blot analysis. A 

schematic diagram of the experimental outline is illustrated in Fig. 2.1. 
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Figure 2.1 Experimental outline.
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Reagents used in this study and their suppliers are listed in Addendum 2 unless 

otherwise stated in the experimental protocols. Buffers and solutions used are also listed 

in Addendum 2. 

 

2.2 Plant material 

The information regarding the harvesting and processing of C. subternata, C. intermedia 

and C. maculata is described in Table 2.1. The plant material was processed using 

standard processing procedures for the unfermented ‘green’ honeybush tea. Briefly, 

shoots (leaves and stems) of these plants (> 4 kg/species) were harvested from 

commercial or experimental plantations in the Western Cape, South Africa, from January 

to June 2013. The unfermented plant material was prepared by drying the intact fresh 

plant material at 40°C to less than 10% moisture content, whereafter it was pulverized 

with a Retsch mill (1 mm sieve; Retsch Technology GmbH, Haan, Germany) and stored 

in sealed plastic containers at room temperature in the dark.  

  

Table 2.1 Information regarding the original harvestings and processing of Cyclopia species. 

 

Species 
Harvested 
Area 

Description Harvest Date ARC Sample Code 

 
 
 
C. subternata 

 
 
 
Barrydale 
 

 
Unfermented; 
Whole dried 
Milled Retsch 

 
31 January 
2013 
/12 March 
2013 

ARC 180 (40% aqueous 
methanol extract) 

ARC 184_P (aqueous 
fraction) 

ARC 184_NP (organic 
fraction) 

 
 
 
C. intermedia 

 
 
Barrydale  

 
Unfermented; 
Whole dried 
Milled Retsch 

 
 
03 June 2013 

ARC 181 (40% aqueous 
methanol  extract ) 

ARC 185_P (aqueous 
fraction ) 

ARC 185_NP (organic 
fraction) 

 
 
C. maculata 

 
 
Beriaville Unfermented; 

Whole dried 
Milled Retsch 

 
 
06 May 2013 

ARC 182 (40% aqueous 
methanol  extract ) 

ARC 186_P (aqueous 
fraction) 

ARC 186_NP (organic 
fraction)  
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2.2.1 Preparation of 40% aqueous methanol extracts  

Aqueous methanol extracts of each Cyclopia species were prepared by adding 1500 mL 

of 40% methanol (v/v, prepared in deionized water) to 150 g dried, milled plant material in 

2 L Schott bottles. Each bottle was placed in a water bath at 70°C for 30 minutes, while 

swirling the contents every 5 minutes. The warm extracts were filtered using a stainless 

steel mesh, followed by vacuum filtration through Whatman no. 4 filter paper. Methanol 

was evaporated under vacuum at 40°C, using a rotary evaporator (Buchi Labortechnik, 

Postfach, Flawil, Switzerland) and the plant extracts were frozen and freeze-dried using a 

Virtis Advantage Plus freeze-drier (SP Scientific, Warminster, PA, USA). 

 

2.2.2 Liquid-liquid fractionation of 40% aqueous methanol extracts  

Freeze-dried 40% aqueous methanol extracts were separated into aqueous and organic 

fractions by liquid-liquid partitioning, using water and n-butanol. Briefly, 3 g of each extract 

was dissolved in 200 mL of deionized water by sonication, transferred into a separating 

funnel and 100 mL of n-butanol was added. Fractionation was achieved by inverting the 

funnel five times (with the pressure within the separating funnel released after every invert) 

to ensure distribution of the compounds between the two layers, which represented the 

aqueous (lower) and organic (upper) fractions (Fig. 2.2). Both fractions were collected 

into separate bottles and n-butanol partitioning of each dissolved 3 g extract was repeated 

four times with 100 mL of n-butanol to achieve exhaustive fractionation. Liquid-liquid 

fractionation was repeated using five different 3 g aliquots of the 40% aqueous methanol 

extract prepared above (section 2.2.1). Butanol was evaporated under vacuum by rotary 

evaporation at 40°C and the fractions were frozen and freeze-dried. 

   

2.2.3 Large scale preparation of the bioactive fraction 

The most bioactive Cyclopia fraction was prepared on a large scale to obtain a yield 

sufficient for animal experiments and HPCCC fractionation. This required preparation of 

several batches of the 40% aqueous methanol extract of the selected Cyclopia species 

as described in Section 2.2.1 (21 batches of 150 g plant material). Liquid-liquid 
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fractionation was conducted as described in Section 2.2.2, using 15 g of the extract 

(which is 5 times more of the extract than used above), dissolved in 1000 mL deionized 

water and mixed with 500 mL n-butanol, as described above. 

 

 

 

Figure 2.2 Liquid-liquid fractionation of a 40% aqueous methanol extract indicating the aqueous, 

water (lower) fraction and the organic, n-butanol (upper) fraction. 

 

2.2.4 High performance counter-current chromatography (HPCCC) 

The most bioactive fraction, selected from in vitro screening experiments and confirmed 

in obese Leprdb/db mice was separated into four sub-fractions using HPCCC. HPCCC is a 

preparative purification chromatographic technique that separates compounds using two 

immiscible liquids under a centrifugal force, with one liquid acting as a stationary phase 

and the other as a mobile phase (Fig 2.3). Compounds are separated based on their 

affinity for the mobile and stationery phases (Berthod et al., 2009). HPCCC fractionation 

was carried out using a multilayer coil, planetary J-type centrifuge spectrum model 

(Dynamic Extraction, Slough, United Kingdom). Fractionation was carried out at 28°C and 

the coil system (the column) was filled with the stationery phase solution using a Gilson 

305 HPLC pump (Gilson Inc., Middleton, WI, USA) (Fig. 2.3B). The rotation speed was 
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set at 1 600 rpm. The βr values for the preparative coil were measured as 0.52 at the 

internal end of the coil and 0.86 at the external end of the coil (equation βr = r/R, with r = 

spool radius measured at the nearest and farthest layer of the coil; and R = rotor radius). 

At least 2 L of solvent mixture containing tert-butyl methyl ether–n-butanol–acetonitrile–

water, in a ratio of 1:3:1:5 (v/v/v) was prepared in a separating funnel, allowed to 

equilibrate at room temperature, and separated into two layers; the upper organic layer 

(stationery phase) and the lower aqueous layer (mobile phase), that were both degassed 

by sonication after collecting into separate bottles.   

The sample was prepared by dissolving 60 mg of the plant extract in 6 mL of a 1:1 mixture 

containing the stationary phase and the mobile phase, by sonication. Thereafter, the 

sample was injected into the column using a manual low-pressure sample injection valve. 

The mobile phase was pumped through the column at a flow rate of 7.5 mL/min using the 

Gilson 305 HPLC pump in a head-to-tail direction. Separation was monitored using the 

Waters 2996 diode array detector (Waters, Milford, MA, USA) and the MassLynx v4.1 

software (Waters), and recording the HPCCC chromatograms at 288 and 320 nm. 

Fractions were collected into test tubes at 1 minute intervals using the Gilson FC204 

fraction collector (Gilson, Inc.). Each separation took approximately 45 minutes, where 

after the sample that remained in the column was extruded by pumping the stationery 

phase (10 mL/min), thus re-filling the coils in preparation for the next fractionation. The 

fractions (CCC fractions) collected into test tubes were pooled into four major fractions 

based on the clustering of their peaks in the chromatograms. HPCCC fractionation was 

repeated several times in order to obtain a sufficient yield for cell culture screening 

experiments, and the collected fractions were evaporated under vacuum at 40°C, using a 

rotary evaporator and frozen before freeze-drying.  
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Figure 2.3 High performance counter current chromatography (A) and an illustration of the 

HPCCC protocol (B). 

 

2.2.5 Separation and quantification of phenolic compounds using HPLC-DAD  

HPLC is an analytical technique used for separation, identification and quantification of 

individual compounds in complex mixtures (Siddiqui et al., 2013). HPLC with diode array 

detection (DAD) (Abad-García et al., 2009) was used for the quantification of major 

phenolic compounds. The analysis was performed using an Agilent 1200 series HPLC 

system consisting of an in-line degasser, quaternary pump, autosampler, column 

thermostat and DAD controlled by OpenLAB Chemstation software (Agilent Technologies 

Inc., Santa Clara, CA, USA). Samples were prepared in 10% aqueous DMSO (to a final 

concentration of 6 mg/mL) by dissolving the samples first in the equivalent of 10% of the 

final volume in DMSO. Subsequently, Milli-Q water was added to reach the final volume 

and concentration. Thereafter, samples were filtered through 0.22 μm Millex-HV 

membrane syringe filters (Millipore, Bedford, MA, USA) and analyzed in duplicate. The 

standard phenolic compounds were also analyzed in duplicate. Ascorbic acid, to a final 

concentration of 9 mg/mL was added to samples and standards prior to filtration in order 

to prevent oxidative degradation of the phenolic compounds during analysis. The injection 
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volumes for the standards and samples ranged from 10 - 20 µL and from 1 - 25 µL, 

respectively depending on the assumed phenolic concentration.  

HPLC-analysis of the C. subternata and C. maculata extracts and fractions was performed 

using the validated species-specific HPLC methods as described by De Beer et al. (2012) 

and Schulze et al. (2014). A Gemini-NX C18 (150 x 4.6 mm; 3 μm, 110 Å) column from 

Phenomenex (Santa Clara, CA, USA) and a solvent gradient consisting of acetonitrile 

(Solvent B) and 2% (v/v) acetic acid (Solvent A) as mobile phase, with a flow rate of 1 

mL/min and temperature of 30°C was maintained. The mobile phase gradient for C. 

subternata was: 0 - 2 min (8% B), 2 - 27 min (8% - 38% B), 27 - 28 min (38% - 50% B), 

28 - 29 min (50% B), 29 - 30 (50% - 8% B), 30 - 40 min (8% B). The mobile phase gradient 

for C. maculata was 0 - 2 min (8% B), 2 - 31 min (8% - 38% B), 31 - 32 min (38% - 50% 

B), 32 - 33 min (50% B), 33 - 34 min (50% - 8% B), 34 - 44 min (8% B). For C. intermedia, 

a new method was developed and validated by slight modification of the method described 

in Schulze et al. (2015) for C. longifolia polyphenols. Briefly, separation was achieved on 

a 2.6 µm Kinetex C18 core-shell column (150 × 4.6 mm; Phenomenex, Torrance, CA, 

USA), using a mobile phase consisting of 0.1% (v/v) aqueous formic acid (A) and 

acetonitrile (B) in a multilinear gradient: 0 - 4 min (4.5% B), 4 - 22 min (4.5% - 8% B), 22 

- 49 min (8% - 20% B), 49 - 60 min (20% - 50% B), 60 - 62 min (50% B), 62 - 63 min (50% 

- 4.5% B), 63 - 69 min (4.5% B). A flow rate of 1 mL/min and column temperature at 30°C 

was maintained throughout the analysis.  

The xanthones (mangiferin and isomangiferin), one benzophenone (maclurin-3-C-β-

glucoside), flavones (luteolin, scolymoside and vicenin-2) and the hydroxycinnamic acid 

(p-Coumaric acid) were quantified at 320 nm, the flavanones (eriocitrin, an eriodictyol-O-

deoxyhexoside-O-hexoside and hesperidin), benzophenones (iriflophenone-3-C-β-D-

glucoside and iriflophenone-3-C-β-D-glucoside-4-O-β-D-glucoside) and dihydrochalcones 

(phloretin-3',5'-di-C-β-D-glucoside and 3-hydroxyphloretin-3',5'-di-C-hexoside) at 288 nm 

and the hydroxybenzoic acid (protocatechuic acid) at 255 nm. The phenolic compounds 

were quantified using calibration curves for authentic reference standards whereas 

compounds with no authentic standards were quantified as equivalents of related 

compounds. Calibration curves were set up for selected standard compounds to test the 
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linearity of their UV-DAD responses. The linearity ranges (µg on-column) for the three 

different Cyclopia species are described in Table 2.2. 

 

Table 2.2 Standard calibration mixtures for C. subternata, C. intermedia and C. maculata 

phenolic standards.  

Compound Wavelength 

Linearity Range µg on-column 
Regression 
Equation 

Correlation 
Coefficient, R2 Minimum Maximum 

 

C. subternata      
Mangiferin 320 nm 0.0098 2.4429 y = 2187.6x + 0.6778 0.9999 
Vicenin-2 320 nm 0.0026 0.6611 y = 1856.9x - 0.5761 0.9999 
Luteolin  320 nm 0.0083 2.0800 y = 2843.1x - 33.396 0.9999 
p-Coumaric acid 320 nm 0.0043 0.8667 y = 6203.0x + 1.3646 0.9999 
Eriocitrin 288 nm 0.0066 1.6607 y = 1593.9x + 0.4689 0.9999 
Hesperidin 288 nm 0.0078 1.9580 y = 1619.4x + 1.4078 0.9999 
Iriflophenone-3-C-β-D-glucoside 288 nm 0.0052 3.2697 y = 1714.3x + 0.8972 0.9999 
Protocatechuic acid 288 nm 0.0044 0.8869 y = 3340.4x + 0.8257 0.9999 
      
C. intermedia      
Mangiferin 320 nm 0.0064 1.6000 y = 2139.3x - 21.749 0.9998 
Maclurin-3-C-β-glucoside 320 nm 0.0027 0.6723 y = 2015.0x - 2.5742 0.9999 
Vicenin-2 320 nm 0.0027 0.6819 y = 1730.9x - 2.5173 0.9999 
Luteolin 320 nm 0.0007 0.1656 y = 2504.7x - 16.664 0.9983 
Eriocitrin 288 nm 0.0026 0.6620 y = 1556.6x - 4.5363 0.9999 
Narirutin 288 nm 0.0027 0.6627 y = 1468.2x - 0.4057 0.9999 
Hesperidin 288 nm 0.0052 1.3115 y = 1594.1x - 3.0581 0.9999 
Iriflophenone-3-C-β-D-glucoside 288 nm 0.0028 0.6906 y = 1873.5x + 0.8460 0.9999 
Neoponcirin 288 nm 0.0330 1.6480 y = 1480.4x + 1.6936 0.9999 
      
C. maculata      
Mangiferin 320 nm 0.0195 4.8857 y = 2173.2x + 16.827 0.9999 
Vicenin-2 320 nm 0.0026 0.6611 y = 1856.2x - 1.7048 0.9999 
Luteolin  320 nm 0.0083 2.0800 y = 2818.5x - 24.149 0.9999 
p-Coumaric acid 320 nm 0.0043 0.8667 y = 6193.9x - 0.2402 0.9999 
Eriocitrin 288 nm 0.0066 1.6607 y = 1569.5x + 0.9647 0.9999 
Hesperidin 288 nm 0.0091 2.2844 y = 1612.3x + 1.9152 0.9999 
Iriflophenone-3-C-β-D-glucoside 288 nm 0.0065 1.6348 y = 1841.6x + 2.7270 0.9999 
Protocatechuic acid 288 nm 0.0044 0.8869 y = 3336.8x + 0.5268 0.9999 

  

 
2.2.6 Identification of phenolic compounds using LC-DAD-MS and -MS/MS 
Detection  
 

Like HPLC, LC-MS is a sensitive and specific analytical technique used to detect 

biochemical compounds, but in addition also gives the molecular mass of compounds 

using tandem mass spectrometry (MS) (Pitt, 2009).  In this study, LC-DAD-MS and -
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MS/MS detection was conducted using conditions previously described by De Beer et al. 

(2012) and Schulze et al. (2014) for C. subternata and C. maculata, respectively. LC 

analysis was performed on a Waters Acquity ultra-performance liquid chromatography 

(UPLC) system consisting of an in-line degasser, DAD detector, column oven and binary 

pump (Waters). This system was coupled to a Synapt G2 quadrupole time of flight (QTOF) 

mass spectrometer equipped with electrospray ionisation (ESI) (Waters). An injection 

volume of 10 μL was used for both the standard and samples (aqueous fractions of C. 

subternata, C. intermedia and C. maculata), whereas 2-5 μL of the organic fractions were 

injected. UV−Vis spectra were recorded from 215 to 500 nm and the MS and MSE scan 

ranges were from 155 to 1000 m/z and from 40 to 1000 m/z, respectively. Prior to 

introduction into the ionisation chamber, the eluant was split in a ratio of 3:2. MS results 

were acquired in both positive and negative ionisation mode with MS and MSE for each 

sample. For MSE a collision energy ramp from 20 to 60 V was used. The parameters used 

for MS were as follows: capillary voltage 2 500 V, cone voltage 15 V, desolvation 

temperature 275°C, source temperature 120°C and nitrogen flow rate 650 L/h. MassLynx 

v4.1 software (Waters) was used for data acquisition and analysis. Peaks were identified 

by comparing LC-MS spectra for both positive and negative ionisation, UV-Vis spectra 

and retention times to those of authentic reference standards. For peaks with no authentic 

standards available, LC-MS and - MSE spectra were confirmed based on data from 

previous literature (De Beer et al., 2012; Schulze et al., 2014).  

 

2.3 In vitro cell culture 

2.3.1 Cell line 

Murine 3T3-L1 pre-adipocytes (American Type Culture Collection, VA, USA) were used 

for in vitro experiments. The passage number was kept below 20 for all experiments in 

order to maintain consistency between experiments and to prevent the depletion of 

specific cell phenotypes such as the ability of these cells to differentiate due to excessive 

passage.    
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2.3.2 Thawing of 3T3-L1 pre-adipocytes 

Cryo-preserved cells (2 × 106 cells/mL) in freezing media containing Dulbecco's Modified 

Eagle’s Medium (DMEM), 10% newborn calf serum (NBCS) and 7% (v/v) dimethyl 

sulfoxide (DMSO) were removed from liquid nitrogen. Cells were thawed by placing the 

cryotubes in a 37°C water bath. Immediately after thawing, the cell suspension was 

transferred into a 75 cm2 tissue culture flask containing 17 mL of pre-warmed pre-

adipocyte growth media (90% DMEM and 10% NBCS). The cells were incubated 

overnight at 37°C in humidified air with 5% CO2. Twenty-four hours after seeding, the 

media was refreshed with pre-warmed pre-adipocyte growth media. Pre-adipocyte growth 

media was supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin until the 

cells were passaged twice. 

   

2.3.3 Subculture of 3T3-L1 pre-adipocytes 

2.3.3.1 Trypsin treatment  

Cells were trypsinized when 70 - 80% confluency was reached. Pre-adipocyte growth 

media was completely aspirated and cells were rinsed with 8 mL of warm Dulbecco’s 

phosphate buffered saline (DPBS). Thereafter, cells were incubated with 2 mL of trypsin-

versene at 37°C in humidified air with 5% CO2 for 5 - 7 minutes until the cells were 

dislodged from the cell culture flask; visual observation with an inverted light microscope 

(CKX 41, Olympus; Melville, NY, USA). Trypsinization was stopped by adding 8 mL of 

pre-warmed pre-adipocyte growth media, and the cell suspension was pipetted up and 

down briefly to disaggregate cell clumps and ensure single cell suspension. Thereafter, 

the cell suspension was centrifugated at 800 × g (SL 16R Thermo Fisher Scientific, 

Waltham, MA, USA) for five minutes and the cell pellet was resuspended in 10 mL of pre-

warmed pre-adipocyte growth media. Approximately 200 μL of the cell suspension was 

removed for cell counting. 
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2.3.3.2 Cell counting 

Cells were counted using the Countess® Automated Cell Counter (Invitrogen, Carlsbad, 

CA, USA). Briefly, 10 µL of the cell suspension was thoroughly mixed with 10 µL of a 0.4% 

solution of trypan blue prepared in phosphate buffered saline (Invitrogen). Ten microliters 

of the mixture was transferred onto the counting chamber, which was then inserted into 

the Countess Automated Cell Counter, following the manufacture’s guidelines. The total 

number of viable cells (cells/mL) was generated by the cell counter and used for either 

freezing cells, or preparing seeding densities for subculturing experiments (in 75 cm2 

tissue culture flask or multi-well plates) only if their viability was 70% or more.  

 

2.3.3.3 Freezing cells 

After counting, cells were harvested by centrifugation at 800 × g for five minutes. The 

supernatant was discarded and the cells were resuspended in sterile cold freezing media 

containing DMEM, 10% NBCS and 7%  DMSO, at a volume required to achieve 2 × 106 

cells/mL. The resuspended cell suspension was aliqouted as 1 mL per cryotube and 

placed on ice. The cells were stored at -80°C overnight and transferred to liquid nitrogen 

the following day for long term storage. 

   

2.3.4 Seeding of 3T3-L1 pre-adipocytes  

After trypsin treatment (Section 2.3.3.1) and cell counting (Section 2.3.3.2), cells were 

diluted to 2 × 104 cells/mL and seeded into multi-well plates as demonstrated in Table 

2.3. Cells were maintained in pre-adipocyte growth media until adipocyte differentiation 

was induced. Cells were randomly assessed for mycoplasma contamination using the 

MycoAlert™ Mycoplasma Detection Kit, according to the manufacturer’s instructions 

(Lonza, Basel, Switzerland). 
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Table 2.3 Cell seeding densities and volumes used for multi-well plate culturing. 

 
2.3.5 Differentiation of 3T3-L1 pre-adipocytes into mature adipocytes  

Adipocyte differentiation was conducted in accordance with the ATCC protocol, with slight 

modifications (Fig. 2.4). Fully confluent (100% confluent) pre-adipocytes were induced to 

differentiate by adding differentiation media (ADM) containing DMEM supplemented with 

10% fetal bovine serum (FBS), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 μM 

dexamethasone (Dex) and 1 μg/mL insulin (Table 2.4). Cells were incubated at 37°C in 

humidified air with 5% CO2 for 72 hours. After 72 hours, (day 3) the differentiation media 

was replaced with adipocyte maintenance media (AMM1) (Table 2.4) containing DMEM, 

10% FBS and 1 μg/mL insulin, and incubated for two days. Thereafter (day 5), adipocytes 

were maintained in DMEM and 10% FBS media (AMM2) (Table 2.4) until they were fully 

differentiated (Day 7) (confirmed by observation of 80% or more lipid droplets under the 

inverted light microscope).   

 

Type of multi-well plate Cell Concentration Culturing volume Cell Density 

96 well  2 × 104 cells/mL 200 µL 4 × 103 cells/well 

24 well  2 × 104 cells/mL 1000 µL 2 × 104 cells/well 

6 well  2 × 104 cells/mL 3000 µL 6 × 104 cells/well 
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Figure 2.4 Protocol for chemical induction of pre-adipocytes into mature adipocytes.  

 

 

Table 2.4 Media formulations used for adipocyte differentiation and maintenance. 

Media Formulation 

Adipocyte differentiation media (ADM) DMEM, 10% Fetal Bovine Serum (FBS), 0.5 mM  

3-isobutyl-1-methylxanthine (IBMX), 1 µM 

dexamethasone and 1  µg/mL insulin 

Adipocyte maintenance media (AMM1) DMEM, 10% FBS and 1  µg/mL insulin 

Adipocyte maintenance media (AMM2) DMEM and 10% FBS   
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2.3.6 Extract preparation and treatments 

2.3.6.1 Acute treatment   

The liquid-liquid fractions or the CCC fractions were each prepared fresh in 10% DMSO 

to yield a stock concentration of 100 mg/mL. This was followed by preparation of a 1 

mg/mL stock in 8.3 g/L DMEM media without phenol red, and supplemented with 3.7 g/L 

sodium bicarbonate (NaHCO3), 0.1% bovine serum albumin (BSA) and either 4.5 g/L or 8 

mM D-Glucose (depending on the assay to be conducted). The liquid-liquid or CCC 

fractions were then diluted to  100 µg/mL from the 1 mg/mL stock using the same DMEM 

media (without phenol red) as above, and filter sterilized using a 0.22 μm pore-size Millex-

GP Polyethersulfone (PES) membrane syringe filter before subsequent dilutions (50, 10 

and 1 µg/mL) were prepared. Isoproterenol (10 µM), a β-adrenergic agonist with lipolytic 

activity (Ranjit et al., 2011), and mangiferin (0.01 µM), a major phenolic compound in 

Cyclopia species with anti-obesity activity (Subash-babu and Alshatwi, 2015), were used 

as positive controls. Differentiated adipocytes (day 7) were treated with the liquid-liquid or 

CCC fractions for 24 hours, followed by experimental assays on day 8. The final 

concentration of DMSO added to the cells was less than 0.01%, and therefore 0.01% (v/v) 

DMSO was used as a vehicle control (Sengupta et al., 2011). As organic extracts are 

insoluble in water, DMSO was used as a solubilizing agent. 

  

2.3.6.2 Chronic treatment  

For chronic treatment, CCC fractions were prepared as described above (Section 2.2.6.1) 

in ADM, AMM1 and AMM2 media (Section 2.3.5 and Table 2.3), and cells were treated 

with these extract supplemented media, daily during differentiation (from day 0 to day 7). 

On day 7, cells were treated with extracts prepared in DMEM without phenol red as 

described in Section 2.3.6.1, followed by experimental assays on day 8. Chronic 

treatment was conducted to assess the ability of the CCC fractions to inhibit adipogenesis.  
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2.3.7 In vitro bioassays  

2.3.7.1 Oil Red O Assay  

After treatment with the aqueous and organic fractions of the 40% methanol extracts or 

the CCC fractions, intracellular lipid content was assessed using Oil Red O (ORO) 

staining. ORO is a hydrophobic dye that stains and quantifies neutral intracellular lipids 

(Ramirez-Zacarias et al., 1992). After treatment, cells were washed with pre-warmed 

DPBS, fixed with 10% (v/v) neutral buffered formalin for 15 minutes at room temperature, 

and rinsed twice with DPBS. This was followed by staining with 0.7% (v/v) ORO working 

solution (prepared by diluting a 1% stock (w/v in 100% isopropanol) with distilled water) 

for 30 minutes. After incubation, the staining solution was removed and cells were washed 

three times with sterile water to remove unbound dye. Images of the cells were taken 

using the NIS elements software with a Nikon Eclipse Ti inverted microscope (Nikon, 

Kanagawa, Japan) at 20 × magnification. The amount of lipid accumulated in cells was 

quantified by eluting the dye retained in the cells with 200 µl of 100% isopropanol and 

measuring optical density (OD) at 570 nm using a BioTek® ELx800 plate reader equipped 

with Gen 5® software for data acquisition (BioTek Instruments Inc., Winooski, VT, USA).  

Lipid content was normalized to cell density as described by Sanderson et al. (2014). 

Briefly, after extraction of the ORO staining solution with isopropanol, cells were washed 

with 70% (v/v) ethanol, and 400 µL of 0.5% (v/v) crystal violet (CV) solution (prepared by 

diluting a 1% (w/v) stock with distilled water), was added to the cells and incubated for 5 

minutes. After incubation, the CV dye was removed, cells were washed three times with 

DPBS and allowed to dry completely. Cell density was quantified by eluting the CV dye 

retained in the cells with 70% (v/v) ethanol and measuring optical density (OD) at 570 nm 

using a BioTek® ELx800 plate reader equipped with Gen 5® software for data acquisition. 

The ORO/CV values were calculated and expressed as a percentage relative to the 

vehicle control. 
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2.3.7.2 Intracellular triglycerides    

Intracellular triglycerides (TGs) were quantified to assess the effect of the CCC fractions 

on lipid accumulation during adipogenesis. After treatment in 24 well plates, cells were 

washed and scraped into DPBS, pooling three replicates, and centrifuged at 800 × g for 

5 minutes at 4°C, to collect the cells. Thereafter, cells were resuspended in 5% (v/v) Triton 

X100 and transferred to a 2 mL Eppendorf tube containing a stainless steel bead. The 

cells were lysed and homogenized for two minutes at 25 Hz using a Tissue lyser (Qiagen, 

Hilden, Germany). Intracellular TGs were quantified using a TG quantification 

colorimetric/fluorometric kit (Biovision, Milpitas, CA, USA) according to the manufacturer’s 

instructions. TG samples were prepared by heating the cell homogenates at 100°C for 5 

minutes, then cooling at room temperature. The heating and cooling was repeated one 

more time in order to solubilize all TGs. Subsequently, samples were centrifuged for 2 

minutes at 16 100 × g (Centrifuge 5415R, Eppendorf, Westbury, NY, USA) to remove 

insoluble material, and the supernatants were transferred into new 1.5 mL Eppendorf 

tubes.   

Standards were prepared from a TG stock (1 mM) supplied with the kit and further diluted 

to 0, 2, 4, 6, 8 and 10 nM concentrations, in duplicate (0 nM was used as a background 

control). Ten-fold diluted samples and standards were transferred to a clear 96 well assay 

plate, and 2 µL of lipase enzyme was added to each well followed by incubation for 20 

minutes at room temperature, in order to convert TG into glycerol and free fatty acids. 

Samples (without lipase) were included as controls for all samples analyzed. Fifty 

microliters of a reaction mix containing 2 µL TG enzyme mix, 2 µL TG probe and 46 µL 

TG assay buffer (scaled up depending on number of samples analyzed), was added to 

each well (samples and the standards), and incubated for 60 minutes at room 

temperature, protected from light. TG content was measured using a colorimetric plate 

reader (BioTek® plate reader ELx800 and the Gen 5 software) at 570 nm. TG 

concentration was calculated from the standard curve taking into account sample dilution 

and volume as indicated in the formula below and represented as mM concentration. 
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2.3.7.3 Glycerol Release Assay  

The effect of the CCC fractions on glycerol releases, a marker of lipolysis, was assessed 

using the free glycerol colorimetric/fluorometric assay Kit (Biovision, Milpitas, CA, USA) 

according to the manufacturer’s instructions. Briefly, after 24 hour treatment, 200 µL of 

the cell culture supernatant was transferred into a clear 96 well plate and stored at -20°C 

until further analysis.  

A standard curve was prepared by pipetting duplicate volumes of 0, 2, 4, 6, 8, and 10 μL 

of a 1 mM glycerol standard into a clear 96 well plate and the volumes were adjusted to 

50 μL using glycerol assay buffer. Fifty microliters of the undiluted culture supernatant 

were added to the 96 well plate and a reaction mix containing 2 µL glycerol enzyme mix, 

2 µL glycerol probe and 46 µL glycerol assay buffer (scaled up depending on number of 

samples analyzed) was added to the sample and standard wells. The plate was incubated 

for 30 minutes at room temperature, protected from light. During the incubation, glycerol 

is enzymatically oxidized to a product that reacts with the probe to generate a colour. After 

incubation, absorbance was measured at 570 nm using the BioTek® plate reader ELx800 

and the Gen 5 software. The glycerol concentration was calculated from the standard 

curve taking into account sample volume as indicated in the formula below and 

represented as a percentage relative to the vehicle control at 100%. 

 

 

 

 

 

2.3.7.4 The 3-[4, 5-Dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide Assay  

A method for assessing mitochondrial dehydrogenase activity, using 3-[4, 5-

Dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide (MTT) was adapted from Mosmann 

TG concentration = Amount of TG from the standard (nmol) × Sample dilution factor  

Sample volume added into the reaction well (µl) 

Glycerol concentration =                              Glycerol amount from the standard (nmol) 

Sample volume (before dilution) added into the reaction well (µl) 
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(1983). The MTT assay is a colorimetric based assay, in which MTT is reduced by 

mitochondrial dehydrogenase, thus producing a purple formazan product (Mosmann, 

1983; Weyermann et al., 2005). After cells were treated as described previously (Section 

2.3.6.1), the media was aspirated and replaced with 200 µL of fresh media. Fifty microliters 

of 2 mg/mL MTT solution (prepared in DPBS) was added to each well and the cells were 

incubated at 37°C in humidified air with 5% CO2 for one hour. The cell supernatant was 

aspirated and 200 µL of 100% DMSO and 25 µL of Sorenson’s glycine Buffer (0.1 M 

glycine and 0.1 M NaCl, pH 10.5) added, and the plate was gently shaken to dissolve the 

formazan product. Absorbance was measured at 570 nm using the BioTek® plate reader 

ELx800 and the Gen 5 software. The absorbance values were used to quantify the MTT 

content and results were expressed as a percentage relative to the control at 100%.  

 

2.3.7.5 The adenosine-5'-triphosphate (ATP) activity Assay   

Cells seeded and differentiated in 96 well plates (white walled luminescence plates) were 

treated as described previously, and the ATP content was quantified using the ViaLightTM 

Plus cell proliferation and cytotoxicity assay kit (Lonza, Basel, Switzerland) according to 

the manufacturer’s instructions, with minor modifications. Briefly, cells were lysed by 

adding 50 µL of lysis reagent to each well of a 96 well plate and incubating for at least 15 

minutes at room temperature. Thereafter, 100 µL of the ATP monitoring reagent plus was 

added to the cell lysate, and the reaction was incubated for 2 minutes at room temperature 

in order to generate a luminescence signal. After incubation, luminescence was measured 

with a luminometer (BioTek® plate reader FLx800) and Gen 5 Software. The ATP content 

was expressed as a percentage relative to the control at 100%. 

 

2.3.7.6 Propidium iodide staining 

The effect of plant extracts on propidium iodide staining, a marker of cellular necrosis, 

was assessed. Briefly, following 24 hour treatment of mature adipocytes in 96 well, black 

walled cell culture plates, the cells were washed with warm DPBS, followed by incubation 

with 1 µg/mL of propidium iodide (prepared in DPBS) for 15 minutes at 37°C in humidified 
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air containing 5% CO2. After incubation, cells were washed with warm DBPS and 

resuspended in DPBS. Thereafter, fluorescence was measured at ex/em 540/608 nm 

using the BioTek® FLx800 plate reader and the Gen 5 software. 

 

2.4 In vivo study 

2.4.1 Overview of study 

The anti-obesity potential of the most bioactive fraction from in vitro screening, was 

assessed in vivo, using Leprdb/db mice and their heterozygous controls (Leprdb/+ mice). Six 

to seven week old female mice, comprising 24 obese (Leprdb/db) and 24 lean controls 

(Leprdb/+ mice) were divided into six groups (n = 8) and treated with either vehicle control 

(1% DMSO prepared in distilled water) or two concentrations of the organic fraction of C. 

intermedia (70.5 and 351.5 mg/kg prepared in 1% DMSO), daily by oral gavage for 28 

days. The experimental outline is shown in Fig. 2.4. Body weight, fasting plasma glucose 

and, food and water consumption were measured weekly. On day 27 of treatment, the 

oral glucose tolerance test (OGTT) was performed on 16 hours fasted mice, followed by 

blood collection and tissue harvesting (liver, subcutaneous, gonadal and brown adipose 

fat depots) for gene expression analysis on day 28. 

 

2.4.2 Ethical consideration 

Ethical approval for the animal work was granted by the Research Ethics Committee: 

Animal Care and Use of the University of Stellenbosch (protocol number: SU-ACUM13-

00028) and the ethics committee of the South African Medical Research Council (protocol 

number: ECRA 10/13), Addendum 1. The study was performed in accordance with the 

principles and guidelines of the South African Medical Research Council Ethics for 

Medical Research: use of animals in research and training, and the South African National 

Standard (SANS 10386: 2008) for the Care and Use of Animals for Scientific Purpose. 
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Figure 2.5 Overview of animal experimental procedure. Adapted and modified from Jackson laboratory standard protocol for Type 2 

diabetes mellitus. www.jax.org/jaxservices/invivo-type2diabetes  
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2.4.3 Animal monitoring and housing  

All procedures were carried out at the Primate Unit and Delft Animal Centre (PUDAC) 

of the South African Medical Research Council (Tygerberg, South Africa). Female 

C57BL/KsJ-Leprdb/db mice (Leprdb/db mice) and their heterozygous lean controls, 

C57BL/KsJ- Leprdb/+ mice (Leprdb/+ mice) were maintained according to standard 

operating procedures of PUDAC. Animals were housed (up to 10 mice per cage) under 

controlled environmental conditions in a temperature regulated room of 24 - 26°C and 

± 55% humidity with a 12-hour light/dark cycle and ventilation of 15 - 20 air changes 

per hour. The mice were allowed access to a normal standard laboratory diet and 

water, ad libitum. Animals were transferred to individual cages when they were six to 

seven weeks of age (phenotypic differences between groups) for experimentation.  

 

2.4.4 Experimental design  

The animals were divided into 6 groups as illustrated in Table 2.5 to ensure similar 

baseline fasting plasma glucose and body weight values between groups.  

 

   Table 2.5 Treatment groups for the mice. 

Groups (n = 8) Treatment Treatment 
Route 

Treatment 
Schedule 

Treatment 
duration  

Group 1 
Leprdb/+ (lean) control mice 

1% DMSO vehicle Oral gavage Daily 28 days 

Group 2 
Leprdb/+ (lean) treated 
mice 

70.5 mg/kg - organic  
C. intermedia fraction 

Oral gavage Daily 28 days 

Group 3 
Leprdb/+ (lean) treated 
mice 

351.5 mg/kg - organic  
C. intermedia fraction 

Oral gavage Daily 28 days 

Group 4 
Leprdb/db (obese) control 
mice 

1% DMSO vehicle Oral gavage Daily 28 days 

Group 5  
Leprdb/db (obese) treated 
mice 

70.5 mg/kg - organic  
C. intermedia fraction  

Oral gavage Daily 28 days 

Group 6 
Leprdb/db (obese) treated 
mice 

351.5 mg/kg - organic  
C. intermedia fraction 

Oral gavage Daily 28 days 
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2.4.5 Preparation of dosage treatment and administration of treatment  

The two concentrations (70.5 and 351.5 mg/kg) of the organic fraction of C. intermedia 

were extrapolated to 11.43 mg/kg and 57.15 mg/kg daily intake in humans respectively, 

calculated based on body surface area dose translation from humans to mice (Reagan-

Shaw et al., 2007). Due to the insolubility of the organic fraction of C. intermedia in 

aqueous solvents, DMSO at a final concentration of 1% was used to solubilize the 

fraction and sonication was used to aid with the solubility. Treatments were prepared 

daily and administered by oral gavage. Animals were monitored during and after 

gavage for any signs of discomfort. 

 

2.4.6 Body weight and fasting plasma glucose  

Body weight of mice were monitored once a week using a calibrated scale. The total 

weight gain and the percentage weight increase were determined at the end of the 

study. For the assessment of fasting plasma glucose, the mice were fasted for 16 hours 

or 4 hours (with only access to drinking water, ad libitum) before glucose measurement. 

The second drop of blood was collected from the tip of the tail by tail prick and glucose 

concentration was determined using a calibrated glucometer (OneTouch Select®, 

LifeScan Inc., Milipitas, CA, USA). 

 

2.4.7 Food and water intake monitoring 

Food and water intake was monitored weekly during the treatment period. The amount 

of food falling inside the cages was taken into consideration. 

Estimated water consumption (mL) per week, was calculated as follows: 

Water intake per week (mL) = water (mL) given at the beginning of the week - water 

remaining in the water bottle (mL) at last day of the week, 

Estimated food consumption (g) per week was calculated as follows: 

Food intake per week (g) = food (g) given at the beginning of the week - food (g) 

remaining in the cage at last day of the week. 
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2.4.8 Oral glucose tolerance test (OGTT) 

The OGTT was performed after a 16 hour overnight fast, on day 27 of the study period. 

Mice were gavaged with plant material (Section 2.4.4), one hour later, glucose (Sigma-

Aldrich, St Louis, MO, USA), dissolved in distilled water to a final concentration of 2 

g/kg was administered via oral gavage (0.2 - 0.5 mL depending on body weight) to the 

mice and glucose concentrations were measured by tail prick immediately (t = 0) and 

after 30, 60, and 120 minutes as described in Section 2.4.6. 

 

2.4.9 Blood collection and tissue harvesting  

After 4 hour fasting, mice were anaesthetized by inhaling 98% oxygen and 2% 

fluothane (AstraZeneca Pharmaceuticals, Johannesburg, South Africa) and the paddle 

reflex non-response was used to confirm anaesthesia. A mid-line abdominal incision 

was made and blood was collected from the abdominal aorta and transferred to a 

serum separating tube (SST). Serum was separated by centrifugation at 3 220 × g 

(5810R, Eppendorf, Hamburg, Germany) for 15 minutes at 4°C and serum aliquots 

stored at -80°C until analysis. Liver, subcutaneous white adipose tissue (sWAT), 

gonadal white adipose tissue (gWAT) and the interscapular brown adipose tissue 

(iBAT) (Lim et al., 2012) were harvested and stored in RNAlater. Tissues in RNAlater 

were stored at -20°C until analysis. 

    

2.4.10 Fasting insulin  

Serum insulin was assessed by insulin radioimmunoassay using the Linco Kit, 

according to the manufacturer’s instructions (Microsep RI-13K, Billerica, MA, USA). 

Standards, quality controls and samples were prepared in duplicate. Two hundred 

microliters of assay buffer was added to borosilicate tubes followed by 100 μL of serum 

samples. One hundred microliters of 125I-insulin was then added to standards and 

samples. Thereafter, 100 µL of mouse insulin antibody was added to all the tubes. 

Tubes were vortexed, covered and incubated overnight (20 - 24 hour) at 4°C. The 

following day, 1 mL of precipitating reagent was added, the tubes vortexed and 

incubated for 20 minutes at 4°C. Samples were centrifuged at 4°C for 30 minutes at 4 

000 × g (5810R, Eppendorf). The supernatant was aspirated and the visible pellet 
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remaining in tube was counted using a gamma counter (Perkin-Elmer Wizard 1470 

automatic gamma counter, Monza, Italy), and the results were expressed in ng/mL. 

 

2.5 Gene expression analysis by quantitative real time PCR 

Quantitative real-time polymerase chain reaction (qRT-PCR) was used to assess the 

effect of plant extracts on the expression of genes involved in lipid, glucose and energy 

metabolism. 

 

2.5.1 RNA extraction  

For extraction of total RNA from 3T3-L1 adipocytes, cells were seeded and treated in 

6 well plates for 24 hours (as described in Section 2.3.6.1) and washed with warm 

DPBS. Thereafter approximately 300 µL per well of QIAzol lysis reagent (Qiagen) was 

added to wells and incubated for 5 minutes, cells were scraped from the plates, and 

triplicate wells were pooled into a sterile 2 mL Eppendorf tube containing a stainless 

steel bead (Qiagen). Cells were homogenized using the Qiagen Tissue Lyser for 2 

minutes at 25 Hz and centrifuged at 15 000 × g (5415R, Eppendorf) for 10 minutes at 

4°C. For extraction of RNA from tissue, approximately 100 mg of tissue was weighed 

using sterile conditions, and transferred to a 2 mL Eppendorf tube containing 1 mL of 

QIAzol lysis reagent and a stainless steel bead (Qiagen), followed by homogenization 

at 25 Hz for 2 minutes. Homogenization was repeated three times, and samples were 

homogenized by altering between 2 minutes in the Tissue Lyser using pre-cooled 

adapters and 1 minute on ice. Homogenized tissues were centrifuged at 15 000 × g for 

10 minutes, at 4°C. Hereafter, RNA was extracted from cells and tissue using the same 

protocol as described below.  

The supernatant was carefully removed and transferred to a new 1.5 mL Eppendorf 

tube, 200 µL of chloroform was added and mixed for 3 minutes, followed by 

centrifugation for 15 minutes at 15 000 × g and 4°C. The upper aqueous phase 

containing the RNA was transferred to a new 1.5 mL Eppendorf tube (this was done 

carefully without disturbing the white interphase or organic phase) and 0.5 mL of 

isopropanol was added and samples were incubated overnight at - 20°C to precipitate 
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the RNA. The following day, samples were centrifuged at 15 000 × g for 30 minutes at 

4°C to pellet the RNA. The supernatant was discarded and the RNA pellet was washed 

with 70% (v/v) ethanol and centrifuged at 15 000 × g for 15 minutes at 4°C. This wash 

step was repeated twice. After the final wash, ethanol was drained from the Eppendorf 

tubes by blotting on a paper towel, and the pellet was allowed to air dry. After drying, 

the RNA pellet was redissolved in 100 μL of RNase-free water, mixed by pipetting up 

and down several times, and then incubated at 55°C for 10 minutes in order to aid 

resuspension. 

  

RNA was cleaned up using the RNeasy Mini kit (Qiagen) according to the 

manufacturer’s instructions. To each RNA sample, 350 µL of the RTL buffer was added 

and mixed by pipetting up and down several times, followed by the addition of 250 µl 

of 100% ethanol and mixing as described above. The samples were transferred to 

RNeasy spin columns in 2 mL collection tubes. Spin columns were centrifuged at 

13 000 × g for 15 seconds at room temperature to bind the RNA and the flow through 

was discarded. A volume of 500 µL RPE buffer (diluted with 4 volumes of 96 - 100% 

ethanol) was added to the column and centrifuged at 13 000 × g for 15 seconds at 

room temperature, and the flow through was discarded. This step was repeated and 

thereafter the column was transferred to a new 2 mL collection tube and centrifuged 

for 1 minute at 16 100 × g, to completely dry the column. The RNA was eluted by 

placing the column into a clean 1.5 mL collection tube, 50 µL of RNase-free water was 

added directly to the column membrane, and centrifuged for 1 minute at 13 000 × g. 

The elution step was repeated in a separate 1.5 mL collection tube to ensure that all 

the RNA in the membrane column was retrieved. The eluted RNA samples were placed 

on ice for RNA quantification. 

   

2.5.2 RNA quantification   

RNA concentration and purity was assessed by measuring the absorbance at 260 nm 

(A260) and 280 nm (A280) using a Nanodrop ND 1000 spectrophotometer (Nanodrop 

Technologies, Wilmington, DE, USA). Nucleic acids (RNA and DNA) absorb at 260 nm 

whereas proteins and other contaminants absorb at A280. Thus, the ratio of 260 nm to 

280 nm (A260/280) is used to assess the purity of a sample. For RNA, a ratio of 2 is 
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generally accepted as being sufficiently pure. The ratio of 260 nm to 230 nm (A260/230) 

is used as a secondary measure of purity and indicates contaminants that absorb at or 

near 230 nm. The spectrophotometer was initialized by pipetting 2 μL RNase-free 

water onto the pedestal of the spectrophotometer, and 2 μL RNase-free water was 

used as blank. Thereafter, 2 μL of each RNA sample was pipetted onto the pedestal 

and the absorbance measured. Each sample was read in duplicate and the average 

of the two readings was used. 

 

2.5.3 RNA integrity  

High quality RNA (RNA integrity) is essential for accurate gene expression results 

(Fliege and Pfaffl, 2006). The Agilent 2100 bioanalyser is an analytical tool used to 

assess the quality and integrity of RNA. Compared to traditional methods, such as gel 

electrophoresis, the Agilent Bioanalyser is more sensitive, convenient and uses small 

quantities of RNA samples (Fliege and Pfaffl, 2006). The integrity of RNA is assessed 

by visualization of the 28S and 18S ribosomal RNA bands; a 28S:18S ratio of 2 

indicates intact RNA, whereas lower ratios indicate RNA degradation. Furthermore, 

the software calculates the RNA Integrity number (RIN) which is based on a numbering 

system of 1 to 10, with 1 representing a degraded RNA and 7 - 10 RIN number 

representing an intact good quality RNA (Mueller et al., 2004). In this study, RNA 

integrity was assessed by the Centre for Proteomic and Genomic Research (CPGR), 

Observatory, Western Cape, South Africa, using the Agilent 2100 bioanalyser (Agilent 

technologies Inc.) and the Agilent RNA 6000 Nano kit.  

Control RNA (100 ng/μL, included as an internal reference), RNA samples and the 

Agilent RNA Nano Ladder were heat denatured at 70°C for 2 minutes, briefly 

centrifuged and immediately placed on ice. After priming the chip on the chip priming 

station with Agilent RNA Nano gel-dye mix, 5 μL of Agilent RNA Nano Marker was 

added to all wells including the RNA ladder well. One microliter of control, sample or 

RNA ladder was then added to respective wells. The chip was mixed on a vortex mixer 

for 1 minute at 2 400 × g using a IKA vortex mixer (IKA, Staufen, Germany), and 

immediately loaded and analyzed on an Agilent 2100 Bioanalyser. RNA integrity was 
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assessed based on the RIN number and its quality assessed on an electropherogram 

and a gel image.  

 

2.5.4 DNase treatment  

RNA samples were treated with DNase in order to remove any contaminating genomic 

DNA that might be present in samples that would interfere with gene expression 

analysis. DNase treatment was conducted using the Turbo DNase kit (Ambion Inc., 

Austin, TX, USA) according to the manufacturer’s instructions. Briefly, 5 μL of 10 × 

DNase buffer and 1 μL of DNase I was added to the 20 µg of RNA to a final volume of 

50 μL. Samples were mixed and incubated at 37°C for 30 minutes; whereafter another 

1 μL of DNase I was added and incubated at 37°C for a further 30 minutes. The 

reaction was stopped by adding 5 μL of DNase inactivation reagent and mixed by 

placing tubes on an orbital shaker for 5 minutes at 37°C. Thereafter, the tubes were 

centrifuged at 10 000 × g for 1.5 minutes and the supernatant was transferred to a new 

1.5 mL Eppendorf tube, carefully without disturbing the pellet. RNA concentrations 

were quantified using a Nanodrop ND 1000 spectrophotometer.  

 

2.5.5 Reverse transcription  

Total RNA was reverse transcribed into a single‐stranded complimentary DNA (cDNA) 

using the High-Capacity cDNA kit (Applied Biosystems, Foster City, CA, USA), 

according to the manufacturer’s instructions. Briefly, nuclease-free water was added 

to 0.4 µg (sWAT, gWAT and iBAT) or 1 µg (3T3-L1 adipocytes) of DNase treated RNA 

samples (prepared in duplicate) to a final volume of 10 µL and kept on ice. A reverse 

transcription (RT) plus reaction mix consisting of reaction buffer, dNTPs, random 

primers, RNase-inhibitor, reverse transcriptase and nuclease-free water was prepared, 

while a RT minus was prepared as above, but without reverse transcriptase (Table 

2.6). The reactions were scaled up depending on the number of samples.  Thereafter, 

10 μL of plus or minus RT reaction components were added to their respective 0.2 mL 

tubes containing RNA samples. The tube content was mixed by pipetting, briefly 

centrifuged and placed in a 2720 thermal cycler (Applied Biosystems). Reactions were 
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incubated at 25°C for 10 minutes, 37°C for 120 minutes and 85°C for 5 seconds, to 

inactivate the reverse transcriptase. Nuclease-free water was used as a negative 

control.  

 

 Table 2.6 Components used for the reverse transcription reaction.  

Component Volume (μL) 

Plus RT Minus RT 

0.4 µg or 1 µg DNase-treated RNA in RNase-free 
water 

10 10 

10 × RT buffer 2 2 
25 × dNTPs mix 0.8 0.8 
10 × random primers 2 2 
RNase inhibitor 1 1 
Nuclease-free water 3.2 4.2 
Reverse Transcriptase (50 U/µL) 1 0 
Total volume 20 20 

 

2.5.6 Quantitative real-time PCR  

Quantitative real-time PCR (qRT-PCR) is one of the most sensitive and specific 

techniques commonly used to study gene expression (Arya et al., 2005). In this study, 

TaqMan® Gene Expression Assays from Applied Biosystems were used to assess the 

effects of the plant extracts on the expression of genes associated with lipid, glucose 

and energy metabolism. The TaqMan® Gene Expression assays consist of a 

TaqMan® probe with a FAM™ or VIC® fluorescent reporter dye on the 5’ end and a 

non-fluorescent quencher dye (NFQ) on the 3’ end of the probe. The TaqMan® probes 

do not fluoresce when the reporter and quencher dyes are in close proximity, thus 

suppressing the reporter’s fluorescence. During a PCR reaction, the Taq polymerase, 

after primer and probe binding, cleaves the probe to release the florescent reporter 

from the quencher dye, thereby allowing the detection of the reporter dye fluorescence 

(Arya et al., 2005). SYBR green is a non-sequence specific fluorescent dye that 

intercalates double-stranded DNA (dsDNA). SYBR green dye, when unbound in 

solution exhibits little fluorescence but emits a strong fluorescent signal when bound 

to a dsDNA (Arya et al., 2005). This dye can be used with any pair of primers for any 

target but its specificity is low due to binding to nonspecific PCR products and primer-

dimers. 
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2.5.6.1 Assessment of genomic DNA contamination  

To assess the extent of genomic DNA contamination in RNA samples, cDNA 

generated from the plus and minus reverse transcription reactions were both amplified 

with exon spanning primers for beta-actin (ACTβ) that would amplify both cDNA and 

genomic DNA. Amplification was quantified using the DNA binding dye SYBR Green. 

A reaction mix consisting of 12.5 µL SYBR Green master mix (Applied Biosystems), 1 

µL of 10 µM ACTβ forward primer, 1 µL of 10 µM ACTβ reverse primer and water to a 

final volume of 24 μL was prepared (Table 2.7). The reaction mix was scaled up 

depending on the number of samples. Twenty-four microliters of reaction mix was 

aliquoted into the PCR plate, followed by 1 μL of undiluted cDNA (plus or minus RT 

reactions), or water as a no template control. The plate was sealed with adhesive film, 

mixed on a plate shaker (IKA) for 10 minutes and briefly centrifuged at 3 000 × g. The 

PCR reactions were conducted on the ABI 7500 Sequence Detection System 

Instrument (Applied Biosystems) using the Absolute Quantification (AQ) Software 

(SDS V1.4). The following universal cycling conditions; 50°C for 2 minutes and 95°C 

for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute 

were used. A dissociation curve was added for secondary product detection. Data was 

acquired during the extension step (60°C for 1 minute). After the run, default settings 

for the threshold cycle (Ct) and baseline were used, and Ct values were exported to 

Microsoft Excel® for analysis. 

 

Table 2.7 Reaction components for quantitative real time PCR to assess genomic DNA 

content. 
 

Component Volume (µL) Final concentration 

2 × Master Mix 12.5 1 × 
ACTβ Forward Primer (10 μM) 1 0.4 µM 
ACTβ Reverse Primer (10 μM) 1 0.4 µM 
Water 9.5  - 
cDNA 1 20 - 50 nga 
Total volume 25 - 

a20 ng (sWAT, gWAT and iBAT) and 50 ng (3T3-L1 cells) 
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2.5.6.2 Quantitative real-time PCR for gene expression analyses 

For qRT-PCR, a reaction mixture consisting of 5 µL of TaqMan® universal PCR master 

mix II (Applied Biosystems), 0.5 µL of pre-developed TaqMan® gene expression 

assays and water to a final volume of 9 µL was prepared (Table 2.8). The reaction mix 

was scaled up based on the number of samples to be analyzed. A standard curve was 

prepared by mixing the cDNA aliquots of all the test samples and making a ten-fold 

dilution series (neat to 10-5). Nine microliter aliquots of the reaction mix were 

transferred into the wells of the PCR plate, followed by 1 μL of the standard curve 

dilution series, or test samples cDNA. A “no template control” (NTC) i.e. without the 

cDNA, was used as a negative control in all PCR reactions and all samples were 

analyzed in duplicate. The PCR plates were covered with adhesive film and briefly 

centrifuged at 3 000 × g. Thereafter, plates were placed in a shaker (IKA) for 5 minutes 

followed by centrifugation at 3 000 × g. The PCR reactions were conducted on the ABI 

7500 sequence detection system instrument using universal cycling conditions as 

described in Section 2.5.7, except that the dissociation curve was omitted. Data 

generated on the ABI 7500 instrument was analyzed with the ABI standard 

quantification (AQ) software (SDS V1.4) using a Ct threshold of 0.1 and a baseline 

between 3 and 13 cycles. The TaqMan® gene expression assays used in this study 

are listed in Table 2.9. A panel of seven endogenous control genes (Table 2.9) was 

evaluated to determine the most stably expressed endogenous genes for 

normalization for each tissue (sWAT, gWAT, iBAT) or for 3T3-L1 adipocytes. 

NormFinder, an algorithm based tool (Andersen et al., 2004) was used to compare the 

seven candidate genes and identify the best or most suitable combination of two genes 

for each tissue or cells. 

   

 Table 2.8 Reaction components for quantitative real time PCR reactions. 

Component  Volume (µL)  

2 × Master mix  5  
TaqMan Gene Expression Assay  0.5  
Water  3.5  
cDNA (2 - 5 ng)a  1  
Total volume  10  

a2 ng (sWAT, gWAT and iBAT) and 5 ng (3T3-L1 cells) 
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Table 2.9 Taqman® gene expression assays used in this study. 

TaqMan gene expression assays Assay ID 

Acetyl-Coenzyme A carboxylase alpha (ACACA) Mm01304257_m1 

Adiponectin (ADIPOQ) Mm00456425_m1 

cAMP responsive element binding protein 1 (CREB1) Mm00501607_m1 

Carnitine palmitoyltransferase 1 alpha  (CPT1α) Mm01231183_m1 

CCAAT/enhancer binding protein (C/EBP), alpha (CEBPα) Mm00514283_s1 

Citrate synthase (Cs) Mm00466043_m1 

Fatty acid binding protein 4 (FABP4) Mm00445878_m1 

Fatty acid synthase (FASN) Mm00662319_m1 

Fibroblast growth factor 2 (FGF2) Mm01285715_m1 

GATA binding protein 2 (GATA2) Mm00492301_m1 

Glucose-6-phosphatase, catalytic (G6Pc) Mm00839363_m1 

Hormone sensitive lipase (LIPE/HSL) Mm00495359_m1 

Insulin receptor substrate 1 (IRS1) Mm01278327_m1 

Lipoprotein lipase (LPL) Mm00434764_m1 

Peroxisome proliferator activated receptor alpha (PPARα) Mm00440939_m1 

Peroxisome proliferator activated receptor gamma (PPARγ) Mm00440940_m1 

Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha 

(PGC1α) 
Mm01208835_m1 

Protein kinase, AMP-activated, alpha 2 catalytic subunit (PRKAA2/AMPK) Mm01264789_m1 

Sirtuin1 (SIRT1) Mm01168521_m1 

Sirtuin3 (SIRT3) Mm00452131_m1 

Solute carrier family 2 (facilitated glucose transporter), member 4 (GLUT4) Mm01245502_m1 

Stearoyl-Coenzyme A desaturase 1 (SCD1) Mm00772290_m1 

Sterol regulatory element binding transcription factor 1 (SREBF1) Mm00550338_m1 

Tumor necrosis factor (TNFα) Mm00443258_m1 

Uncoupling protein 1 (UCP1) Mm01244861_m1 

Uncoupling protein 2 (UCP2) Mm00627599_m1 

Uncoupling protein 3 (UCP3) Mm00494077_m1 

Endogenous Control Genes 

Beta-actin (ACTβ) Mm02619580_g1 

Beta-2 microglobulin (B2M) Mm00437762_m1 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Mm99999915_g1 

Heat shock protein 90 alpha (cytosolic), class B member 1 (HSP90AB1) Mm00833431_g1 

Hypoxanthine guanine phosphoribosyl transferase (HPRT) Mm01545399_m1 

Non-POU-domain-containing, octamer binding protein (NONO) Mm00834875_g1 

Ribosomal protein L13A (RPL13A) Mm01612986_gH 
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2.6 Protein expression analysis 

Western blot analysis was used to assess the effect of the plant extracts on PPARγ 

and PPARα protein expression in mature 3T3-L1 adipocytes. 

  

2.6.1 Cell collection and protein extraction  

Cells seeded in 6 well plates and treated as described previously (Section 2.3.6.1), 

were rinsed with warm DPBS and lysed with 400 μL of commercial lysis buffer 

(Invitrogen) supplemented with 1 mM of phenyl methane sulfonyl fluoride (PMSF), and 

scraped from the plate surface using a cell scraper. Six replicates of a six well plate, 

representing a single treatment were pooled together and transferred to a 2 mL 

Eppendorf tube and stored at -20°C until extraction. For protein extraction, cells were 

thawed on ice, and a stainless bead (Qiagen) was added to the Eppendorf tube and 

transferred into pre-cooled Tissue lyser blocks. The cells were then homogenized 

using a Tissue lyser (Qiagen) at 25 Hz for 1 minute. Cells were homogenized by 

alternating between 1 minute in the Tissue lyser and 1 minute on ice, 5 times. The cell 

lysate was centrifuged at 15 890 × g for 10 minutes at 4°C. The supernatant was 

carefully removed and transferred into a clean 1.5 mL Eppendorf tube. This step was 

done twice and thereafter the supernatant was stored at -20°C until use.  

 

2.6.2 Quantification of protein concentration  

Protein quantification was performed using the reducing agent compatible and 

detergent compatible (RC/DC) protein determination kit according to the 

manufacturer‘s recommendations (Bio-Rad, Hercules, CA, USA). Five microliters of 

BSA standards (0, 0.2, 0.5, 1, 1.4 and 2.0 mg/mL) and 5 µL of a 1:10 dilution of each 

protein sample were added to wells in a 96 well assay plate, in duplicate. Twenty-five 

microliters of the kit’s reagent A was added to each well containing the sample or BSA 

standards. Thereafter, 200 µl of reagent B was added and the 96 well plate was mixed 

for 10 seconds using a plate shaker (IKA). Absorbance was measured at 695 nm on a 

BioTek® ELx800 plate reader using the Gen5 software. Protein concentration of the 

samples was extrapolated from the BSA standard curve. 
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2.6.3 Protein separation by electrophoresis 

Thirty microgram of protein sample was diluted 1:1 with sample buffer (Bio-Rad) and 

denatured by heating at 95°C for 5 minutes. Thereafter, protein samples were loaded 

onto a 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) precast gel (Bio-

Rad), and 5 µL (for gel profiling) or 12 µL (for western blot analysis) of the molecular 

weight standard marker was also loaded onto the first well of each gel. Electrophoresis 

was performed at a constant voltage of 150 V until the dye reached the bottom of the 

gel. For protein profiling, the gel was stained with a Coomassie brilliant blue stain 

overnight. The following day, the gel was incubated with a destaining solution until 

clear bands were visible; the gel profile was captured using Bio-Rad Chemidoc image 

analysis (Bio-Rad).  

 

2.6.4 Transfer of proteins to a PVDF membrane 

After protein separation by electrophoresis, gels were equilibrated in 1 × transfer buffer 

by incubating for 5 minutes on a shaker. The polyvinylidene fluoride (PVDF) membrane 

and Whatman paper were carefully cut to a size of 8 cm × 6 cm. Membrane activation 

was performed by incubating in methanol for 15 seconds, followed by incubation in 

MilliQ water for 15 seconds, and 1 minute of incubation in 1 × transfer buffer. The 

Whatman paper, filter pads, protein gels and the activated PVDF membranes were 

then equilibrated in 1× transfer buffer for 20 minutes by shaking, prior to assembling 

the transfer sandwich. The transfer sandwich was assembled as demonstrated in Fig. 

2.6 by stacking the following in an order of negative electrode (cathode) to positive 

electrode (anode): fiber pad, 2 × Whatman papers, SDS-PAGE gel, PVDF membrane, 

2 × Whatman papers and fiber pad in a transfer cassette. The cassette was then placed 

in the holding cassette with the cassette facing the corresponding colour coded 

electrode, black to black and red to red, and ice packs were inserted in between the 

cassette to maintain the cold temperature. The tank was filled with cold 1 × transfer 

buffer, enough to cover the cassette, and proteins were transferred for 80 minutes at 

160 V at 4°C, using a magnetic stirrer. 
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Figure 2.6 Schematic illustration of the transfer sandwich assembly used for transferring 

proteins from SDS-PAGE gel to a PVDF membrane.  

 

2.6.5 Ponceau S staining 

Following transfer, the PVDF membrane was stained with Ponceau S stain, to assess 

the efficiency of protein transfer from the SDS-PAGE gel to the membrane. The 

membrane was removed from the sandwich and placed in a container with the 

Ponceau S stain, and incubated for 5 minutes at room temperature. The staining 

solution was removed and the membrane was rinsed with distilled water until the 

background of the membrane was clear and transferred proteins were visible. To 

remove the staining solution, the membrane was washed with 1× Tris-buffered saline 

(TBS) 0.1% Tween 20 (TBST) by incubating for 10 minutes at room temperature. This 

was repeated three times. 

 

2.6.6 Western Blot analyses 

Following removal of the Ponceau S stain, the PVDF membrane was incubated with 

5% (w/v) fat-free milk powder prepared in 1 × TBST at room temperature, with gentle 
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shaking for 90 minutes, in order to block non-specific protein binding. Thereafter the 

membrane was incubated with primary antibody (Table 2.10) diluted with 1 × TBST 

and incubated overnight at 4°C. The following day, the membrane was washed three 

times with 1 × TBST for 10 minutes each. This was followed by incubation with the 

horseradish peroxidase (HRP) labeled secondary antibody (anti-rabbit IgG) prepared 

in 1 × TBST with 2.5% (w/v) fat-free milk (1:4000 dilution) for 90 minutes at room 

temperature. The membrane was then washed with 1 × TBST, three times for 10 

minutes each. A chemiluminescent substrate detection kit (Bio-Rad) was used to 

visualize proteins of interest. Briefly, 2 mL of chemiluminescent substrate was added 

to the membrane and incubated for 5 minutes. After incubation, the membrane was 

blotted on an absorbent paper towel to remove excess substrate. Proteins of interest 

were detected and quantified using the Bio-Rad Chemidoc-XRS imager and Quantity 

One 1-D software, respectively. Protein levels were normalized to the reference 

protein, Act-β (Table 2.10).  

 

 Table 2.10 Primary antibodies and dilutions used in Western blot detection. 

Antibody Dilution  Specificity 

Peroxisome proliferator-activated receptor gamma (PPARγ) 1:1000 Polyclonal antibody 

Peroxisome proliferator-activated receptor alpha (PPARα) 1:1000 Monoclonal antibody 

Beta-actin (ACTβ) 1:1000 Monoclonal antibody  

 

2.7 Statistical analysis 

Microsoft Excel® 2010 (Microsoft Office) was used for data analysis. For in vitro 

experiments, data represent three independent experiments done in three or five 

replicates per treatment ± standard error of the mean (SEM), and data is represented 

as a percentage relative to the vehicle control (0.01% DMSO set at 100%). For in vivo 

animal experiments, results are expressed as the mean ± SEM of six - eight animals 

per group. The sample size was determined using supporting literature (Xie et al., 

2002) and a biostatistician from the South African Medical Research Council was 

consulted to validate the sample size. Arbitrary units (relative mRNA expression) was 

used to represent data for qRT-PCR, while fold change was used to represent data for 

Western blot analysis. Statistical analysis was conducted using GraphPad Prism® 

Stellenbosch University  https://scholar.sun.ac.za



 

88 
 
 

version 5.04 (GraphPad Software Inc., La Jolla, USA). Differences between multiple 

groups were analyzed by one-way ANOVA and the Tukey post hoc test. A Student’s t-

test (unpaired) was used to analyze differences between two groups. A P-value of < 

0.05 was considered to be statistically significant. Area under the curve values were 

calculated using the trapezoidal method with Graphpad Prism version 5.04.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stellenbosch University  https://scholar.sun.ac.za



 

89 
 
 

CHAPTER 3 

 

RESULTS 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The polyphenolic characterization of plant extracts, and results for in vitro and in vivo 

experiments to select the most bioactive fraction for HPCCC fractionation are 

presented in this chapter. Part of this work has been published in the South African 

Journal of Botany for publication entitled “A polyphenol-enriched fraction of Cyclopia 

intermedia decreases lipid content in 3T3-L1 adipocytes and reduces body weight gain 

of obese diabetic mice” with myself (Babalwa Jack) as the first author. 
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The results in this section describes the assessment of the anti-obesity potential of 

polyphenol-enriched extracts and fractions of three commercially relevant Cyclopia 

spp. using in vitro and in vivo model systems. Aqueous methanol extracts of C. 

subternata, C. intermedia and C. maculata were  separated into aqueous and organic 

fractions for further enrichment of the phenolic content of the organic fraction, and their 

polyphenolic composition was determined by LC-MS/MS and quantitative HPLC-DAD. 

The effect of the aqueous and organic fractions on lipid content and cytotoxicity in 3T3-

L1 adipocytes were determined using the ORO assay, and the MTT and ATP assays, 

respectively. The anti-obesity and anti-diabetic activity of the most bioactive fraction 

was assessed in obese Leprdb/db mice. The effect of the most bioactive fraction on the 

expression of genes relevant to lipid, glucose and energy metabolism in 3T3-L1 

adipocytes, and in subcutaneous (sWAT) and gonadal (gWAT) white adipose tissue, 

and interscapular  brown adipose tissue (iBAT) of obese Leprdb/db mice and their 

heterozygous lean controls (Leprdb/+ mice) was measured using qRT-PCR. The effect 

of the extract on protein expression of PPARγ and PPARα was assessed using 

western blot analysis. 
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3.1 Phenolic Analysis 

LC-MS/MS analysis and quantitative HPLC-DAD were used to identify and quantify 

phenolic compounds in the 40% aqueous methanol extracts, and aqueous and organic 

fractions of C. subternata, C. intermedia and C. maculata. Their phenolic profiles and 

content varied according to species and type of fraction (Figs. 3.1 - 3.3 and Table 3.1). 

Considering the aqueous methanol extracts, the xanthones, mangiferin and 

isomangiferin, were present in the highest levels for C. maculata, followed by C. 

subternata and C. intermedia, while the benzophenones were predominant in the C. 

subternata extract followed by C. intermedia and C. maculata. The dihydrochalcones, 

3-hydroxy-phloretin-3',5'-di-C-hexoside and phloretin-3',5'-di-C-β-D-glucoside were 

not detected in C. intermedia, whereas two flavanones, neoponcirin and an eriodictyol 

derivative were only detected in C. intermedia. The eriodictyol derivative was 

tentatively identified as eriodictyol-O-deoxyhexoside-O-hexoside based on the mass 

spectrum and UV-Vis spectrum for eriocitrin (eriodictyol-7-O-rutinoside) as published 

in Schulze et al. (2014). 

The major compounds identified in the C. subternata extract was mangiferin (2.680 

g/100g extract), followed by iriflophenone-3-C-β-D-glucoside-4-O-β-D-glucoside, 

phloretin-3',5'-di-C-β-D-glucoside, scolymoside,  hesperidin, iriflophenone-3-C-β-D-

glucoside, isomangiferin and eriocitrin (Fig. 3.1 and Table 3.1). These compounds 

were all present at > 0.5 g/100g extract. Vicenin-2, 3-Hydroxy-phloretin-3',5'-di-C-

hexoside and maclurin-3-C-β-glucoside were present at low concentrations < 0.18 

g/100g extract, moreover luteolin was identified in trace amounts. Liquid-liquid 

fractionation resulted in the aqueous fraction of C. subternata retaining iriflophenone-

3-C-β-D-glucoside-4-O-β-D-glucoside as the major compound, whilst the other 

compounds were present as minor constituents (Fig. 3.1 and Table 3.1). The organic 

fraction of C. subternata retained all the major compounds present in the extract, 

resulting in a fraction enriched in all the compounds, except iriflophenone-3-C-β-D-

glucoside-4-O-β-D-glucoside compared to the original extract (Fig.3.1 and Table 3.1). 

The major compounds present in the C. intermedia extract was mangiferin (2.181 

g/100g extract), followed by neoponcirin, hesperidin, iriflophenone-3-C-β-D-glucoside-

4-O-β-D-glucoside, isomangiferin and eriodictyol-O-deoxyhexoside-O-hexoside. The 
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individual compounds were present at > 0.5 g/100g extract. Iriflophenone-3-C-β-D-

glucoside and vicenin-2 were present at a concentration < 0.18 g/100g extract, 

whereas maclurin-3-C-β-glucoside was not detected (Fig. 3.2 and Table 3.1). Once 

again as for C. subternata, the concentration of iriflophenone-3-C-β-D-glucoside-4-O-

β-D-glucoside in the extract and fractions did not differ notably. Iriflophenone-3-C-β-D-

glucoside and neoponcirin were not detected in the aqueous fraction of C. intermedia 

whereas the other compounds were present at low concentrations relative to the 

extract and its organic fraction (Fig. 3.2 and Table 3.1). The organic fraction was 

enriched in mangiferin, neoponcirin, hesperidin, isomangiferin, eriodictyol-O-

deoxyhexoside-O-hexoside, iriflophenone-3-C-β-D-glucoside and vicenin-2 compared 

to the original extract (Fig. 3.2 and Table 3.1). 

Similar to the C. subternata and C. intermedia extracts, mangiferin (5.366 g/100g 

extract) was the major compound in the C. maculata extract (Fig. 3.3 and Table 3.1) 

and present in a substantially higher quantity than in the other extracts. Two of the 

benzophenones (maclurin-3-C-β-glucoside and iriflophenone-3-C-β-D-glucoside-4-O-

β-D-glucoside) were not detected. Hesperidin and isomangiferin were also more 

prevalent in the C. maculata extract than the other extracts. Other compounds 

including vicenin-2, scolymoside, luteolin, iriflophenone-3-C-β-D-glucoside, 3-hydroxy-

phloretin-3',5'-di-C-hexoside, eriocitrin and phloretin-3',5'-di-C-β-D-glucoside were 

detected as relatively minor compounds (< 0.5 g/100g extract). The aqueous fraction 

of C. maculata contained only low concentrations (< 0.1 g/100g extract) of the 

compounds present in the extract or, in the case of luteolin and phloretin-3',5'-di-C-β-

D-glucoside were not detected in this fraction (Fig. 3.3 and Table 1). The organic 

fraction of C. maculata was enriched in all compounds, with mangiferin, isomangiferin, 

hesperidin, eriocitrin, iriflophenone-3-C-β-D-glucoside and 3-hydroxy-phloretin-3',5'-di-

C-hexoside present at concentrations ranging from 14.847 g/100g extract for 

mangiferin to 0.711 g/100g extract for the dihydrochalcone. Vicenin-2, scolymoside, 

luteolin and phloretin-3',5'-di-C-β-D-glucoside were detected as minor compounds 

present at concentrations < 0.5 g/100g extract (Fig. 3.3 and Table 3.1). 
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Figure 3.1 Phenolic profile of C. subternata. The phenolic profile showing the major phenolic 

compounds of a 40% aqueous methanol (40% MeOH) extract of unfermented C. subternata 

(A), aqueous fraction of 40% MeOH extract of C. subternata (B) and organic fraction of 40% 

methanol extract of C. subternata (C). The first peak (not numbered) represents ascorbic acid, 

which was added to prevent oxidation. Peak 1: Iriflophenone-3-C-β-D-glucoside-4-O-β-D-

glucoside; 2: Maclurin-3-C-β-glucoside; 3: Iriflophenone-3-C-β-D-glucoside; 4: Mangiferin; 5: 

Isomangiferin; 6: Vicenin-2; 7: 3-Hydroxy-phloretin-3',5'-di-C-hexoside; 8: Eriocitrin; 9: 

Scolymoside; 10: Phloretin-3',5'-di-C-β-D-glucoside; 11: Hesperidin; 12: Luteolin. 
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Figure 3.2 Phenolic profile of C. intermedia. The phenolic profile showing the major phenolic 

compounds of a 40% aqueous methanol (40% MeOH) extract of unfermented C. intermedia 

(A), aqueous fraction of 40% MeOH extract of C. intermedia (B) and organic fraction of 40% 

methanol extract of C. intermedia (C). The first peak (not numbered) represents ascorbic acid, 

which was added to prevent oxidation. Peak 1: Iriflophenone-3-C-β-D-glucoside-4-O-β-D-

glucoside; 3: Iriflophenone-3-C-β-D-glucoside; 4: Mangiferin; 5: Isomangiferin; 6: Vicenin-2; 

11: Hesperidin; 13: Eriodictyol-O-deoxyhexoside-O-hexoside; 14: Neoponcirin. 
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Figure 3.3 Phenolic profile of C. maculata. The phenolic profile showing the major phenolic 

compounds of a 40% aqueous methanol (40% MeOH) extract of unfermented C. maculata (A), 

aqueous fraction of 40% MeOH extract of C. maculata (B) and organic fraction of 40% 

methanol extract of C. maculata (C). The first peak (not numbered) represents ascorbic acid, 

which was added to prevent oxidation. Peak 3: Iriflophenone-3-C-β-D-glucoside; 4: Mangiferin; 

5: Isomangiferin; 6: Vicenin-2; 7: 3-Hydroxy-phloretin-3',5'-di-C-hexoside; 8: Eriocitrin; 9: 

Scolymoside; 10: Phloretin-3',5'-di-C-β-D-glucoside; 11: Hesperidin.  
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Table 3.1 Quantification of major phenolic compounds in 40% aqueous methanol extracts of C. subternata,  
C. intermedia and C. maculata and their aqueous and organic fractions by HPLC-DAD. 

Compounda 

Methanol Extract Aqueous Fraction Organic Fraction 

g/100 gc 
Concentration 

factord g/100 gc 
Concentration 

factord g/100 gc 
Concentration 

factord 

C. subternata       
Iriflophenone-3-C-β-D-glucoside-4-O-β-D-glucoside (1)  2.395 1.000 2.467 1.030 2.333 0.974 
Maclurin-3-C-β-glucoside (2 ) 0.081 1.000 0.036 0.444 0.216 2.667 
Iriflophenone-3-C-β-D-glucoside (3)  0.744 1.000 0.136 0.183 2.538 3.411 
Mangiferin (4)  2.680 1.000 0.030 0.011 10.344 3.860 
Isomangiferin (5)  0.566 1.000 0.008 0.014 2.182 3.855 
Vicenin-2 (6)  0.159 1.000 0.055 0.346 0.476 2.994 
3-Hydroxy-phloretin-3',5'-di-C-hexoside (7)  0.177 1.000 0.050 0.282 0.601 3.395 
Eriocitrin (8)  0.538 1.000 0.038 0.071 1.884 3.502 
Scolymoside (9)  1.067 1.000 0.016 0.015 4.137 3.877 
Phloretin-3',5'-di-C-β-D-glucoside (10)  1.468 1.000 0.085 0.058 5.365 3.655 
Hesperidin (11)  0.985 1.000 0.044 0.045 3.709 3.765 
    
C. intermedia    
Iriflophenone-3-C-β-D-glucoside-4-O-β-D-glucoside (1) 0.783 1.000 0.794 1.014 0.752 0.960 
Iriflophenone-3-C-β-D-glucoside (3)  0.172 1.000 nde nde 0.611 3.552 
Mangiferin (4)  2.181 1.000 0.044 0.020 8.635 3.959 
Isomangiferin (5)  0.607 1.000 0.017 0.028 2.336 3.848 
Vicenin-2 (6)  0.163 1.000 0.047 0.288 0.511 3.135     
Hesperidin (11)  0.822 1.000 0.031 0.038 3.267 1.000 
Eriodictyol-O-deoxyhexoside-O-hexosideb (13)  0.553 1.000 0.090 0.163 2.000 3.617 
Neoponcirin (14)  0.893 1.000 nde nde 3.629 4.064 
    
C. maculata    
Iriflophenone-3-C-β-D-glucoside (3)  0.385 1.000 0.098 0.255 0.969 2.517 
Mangiferin (4)  5.366 1.000 0.098 0.018 14.847 2.767 
Isomangiferin (5)  1.277 1.000 0.033 0.026 3.750 2.937 
Vicenin-2 (6)  0.175 1.000 0.060 0.343 0.413 2.360 
3-Hydroxy-phloretin-3',5'-di-C-hexoside (7)  0.288 1.000 0.073 0.253 0.711 2.469 
Eriocitrin (8)  0.419 1.000 0.034 0.081 1.246 2.974 
Scolymoside (9)  0.036 1.000 0.009 0.25 0.065 1.806 
Phloretin-3',5'-di-C-β-D-glucoside (10)  0.158 1.000 nde nde 0.489 3.095 
Hesperidin (11)  1.315 1.000 0.065 0.049 3.826 2.910 
Luteolin (12)  0.025 1.000 nde nde 0.111 4.440 

a Peak number on HPLC chromatogram in brackets 
b Expressed as eriocitrin equivalent 
c g/100 g refers to the amount of the compound (g) in 100 g extract or fraction 
d Concentration factor refers to the amount of a compound in the extract/fraction divided by the amount of the compound in the extract 
e nd - polyphenols not detected or only present in trace amounts
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3.2 In vitro experiments to identify the most bioactive Cyclopia fraction 

3.2.1 Validation of the in vitro cell model 

Although 3T3-L1 adipocytes are commonly used as an in vitro model for obesity 

studies, experiments to validate the model, and to test the effect of DMSO on lipid 

content were performed. Lipid content in undifferentiated 3T3-L1 pre-adipocytes, 

differentiated 3T3-L1 adipocytes and differentiated 3T3-L1 adipocytes treated with 

0.01% of DMSO for 24 hours was assessed using the ORO assay. Microscopic images 

of ORO stained cells showed increased lipid content (indicated by high intensity of 

ORO staining) in differentiated adipocytes (Fig. 3.4B) compared to undifferentiated 

pre-adipocytes (Fig. 3.4A). DMSO treatment did not affect lipid content in differentiated 

adipocytes (Fig. 3.4C). Quantification of these results showed that lipid content was 

increased 1.7-fold after differentiation (100 ± 2.6% in undifferentiated pre-adipocytes 

vs. 174.2 ± 14.7% in differentiated adipocytes, P < 0.001) (Fig. 3.5D). No significant 

difference was observed between differentiated adipocytes and DMSO treated 

adipocytes, suggesting that the concentration of DMSO used in this study had no effect 

on lipid content. These results show that differentiation of 3T3-L1 pre-adipocytes into 

mature adipocytes using IBMX, Dex and insulin, significantly induces excessive lipid 

accumulation. Moreover, the use of DMSO as a vehicle did not affect lipid content. 
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Figure 3.4 Validation of the in vitro cell model. Oil Red O staining of undifferentiated 3T3-L1 

pre-adipocytes (A), differentiated 3T3-L1 adipocytes (B) and differentiated 3T3-L1 adipocytes 

treated with DMSO (C). The quantification of these results are shown in D. Pre-adipocytes 

were cultured to confluence in DMEM media and induced to differentiate into matured 

adipocytes in media containing IBMX, Dex and insulin, or left in DMEM media for 

undifferentiated adipocytes. DMSO treated adipocytes were incubated with 0.01% DMSO for 

24 hours after differentiation. Results are expressed as the mean of three independent 

experiments with eight repeats per treatment, and expressed relative to undifferentiated 

adipocytes at 100% ± SEM; ***P < 0.001. 

 

 

3.2.2 The aqueous fraction of C. maculata and organic fraction of C. intermedia 

dose-dependently decrease lipid content in differentiated 3T3-L1 adipocytes 

The ability of the aqueous and organic fractions of C. subternata, C. intermedia and C. 

maculata to decrease lipid content was determined by treating differentiated 3T3-L1 

adipocytes with various concentrations of these fractions (1, 10, 50 and 100 µg/mL) for 

24 hours, and lipid content assessed using the ORO assay. The concentrations used 

in this study were in the concentration range that decreased lipid accumulation without 

inducing effects on cytotoxicity in 3T3-L1 pre-adipocytes differentiated in the presence 
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of aqueous hot water extracts of C. subternata and C. maculata (Dudhia et al., 2013). 

The effect on lipid content varied according to Cyclopia spp. and type of fraction. For 

example, the aqueous fraction of C. subternata decreased lipid content in differentiated 

3T3-L1 adipocytes by 16.1 ± 3.1% (P < 0.05) and 25 ± 2.3% (P < 0.001) at 50 and 100 

µg/mL, respectively, compared to untreated adipocytes, whereas no effect was 

observed for the organic C. subternata fraction (Fig. 3.5). In contrast, the organic 

fraction of C. intermedia decreased lipid content by 12.5 ± 4.5%, 16.8 ± 4.8% (P < 

0.01), 22.8 ± 3.7% (P < 0.001) and 26.7 ± 2.6% (P < 0.001) at 1, 10, 50 and 100 µg/mL, 

respectively, whereas its aqueous fraction did not significantly decrease lipid content 

compared to control adipocytes (Fig. 3.6). Similarly to C. subternata, the aqueous 

fraction of C. maculata reduced lipid content by 16 ± 4.3% (P < 0.05), 17.8 ± 3.8% (P 

< 0.01), 20.9 ± 3.0% (P < 0.001) and 28.7 ± 3.3% (P < 0.001) at 1, 10, 50 and 100 

µg/mL, respectively, whereas the organic fraction of C. maculata did not have any 

significant effect on lipid content compared to untreated adipocytes (Fig. 3.7). 

Isoproterenol, used as a positive control (10 µM), decreased lipid content (P < 0.001) 

compared to control adipocytes. 

 

 

Figure 3.5 The effect of aqueous and organic fractions, prepared from 40% aqueous methanol 

extract of C. subternata on lipid content in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes 

were exposed to aqueous and organic fractions of C. subternata at various concentrations, 

vehicle control or isoproterenol for 24 hours. Lipid content was quantified using Oil Red O 

staining. Results are expressed as a percentage relative to the vehicle control (set at 100%), 

and are shown as the mean ± SEM for three independent experiments, each performed in 

triplicate. Significance is depicted as *P < 0.05, and ***P < 0.001 vs. vehicle control. 
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Figure 3.6 The effect of aqueous and organic fractions, prepared from 40% aqueous methanol 

extract of C. intermedia on lipid content in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes 

were exposed to aqueous and organic fractions of C. intermedia at various concentrations, 

vehicle control or isoproterenol for 24 hours. Lipid content was quantified using Oil Red O 

staining. Results are expressed as a percentage relative to the vehicle control (set at 100%), 

and are shown as the mean ± SEM for three independent experiments, each performed in 

triplicate. Significance is depicted as **P < 0.01 and ***P < 0.001 vs. vehicle control. 

 

 

 
Figure 3.7 The effect of aqueous and organic fractions, prepared from 40% aqueous methanol 

extract of C. maculata on lipid content in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes 

were exposed to aqueous and organic fractions of C. maculata at various concentrations, 

vehicle control or isoproterenol for 24 hours. Lipid content was quantified using Oil Red O 

staining. Results are expressed as a percentage relative to the vehicle control (set at 100%), 

and are shown as the mean ± SEM for three independent experiments, each performed in 

triplicate. Significance is depicted as *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control. 
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3.2.3 Cytotoxicity varies according to Cyclopia species and their fractions 

The effect of the aqueous and organic fractions of C. subternata, C. intermedia and C. 

maculata on cell viability was assessed by treating 3T3-L1 adipocytes with various 

concentrations of these fractions (1, 10, 50 and 100 µg/mL) for 24 hours and 

determining mitochondrial dehydrogenase activity (MTT assay) (Figs. 3.8, 3.10 and 

3.12) and intracellular ATP content (Figs. 3.9, 3.11 and 3.13). As observed for lipid 

content, varying effects on cell viability were observed, depending on species and type 

of fraction, as well as the assay type. Both the aqueous and organic fractions of C. 

subternata increased MTT activity, at all concentrations tested (P < 0.05 and P < 0.001) 

(Fig. 3.8). However, no significant effect on ATP content was observed when cells 

were treated with the aqueous and organic fractions of C. subternata (Fig. 3.9). 

The aqueous fraction of C. intermedia increased mitochondrial dehydrogenase activity 

by 24.7 ± 3.9% (P < 0.001) and 22.4 ± 4.6% (P < 0.001) at 50 and 100 µg/mL (Fig. 

3.10), respectively, and the organic fraction of C. intermedia increased mitochondrial 

dehydrogenase activity by 30.4 ± 4.0% (P < 0.001) and 21.8 ± 5.3% (P < 0.001) at 50 

and 100 µg/mL (Fig. 3.10), respectively. In contrast, treatment with 50 and 100 µg/mL 

of the aqueous fraction of C. intermedia decreased intracellular ATP content by 21.0 ± 

6.3% (P < 0.01) and 19.3 ± 3.8% (P < 0.05) (Fig. 3.11), respectively, whereas the 

organic fraction had no significant effect on intracellular ATP content (Fig. 3.11). 

Treatment with the aqueous and organic fractions of C. maculata had no significant 

effect on cell viability as measured using the MTT assay (Fig. 3.12). In contrast, 

intracellular ATP content was decreased by 18.1 ± 5.4% (P < 0.05), 23.7 ± 6.4% (P < 

0.01), 30.3 ± 6.9% (P < 0.001) and 33.8 ± 5.8% (P < 0.001) after treatment with 1, 10, 

50 and 100 µg/mL of the organic C. maculata (Fig. 3.13), respectively, whereas its 

aqueous fraction had no significant effect on intracellular ATP content compared to 

control adipocytes (Fig. 3.13). Isoproterenol (10 µM) had no significant effect on the 

MTT activity and ATP content compared to control adipocytes. 
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Figure 3.8 The effect of aqueous and organic fractions, prepared from 40% aqueous methanol 

extract of C. subternata on mitochondrial dehydrogenase activity in 3T3-L1 adipocytes. 

Differentiated 3T3-L1 adipocytes were exposed to the aqueous and organic fractions of C. 

subternata at various concentrations, vehicle control or isoproterenol for 24 hours. 

Mitochondrial dehydrogenase was measured using the MTT assay. Results are expressed as 

a percentage relative to the vehicle control (set at 100%) and are shown as mean ± SEM for 

three independent experiments, each performed in triplicate. Significance is depicted as *P < 

0.05 and ***P < 0.001 vs. vehicle control. 

 

Figure 3.9 The effect of aqueous and organic fractions, prepared from 40% aqueous methanol 

extract of C. subternata on ATP content in 3T3-L1 adipocytes. Differentiated 3T3-L1 

adipocytes were exposed to the aqueous and organic fractions of C. subternata at various 

concentrations, vehicle control or isoproterenol for 24 hours. Intracellular ATP content was 

assessed using an ATP luminescence kit. Results are expressed as a percentage relative to 

the vehicle control (set at 100%) and are shown as mean ± SEM for three independent 

experiments, each performed in triplicate. 
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Figure 3.10 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. intermedia on mitochondrial dehydrogenase activity in 3T3-L1 

adipocytes. Differentiated 3T3-L1 adipocytes were exposed to the aqueous and organic 

fractions of C. intermedia at various concentrations, vehicle control or isoproterenol for 24 

hours. Mitochondrial dehydrogenase was measured using the MTT assay. Results are 

expressed as a percentage relative to the vehicle control (set at 100%) and are shown as mean 

± SEM for three independent experiments, each performed in triplicate. Significance is 

depicted as ***P < 0.001 vs. vehicle control. 

 

Figure 3.11 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. intermedia on ATP content in 3T3-L1 adipocytes. Differentiated 3T3-L1 

adipocytes were exposed to the aqueous and organic fractions of C. intermedia at various 

concentrations, vehicle control or isoproterenol for 24 hours. Intracellular ATP content was 

assessed using an ATP luminescence kit. Results are expressed as a percentage relative to 

the vehicle control (set at 100%) and are shown as mean ± SEM for three independent 

experiments, each performed in triplicate. Significance is depicted as *P < 0.05 and **P < 0.01 

vs. vehicle control. 
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Figure 3.12 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. maculata on mitochondrial dehydrogenase activity in 3T3-L1 

adipocytes. Differentiated 3T3-L1 adipocytes were exposed to the aqueous and organic 

fractions of C. maculata at various concentrations, vehicle control or isoproterenol for 24 hours. 

Mitochondrial dehydrogenase was measured using the MTT assay. Results are expressed as 

a percentage relative to the vehicle control (set at 100%) and are shown as mean ± SEM for 

three independent experiments, each performed in triplicate. 

 

 
Figure 3.13 The effect of aqueous and organic fractions, prepared from 40% aqueous 

methanol extract of C. maculata on ATP content in 3T3-L1 adipocytes. Differentiated 3T3-L1 

adipocytes were exposed to the aqueous and organic fractions of C. maculata at various 

concentrations, vehicle control or isoproterenol for 24 hours. Intracellular ATP content was 

assessed using an ATP luminescence kit. Results are expressed as a percentage relative to 

the vehicle control (set at 100%) and are shown as mean ± SEM for three independent 

experiments, each performed in triplicate. Significance is depicted as *P < 0.05, **P < 0.01 and 

***P < 0.001 vs. vehicle control. 
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3.2.4 Selection of the organic fraction of C. intermedia for further analysis 

The aqueous fraction of Cyclopia maculata and the organic fraction of Cyclopia 

intermedia, demonstrated the highest anti-obesity activity, as measured with the ORO 

assay, without affecting cell viability. Both fractions did not affect cell necrosis, 

assessed with propidium iodide staining (Addendum 3), further confirming that these 

fractions were not cytotoxic. Identification of phenolic compounds revealed the 

presence of neoponcirin and eriodictyol-O-deoxyhexoside-O-hexoside, polyphenols 

not previously detected in Cyclopia, in the organic fraction of C. intermedia. 

Furthermore, aqueous fractions may contain monosaccharides and methanol soluble 

polysaccharides, which would add to calorie intake and therefore may have the 

potential to be detrimental to individuals with T2DM. Based on these findings, the 

organic fraction of C. intermedia was selected for further analysis. 

 

3.2.4.1 Effect of the organic fraction of C. intermedia on gene expression 

To assess the effect of the organic fraction of C. intermedia on gene expression, 

experiments were scaled up and the most bioactive concentration (50 µg/mL), was 

selected for investigation of the molecular mechanism underlying the inhibitory effect 

of this fraction on lipid content. The expression of genes involved in lipid, FA, glucose 

and energy metabolism were measured using qRT-PCR. NormFinder, an algorithm 

used for identifying the optimal normalization gene (Anderson et al., 2004), identified 

beta-2 microglobulin (B2M) and the ribosomal protein L13a (RPL13A) as the most 

stably expressed endogenous controls (Table 2.9, Chapter 2), and therefore the 

combination of these genes was used for normalization of gene expression. Treatment 

of 3T3-L1 adipocytes with the organic fraction of C. intermedia increased the mRNA 

expression of PPARγ (1.3 fold, P < 0.05) (Fig. 3.14A) and HSL (1.6 fold, P < 0.05) 

(Fig. 3.14B) compared to control adipocytes, whereas the expression of LPL was 

remained unaffected (0.7 fold, P = 0.09) in C. intermedia treated adipocytes (Fig. 

3.14B). Treatment of 3T3-L1 adipocytes with this fraction did not have any effect on 

the mRNA expression of PPARα, C/EBPα, CREB1, SREBF1, GATA2 and FGF2 (Fig. 

3.14A), nor the mRNA expression of ACACA, FASN and FABP4 (Fig. 3.14B) 

compared to the vehicle treated adipocytes. 
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Considering genes involved in energy metabolism, mRNA expression of UCP3 was 

increased (1.5 fold, P < 0.05) in C. intermedia treated adipocytes (Fig. 3.14C), while 

no significance was observed for SIRT1 expression (1.5 fold increase, P = 0.07) in C. 

intermedia treated adipocytes (Fig. 3.14C). Compared to control adipocytes, no 

significant effect in mRNA levels of AMPK, SIRT3, PGC1α and UCP2 was observed in 

C. intermedia treated adipocytes (Fig. 3.14C). In addition, the mRNA expression of 

IRS1, GLUT4, G6PC, ADIPOQ, CPT1α and Cs was not significantly affected by 

treatment with the organic fraction of C. intermedia (Figs. 3.14D). The expression of 

UCP1 was undetectable in 3T3-L1 adipocytes.  
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Figure 3.14 The effect of the organic fraction of C. intermedia on the mRNA expression genes 

involved in lipid or fatty acid, glucose and energy metabolism in 3T3-L1 adipocytes. 

Differentiated 3T3-L1 adipocytes were treated with the vehicle control or the organic fraction 

of C. intermedia at 50 µg/mL for 24 hours. Total RNA was extracted and gene expression was 

analyzed by qRT-PCR (A-D). Results are represented as mRNA expression relative to the 

mRNA expression of endogenous controls (B2M and RPL13A) and expressed as mean ± SEM 

for three independent experiments. Statistical significance is depicted as *P < 0.05 vs. vehicle 

control. 
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3.2.4.2 Effect of the organic fraction of C. intermedia on protein expression 

To assess the effect of the organic fraction of C. intermedia on protein expression, 

experiments were scaled up and the most bioactive concentration (50 µg/mL) was 

selected for investigation of PPARγ and PPARα protein expression using western blot 

analysis. Images were cut from the original blot (Fig. S8 A and B, supplementary data) 

to only represent samples used in this chapter. Compared to control 3T3-L1 

adipocytes, the protein expression of PPARα and PPARγ was not affected by 

treatment with the organic fraction of C. intermedia (Figs. 3.15 A and B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 The effect of the organic fraction of C. intermedia on PPARγ and PPARα protein 

expression in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were treated with the 

vehicle control or the organic fraction of C. intermedia at 50 µg/mL for 24 hours. Proteins were 

extracted and the expression of PPARγ (A) and PPARα (B) were analyzed by western blot 

analysis. Results are expressed as the fold change relative to the vehicle control and 

represented as the mean ± SEM for three independent experiments. 

 

3.3 Validation of phenolic content and bioactivity of the large-scale preparation 

After confirming the bioactivity of the small-scale prepared extract of the organic 

fraction of C. intermedia in vitro, the extraction of this fraction was upscaled to facilitate 
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were used to determine the phenolic composition of the large-scale preparation of the 

40% aqueous methanol extract of C. intermedia and its organic fraction. The quantity 

and quality of the major polyphenols in the large-scale aqueous methanol extract of C. 

intermedia and its organic fraction (Fig. 3.16 and Table 3.2) was similar to the 

previously small-scaled prepared aqueous methanol extract of C. intermedia and its 

organic fraction (Fig. 3.2 and Table 3.1), thus demonstrating that the upscaled 

fractionation did not significantly change phenolic content. Furthermore, the in vitro 

bioactivity of the upscaled organic fraction of C. intermedia was compared to the 

previous organic fraction of C. intermedia. Both fractions decreased lipid content, 

increased MTT activity and did not have any significant effect on intracellular ATP 

content compared to control adipocytes (Addendum 3), thus confirming similar 

biological effects. 
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Figure 3.16 Phenolic profile of the large-scaled preparation of C. intermedia. The phenolic 

profile showing the major phenolic compounds of a 40% aqueous methanol extract of 

unfermented C. intermedia (A) and the organic fraction of a 40% methanol extract of C. 

intermedia (B), both prepared on large scale. The first peak (not numbered) represents 

ascorbic acid, which was added to prevent oxidation. Peak 1: Iriflophenone-3-C-β-D-glucoside-

4-O-β-D-glucoside; 3: Iriflophenone-3-C-β-D-glucoside; 4: Mangiferin; 5: Isomangiferin; 6: 

Vicenin-2; 11: Hesperidin; 13: Eriodictyol-O-deoxyhexoside-O-hexoside; 14: Neoponcirin.  
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Table 3.2 Quantification of major phenolic compounds (g/100 g) in the upscaled 40% 
aqueous methanol extract of C. intermedia and its organic fraction by qHPLC-DAD. 

Compounda 
Aqueous methanol extract  

of C. intermedia  
Organic fraction 

Iriflophenone-3-C-β-D-glucoside-4-O-β-D-
glucoside (1) 

0.790    0.674 

Iriflophenone-3-C-β-D-glucoside (3) 0.189 0.565 
Mangiferin (4) 2.303 8.259 
Isomangiferin (5)  0.626 2.181 
Vicenin-2 (6)  0.168 0.388 
Hesperidin (11)  1.029 3.318 
Eriodictyol-O-deoxyhexoside-O-hexosideb(13)  0.582 1.484 
Neoponcirin (14) 1.003 3.609 

    a Peak number on HPLC chromatogram in brackets 
    b Expressed as eriocitrin equivalent 

 

3.4 In vivo experiments of the organic fraction of C. intermedia 

3.4.1 Validation of the Leprdb/db mouse model 

Body weight, fasting blood glucose concentrations, food and water consumption of 

Leprdb/db mice and their heterozygous Leprdb/+ controls were monitored on a weekly 

basis to evaluate the characteristics of the Leprdb/db mouse model. During the 28-day 

study period, body weight of Leprdb/db mice increased more than the body weight of 

Leprdb/+ mice (P < 0.0001) (Fig. 3.17A). The final body weight of Leprdb/db mice was 

significantly higher (42.7 ± 1.8 g, P < 0.001) compared to Leprdb/+ mice (20.5 ± 0.6 g) 

(Table 3.3), illustrating that the Leprdb/db mice are obese compared to Leprdb/+ mice. At 

day 7 of the study period, fasting plasma glucose concentrations of Leprdb/db mice 

increased more than fasting plasma glucose concentrations of Leprdb/+ mice (P < 0.05, 

P < 0.01 and P < 0.0001) (Fig. 3.17B). At the end of 28-day study period, fasting 

glucose concentrations of Leprdb/db mice were higher (21.9 ± 2.6 mmol/L, P < 0.001) 

than that of the Leprdb/+ mice (6.9 ± 1.0 mmol/L) (Table 3.3), demonstrating that the 

Leprdb/db mice are hyperglycemic compared to Leprdb/+ mice. 

During the course of the study, food intake was significantly higher (P < 0.0001) in 

Leprdb/db mice compared to Leprdb/+ mice (Fig. 3.17C). At the end of the study period, 

total food consumption was higher in Leprdb/db mice compared to Leprdb/+ mice (77.3 ± 

2.5 g in Leprdb/+ mice vs. 169.7 ± 11.1 g in Leprdb/db mice, P < 0.001), showing that the 

Leprdb/db mice are hyperphagic compared to Leprdb/+ mice (Table 3.3). No significant 
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change was observed in water intake between the mice, during the first week of the 

study, however from weeks 2 - 4, water intake levels were significantly higher in 

Leprdb/db mice (P < 0.01 and P < 0.0001) compared to Leprdb/+ mice (Fig. 3.17D). Total 

water intake was increased from 98.6 ± 9.5 mL in Leprdb/+ mice to 325.3 ± 45.4 mL (P 

< 0.001) in Leprdb/db mice, illustrating that the Leprdb/db mice are polydipsic compared to 

Leprdb/+ mice (Table 3.3). 

 

Table 3.3 Metabolic characteristics of the Leprdb/+ and Leprdb/db control mice after 28 days. 

Parameter Leprdb/+ Leprdb/db 

Body weight (g) 20.5 ± 0.6 42. 7 ± 1.8*** 

Fasting glucose concentration (mmol/L) 6.9 ± 1.0 21.9 ± 2.6*** 

Total food consumption (g) 77.3 ± 2.5 169.7 ± 11.1*** 

Total water consumption (mL) 98.6 ± 9.5 325.3 ± 45.4*** 

Statistical significance is depicted as ***P < 0.05 for Leprdb/db vs. Leprdb/+ control 
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Figure 3.17 Metabolic characteristics of Leprdb/db mice and Leprdb/+ mice.  Graphs represent body weight (A), fasting plasma glucose (B), food 

consumption (C) and water intake (D). Results are expressed as the mean ± SEM (n = 6 - 8 per group). Statistical significance is depicted as *P 

< 0.05, **P < 0.01 and ****P < 0.0001 for Leprdb/db vs. Leprdb/+.  
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3.4.2 The organic fraction of C. intermedia decreases body weight gain in 

obese Leprdb/db without changes in food and water consumption 

The anti-obesity effect of the organic fraction of C. intermedia was confirmed by 

treating obese Leprdb/db mice and their lean controls (Leprdb/+ mice) with 70.5 mg/kg 

and 351.5 mg/kg of the fraction for 28 days. The percentage body weight gain was 

increased by 18 ± 1.3% in Leprdb/+ mice compared to a 54.6 ± 7.6% increase in Leprdb/db 

mice (P < 0.001) (Fig. 3.18 and Table 3.4). Daily treatment of obese Leprdb/db mice 

with the organic fraction of C. intermedia decreased body weight gain by 14.2% (P = 

0.1892) and 21.7% (P < 0.05) at 70.5 mg/kg and 351.5 mg/kg, respectively compared 

to Leprdb/db control mice (Fig. 3.18 and Table 3.4). In contrast, no changes in body 

weight gain were observed in Leprdb/+ mice treated with these fractions (Fig. 3.18). No 

significant difference in total food intake and water consumption was observed in C. 

intermedia treated Leprdb/db mice and Leprdb/+ mice (Figs. 3.19A and 3.19B). 

 

 

Figure 3.18 The effect of the organic fraction of C. intermedia on body weight gain in Leprdb/+ 

and Leprdb/db mice. Mice were treated with vehicle control, 70.5 or 351.5 mg/kg of the organic 

C. intermedia fraction by oral gavage daily for 28 days. Body weight gain was assessed after 

day 28 of treatment. Values are expressed as the mean ± SEM (n = 6 - 8). Significance is 

depicted as ***P < 0.001 Leprdb/+ vs. Leprdb/db and #P < 0.05 Leprdb/db control vs. Leprdb/db 351.5 

mg/kg. 

 

B
o

d
y
 w

e
ig

h
t 

g
a
in

 (
%

)

db/+

Lep
r

(7
0.

5 
m

g/k
g)

db/+
 

Lep
r

(3
51

.5
 m

g/k
g)

db/+
 

Lep
r

db/d
b

Lep
r

 (7
0.

5 
m

g/k
g)

db/d
b

Lep
r

(3
51

.5
 m

g/k
g)

db/d
b 

Lep
r

0

20

40

60

80
#***

Stellenbosch University  https://scholar.sun.ac.za



 

115 
 
 

Table 3.4 Effect of the organic fraction of C. intermedia on body weight. 

Treatment Group Initial BW (g) Final BW (g) Weight Gain 

(g)a 

% Gainb 

Leprdb/+ control 17.9 ± 0.5 20.5 ± 0.6 3.1 18 ± 1.3*** 

Leprdb/+ (70.5 mg/kg) 17.5 ± 0.4 20.4 ± 0.6 2.9 16.6 ± 2.8 

Leprdb/+ (351. 5 
mg/kg) 

17.4 ± 0.6 20.1 ± 0.8 2.7 15.5 ± 3.1 

Leprdb/db control 28.6 ± 1.6 42.7 ± 1.8 14.0 54.6 ± 7.6*** 

Leprdb/db (70.5 mg/kg) 28.5 ± 1.6 39.4 ± 1.2 10.9 38.2 ± 6.8*** 

Leprdb/db (351.5 
mg/kg) 

29.1 ± 0.99 38.4 ± 1.3 9.3 32.0 ± 2.7***# 

a Weight gain was calculated by subtracting initial body weight (g) from final body weight (g) 
b Percentage (%) weight gain was calculated by dividing weight gain (g) of individual mice by 

their initial body weight (g) multiplied by 100  

Statistical significance is depicted as ***P < 0.05 Leprdb/+ vs. Leprdb/db and #P < 0.05 Leprdb/db 

control vs. Leprdb/db 351.5 mg/kg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 The effect of the organic fraction of C. intermedia on food intake and water 

consumption of Leprdb/+ and Leprdb/db mice. Mice were treated with vehicle control, 70.5 or 351.5 

mg/kg of organic C. intermedia fraction by oral gavage daily for 28 days. Total food 

consumption (A) and total water intake (B) were assessed after day 28 of treatment. Values 

are expressed as the mean ± SEM (n = 6 - 8). Significance is depicted as ***P < 0.001 Leprdb/+ 

vs. Leprdb/db. 
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3.4.3 The organic fraction of C. intermedia increases liver weight of obese 

Leprdb/db mice 

The relative liver weight of Leprdb/db mice was significantly increased (P < 0.05) 

compared to Leprdb/+ control mice (Fig. 3.20). Treatment with the organic fraction of C. 

intermedia at 351.5 mg/kg increased (P < 0.05) liver weight in Leprdb/db mice, whereas 

treatment did not affect the liver weight in the Leprdb/+ mice (Fig. 3.20). 

 

 

Figure 3.20 The effect of the organic fraction of C. intermedia on liver weight of Leprdb/db and 

Leprdb/+ mice. At the end of the study, livers were harvested, weighed and the liver weight, 

relative to body weight was calculated. Results are expressed as the mean ± SEM (n = 6 - 8). 

Significance is depicted as *P < 0.05 Leprdb/+ vs. Leprdb/db and #P < 0.05 Leprdb/db control vs. 

Leprdb/db 351.5 mg/kg. 
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OGTT (Fig. 3.21B) and the area under curve (AUC) (Fig. 3.21C) showed that 

treatment with the organic fraction of C. intermedia did not improve glucose tolerance 

in both Leprdb/db and Leprdb/+ mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 The effect of the organic fraction of C. intermedia on fasting plasma glucose 

concentration and glucose tolerance of Leprdb/+ and Leprdb/db mice. Mice were fasted for 16 

hours and glucose levels were measured at t = -60 (A). Thereafter treatment was gavaged and 

an hour later glucose (2 g/kg) was administered to the mice and blood glucose levels were 

measured at baseline (t = 0 min), 30, 60 and 120 minutes (B). The area under the curve (AUC) 

of the glucose tolerance was calculated (C). Results are expressed as the mean ± SEM (n = 

6 - 8). Significance is depicted as ***P < 0.001 and ****P < 0.0001 Leprdb/+ vs. Leprdb/db mice. 
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At termination, blood was collected after a 4 hour fast, serum was prepared and insulin 

levels were measured. Results showed that serum insulin levels were significantly 

increased (11.3 ± 4.6 ng/mL, P < 0.05) in Leprdb/db mice compared to Leprdb/+ control 

mice (0.5 ± 0.2 ng/mL). Treatment with 351.5 mg/kg of the organic fraction of C. 

intermedia did not significantly affect insulin concentrations in obese Leprdb/db (Fig. 

3.22). 

 

 

Figure 3.22 The effect of the organic fraction of C. intermedia on fasting serum insulin levels 

of Leprdb/+ and Leprdb/db mice. Serum insulin levels were determined from blood collected at 

termination, following a 4 hour fast. Results are expressed as the mean ± SEM (n = 6 - 8). 

Significance is depicted as *P < 0.05 Leprdb/+ vs. Leprdb/db mice.  

 

3.4.5 Effect of the organic fraction of C. intermedia on adipose tissue gene 

expression 

The mechanism by which the organic fraction of C. intermedia decreases body weight 

gain in obese Leprdb/db mice was investigated by measuring the expression of genes 

associated with lipid, FA, glucose and energy metabolism in (sWAT) and gonadal 

(gWAT) white adipose tissues and the interscapular brown adipose tissue (iBAT) using 

qRT-PCR. 
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3.4.5.1 Subcutaneous white adipose tissue 

NormFinder showed that (ACTβ) and the ribosomal protein L13a (RPL13A) were the 

most stable genes amongst the seven endogenous genes assessed in sWAT (Table 

2.9, Chapter 2), therefore the combination of these genes was used for normalization 

of gene expression in sWAT. The mRNA expression of PPARα, CREB1, SREBF1 and 

FGF2 was decreased by 1.9-fold (P = 0.06), 2.7-fold (P < 0.001), 1.53-fold (P < 0.05) 

and 1.7-fold (P = 0.06), respectively, in the sWAT of obese Leprdb/db mice compared to 

Leprdb/+ control mice, whereas the expression of PPARγ, C/EBPα and GATA2 was not 

significantly changed between the two genotypes (Figs. 3.23A and 3.23B). Treatment 

of Leprdb/db mice with the organic fraction of C. intermedia did not affect the expression 

of these genes (Figs. 3.23A and 3.23B).  

The mRNA expression of ACACA, FASN,  SCD1, PGC1α and  UCP3 was decreased 

by 10.5-fold (P < 0.001), 16.2-fold (P < 0.001), 2.3-fold (P < 0.01), 3.4-fold (P < 0.05) 

and 5.3-fold (P < 0.001), respectively, in the sWAT of obese Leprdb/db mice compared 

to Leprdb/+ control mice, whereas the expression of FABP4 was increased (1.7-fold, P 

< 0.05) in Leprdb/db mice compared to Leprdb/+ control mice (Figs. 3.23C and 3.23D). 

The mRNA expression of HSL, LPL, AMPK, SIRT1, SIRT3, UCP1 and UCP2 was not 

significantly changed between the two genotypes. Furthermore, treatment with the 

organic fraction of C. intermedia did not have any significant effect on the expression 

of these genes (Figs. 3.23C and 3.23D). The mRNA expression of ADIPOQ, TNFα 

and G6PC remained unchanged between Leprdb/db and the Leprdb/+ control mice, and 

in response to treatment with the organic fraction of C. intermedia (Fig. 3.23E). 
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Figure 3.23 The effect of the organic fraction of C. intermedia on the mRNA expression of 

genes associated with lipid, fatty acid, glucose and energy metabolism  in subcutaneous 

adipose tissue of Leprdb/+ and Leprdb/db mice. Mice were treated with vehicle control or 351.5 

mg/kg (for the Leprdb/db mice) of the organic C. intermedia fraction by oral gavage daily for 28 

days. Total RNA was extracted and gene expression was analyzed by qRT-PCR (A - E). 

Results are represented as mRNA expression relative to the mRNA expression of endogenous 

controls (Actβ and Rpl13a), and expressed as mean ± SEM (n = 6 - 8). Statistical significance 

is depicted as *P < 0.05, **P < 0.01 and ***P < 0.001 Leprdb/+ vs. Leprdb/db mice. 
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3.4.5.2 Gonadal white adipose tissue 

Similar to sWAT, NormFinder showed that beta-actin(ACTβ) and the ribosomal protein 

L13a (RPL13A) were the most stable genes amongst the seven endogenous genes 

assessed in the gWAT (Table 2.9, Chapter 2), and therefore the combination of these 

genes was used for normalization of gene expression in gWAT. The mRNA expression 

of CREB1 was decreased (2.4-fold, P < 0.05) in obese Leprdb/db mice compared to 

Leprdb/+ control mice, whereas the expression of other genes (PPARγ, PPARα, 

CEBPα, SREBF1, GATA2 and FGF2) remained unaffected between the two 

genotypes (Figs. 3.24A and 3.24B). The organic fraction of C. intermedia increased 

the mRNA expression of FGF2 (1.4-fold, P < 0.05) in gWAT of Leprdb/db mice (Fig. 

3.24B), whereas the expression of other genes were unaffected by treatment (Figs. 

3.24A and 3.24B). 

Similar to the sWAT, the mRNA expression of ACACA,  FASN,  HSL and SCD1 was 

decreased by 4.5-fold (P < 0.001), 6.17-fold (P < 0.01), 1.65-fold (P < 0.05) and 2.17-

fold (P < 0.05), respectively, in the gWAT of obese Leprdb/db mice compared to Leprdb/+ 

control mice, whereas UCP2 mRNA expression was increased (2.24-fold, P < 0.01) in 

Leprdb/db mice compared to Leprdb/+ control mice (Figs. 3.24C and 3.24D). Compared 

to Leprdb/+ control mice, the mRNA expression of FABP4, LPL, AMPK, SIRT1, SIRT3, 

PGC1α, UCP1 and UCP3 was not changed in Leprdb/db mice. Treatment of obese 

Leprdb/db control mice with the organic fraction of C. intermedia did not significantly 

change the expression of these genes (Figs. 3.24C and 3.24D). The mRNA 

expression of ADIPOQ, TNFα and G6PC remained unchanged in gWAT of Leprdb/db 

and Leprdb/+ control mice, and in response to treatment with the organic fraction of C. 

intermedia (Fig. 3.24E).  
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Figure 3.24 The effect of the organic fraction of C. intermedia on the mRNA expression of 

genes associated with lipid, fatty acid, glucose and energy metabolism in the gonadal adipose 

tissue of Leprdb/+ and Leprdb/db mice. Mice were treated with vehicle control or 351.5 mg/kg (for 

the Leprdb/db mice) of organic C. intermedia fraction by oral gavage daily for 28 days. Total RNA 

was extracted and gene expression was analyzed by qRT-PCR (A - E). Results are 

represented as mRNA expression relative to the mRNA expression of endogenous controls 

(ACTβ and RPL13A), and expressed as mean ± SEM (n = 6 - 8). Statistical significance is 

depicted as *P < 0.05, **P < 0.01 and ***P < 0.001 Leprdb/+ vs. Leprdb/db mice or Leprdb/db control 

mice vs. Leprdb/db 351.5 mg/kg. 
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3.4.5.3 Interscapular brown adipose tissue 

NormFinder showed that beta-2 microglobulin (B2M) and hypoxanthine guanine 

phosphoribosyl transferase 1 (HPRT1) were the most stable genes amongst the seven 

endogenous genes assessed in the iBAT (Table 2.9, Chapter 2), and therefore the 

combination of these genes was used for normalization of gene expression in iBAT. 

Compared to Leprdb/+ control mice, the mRNA expression of UCP1 was decreased 

(1.84-fold, P < 0.01) in the iBAT of obese Leprdb/db mice. Treatment with the organic 

fraction of C. intermedia did not affect the expression of UCP1 (Fig. 3.25A). The mRNA 

expression of PPARγ, AMPK, SIRT3 and UCP3 was decreased by 1.28-fold (P = 0.07), 

1.47-fold (P < 0.01), 1.34-fold (P < 0.05) and 1.84-fold (P < 0.01), respectively, in iBAT 

of obese Leprdb/db mice compared to Leprdb/+ control mice, whereas the mRNA 

expression of UCP2 (3.5-fold, P < 0.001) and CPT1α (2.4-fold, P < 0.01) was increased 

(Figs. 3.25B and 3.25C). The expression of SIRT1, PPARα and PGC1α remained 

unchanged between the genotypes. No significant effect was observed in the 

expression of these genes in response to treatment with the organic fraction of C. 

intermedia (Figs. 3.25A and 3.25B). 
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Figure 3.25 The effect of the organic fraction of C. intermedia on the mRNA expression of on 

the mRNA expression of brown fat markers and energy metabolism genes in the interscapular 

brown adipose tissue of Leprdb/+ and Leprdb/db mice. Mice were treated with vehicle control or 

351.5 mg/kg (for the Leprdb/db mice) of organic C. intermedia fraction by oral gavage daily for 

28 days. Total RNA was extracted and gene expression was analyzed by qRT-PCR (A-C). 

Results are represented as mRNA expression relative to the mRNA expression of endogenous 

controls (B2M and HPRT1), and expressed as mean ± SEM (n = 6 - 8). Statistical significance 

is depicted as *P < 0.05, **P < 0.01 and ***P < 0.001 Leprdb/+ vs. Leprdb/db mice. 
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3.5 Summary of results 

The results described in this chapter are summarized in the tables below. The aqueous 

fraction of C. maculata (Table 3.7) and the organic fraction of C. intermedia (Table 

3.6) dose-dependently decreased lipid content in differentiated 3T3-L1 adipocytes, 

whereas treatment with the aqueous fraction of C. subternata decreased lipid content 

at the highest concentrations only (Table 3.5). No significant effect on lipid content was 

observed in adipocytes treated with the organic fractions of C. subternata (Table 3.5) 

and C. maculata (Table 3.7) and the aqueous fraction of C. intermedia (Table 3.6). 

Cell viability as assessed with the MTT assay, was increased by the aqueous and 

organic fractions of C. subternata (Table 3.5) and C. intermedia (at 50 and 100 µg/mL) 

(Table 3.6), while no significant effect was observed in adipocytes treated with the 

aqueous and organic fractions of C. maculata (Table 3.7). Assessment of cell viability 

using the ATP assay showed that treatment with the aqueous and organic fraction of 

C. subternata did not affect ATP content (Table 3.5). The aqueous fraction of C. 

intermedia (Table 3.6) and the organic fraction of C. maculata (Table 3.7) decreased 

ATP content, whereas no effect on ATP content was observed in adipocytes treated 

with the organic fraction of C. intermedia (Table 3.6) and the aqueous fraction of C. 

maculata (Table 3.7). 

The mRNA expression of HSL, PPARγ and UCP3 were increased in C. intermedia 

treated adipocytes compared to control adipocytes (Table 3.8), whereas no changes 

were observed in the protein expression of PPARγ and PPARα in adipocytes treated 

with the organic fraction of C. intermedia (Table 3.9).  In vivo studies showed that the 

organic fraction of C. intermedia decreased body weight gain in obese Leprdb/db mice 

without modulation of food and water consumption and glucose metabolism. Treatment 

with the organic fraction of C. intermedia did not affect gene expression in sWAT, 

gWAT and iBAT (Tables 3.10 and 3.11) of Leprdb/db mice although the mRNA 

expression of FGF2 was increased in gWAT of Leprdb/db mice treated with the organic 

fraction of C. intermedia (Table 3.10). A number of changes in gene expression 

between the obese Leprdb/db and Leprdb/+ mice were observed (Tables 3.10 and 3.11).  
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Table 3.5 Summary of in vitro results for C. subternata. 

Experimental 

Assay 

Aqueous fraction Organic fraction 

1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 

Oil Red O   ↓11       ↓ 12     ↓ 17*     ↓ 25*** ↓ 9 ↓ 11.5 ↓ 12 ↓ 12 

MTT  ↑16.6* ↑17.5* ↑22.9*** ↑27*** ↑27.8*** ↑30.8*** ↑32*** ↑37*** 

ATP ↓2 ↑4 ↓9.5 ↓15 ↓11 ↓6.4 ↓11 ↓12 

↓: Decrease in percentage (%) vs. control  

↑: Increase in percentage (%) vs. control  

Significance depicted as: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control 
nt: not tested 
 

 

Table 3.6 Summary of in vitro results for C. intermedia.  

Experimental 

Assay 

Aqueous fraction Organic fraction 

1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 

Oil Red O  ↓ 10 ↓ 12.1 ↓ 13 ↓ 14.1 ↓ 12.5 ↓ 18** ↓ 23*** ↓ 27*** 

MTT  ↓0.2 ↑11 ↑24.7*** ↑22*** ↑7.6 ↑14.3 ↑30.4*** ↑21.8*** 

ATP ↓6 ↓10.4 ↓21** ↓19.2* ↓6 ↑1.5 ↓4 ↓5 

↓: Decrease in percentage (%) vs. control  

↑: Increase in percentage (%) vs. control  

Significance depicted as: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control 
nt: not tested 
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Table 3.7 Summary of in vitro results for C. maculata. 

Experimental 

Assay 

Aqueous fraction Organic fraction 

1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 

Oil Red O  ↓ 16* ↓ 18** ↓ 21*** ↓ 29*** ↓ 12 ↓ 10.3 ↓ 12.2 ↓ 14.4 

MTT  ↑2.6 ↑6 ↑7.7 ↑10 ↓ 4.3 ↑5 ↑14.3 ↑8.8 

ATP ↑13 ↑13 ↑14.6 ↑2 ↓ 18* ↓ 24** ↓ 30*** ↓ 34* 

↓: Decrease in percentage (%) vs. control  

↑: Increase in percentage (%) vs. control  

Significance depicted as: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control 
nt: not tested 
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Table 3.8 Summary of in vitro mRNA gene expression results.  

Genes Organic C. intermedia fraction 

ACACA ↓ 0.8 

ADIPOQ ↔ 

CREB1 ↑ 1.6 

CPT1α ↔ 

CEBPα ↓ 0.8 

Cs ↔ 

FABP4 ↓ 0.7 

FASN ↓ 0.8 

FGF2 ↑ 1.3 

GATA2 ↑ 1.6 

GLUT4 ↔ 

G6PC ↑ 1.6 

HSL ↑ 1.6* 

IRS1 ↑ 1.3 

LPL ↓ 0.7 

PPARα ↑1.15 

PPARγ ↑1.3* 

PGC1α ↑ 1.2 

AMPK ↑ 1.4 

SIRT1 ↑ 1.5 

SIRT3 ↓ 0.7 

SCD1 ↔ 

SREBF1 ↔ 

UCP2 ↑ 1.3 

UCP3 ↑ 1.5* 

↓: Decrease in fold change vs. control  

↑: Increase in fold change vs. control  

↔: No significant fold change vs. control 

Significance depicted as: *P < 0.05 vs. vehicle control 
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Table 3.9 Summary of in vitro protein expression results.  

Proteins Organic C. intermedia fraction 

PPARα ↓ 0.86 

PPARγ ↔ 

↓: Decrease in fold change vs. control  

↔: No significant fold change vs. control 
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Table 3.10 Summary of mRNA gene expression results in sWAT and gWAT.  

Genes 

sWAT gWAT 

Leprdb/+/ Leprdb/db Leprdb/db / Leprdb/db      + 

(351.5 mg/kg)  

Leprdb/+/ Leprdb/db Leprdb/db / Leprdb/db + 

(351.5 mg/kg)  

ACACA ↓ 10.5*** ↔ ↓ 4.5*** ↓ 1.2 

ADIPOQ ↔ ↔ ↔ ↓ 1.48 

CREB1 ↓ 2.7*** ↑ 1.19 ↓ 2.4* ↑ 1.57 

CEBPα ↓ 1.28 ↑ 1.22 ↓ 1.9 ↑ 1.76 

FABP4 ↑ 1.7* ↔ ↑ 1.86 ↓ 2.0  

FASN ↓16.2*** ↑ 1.14 ↓ 6.17*** ↑ 1.16 

FGF2 ↓ 1.7 ↑ 1.13 ↓ 1.45 ↑ 1.4* 

GATA2 ↓ 1.29 ↓ 1.27 ↔ ↓ 1.1 

G6PC ↑ 25.0 ↓ 1.2 ↑ 5.3 ↓ 2.16 

HSL ↓ 1.27 ↔ ↓ 1.65* ↑ 1.52 

LPL ↑ 1.14 ↓ 1.3 ↔ ↓ 1.28 

PPARα ↓ 1.9 ↔ ↑ 1.13 ↔ 

PPARγ ↔ ↔ ↓ 1.39 ↔ 

PGC1α ↓ 3.4* ↓ 1.8 ↓ 1.38 ↑ 1.74 

AMPK ↓ 1.7 ↓ 1.18 ↑ 3.34 ↓ 4.68 

SIRT1 ↓ 1.13 ↓ 1.18 ↑ 1.64 ↓ 1.23 

SIRT3 ↓ 1.12 ↑ 1.15 ↑ 2.29 ↓ 1.76 

SCD1 ↓ 2.3** ↔ ↓ 2.17* ↑ 1.3 

SREBF1 ↓ 1.53* ↔ ↑ 1.84 ↓ 1.4 

TNFα ↓ 1.18 ↑ 1.2 ↑ 17.8 ↓ 3.9 

UCP1 ↓ 13.7 ↑ 1.97 ↓ 6.6 ↑ 2.8 

UCP2 ↑ 1.2 ↔ ↑ 2.24** ↑ 1.12 

UCP3 ↓ 5.3*** ↔ ↓ 2.23 ↑ 1.14 

↓: Decrease in fold change vs. control  

↑: Increase in fold change vs. control  

↔: No significant fold change vs. control 

Fold change calculated by dividing highest value (relative mRNA expression) with the lowest value 
Significance depicted as: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control 
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Table 3.11 Summary of mRNA gene expression results in iBAT.  
  

Genes Leprdb/+ / Leprdb/db Leprdb/db / Leprdb/db + (351.5 mg/kg)  

CPT1α ↑ 2.4** ↑ 1.14 

PPARα ↑ 1.22 ↑ 1.16 

PPARγ ↓ 1.28 ↔ 

PGC1α ↓ 1.13 ↑ 1.13 

AMPK ↓ 1.47** ↔ 

SIRT1 ↔ ↔ 

SIRT3 ↓ 1.34* ↔ 

UCP1 ↓ 1.84** ↔ 

UCP2 ↑ 3.5*** ↑ 1.17 

UCP3 ↓ 1.84** ↔ 

↓: Decrease in fold change vs. control  

↑: Increase in fold change vs. control  

↔: No significant fold change vs. control 

Fold change calculated by dividing highest value (relative mRNA expression) with the lowest value 
Significance depicted as: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control 
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CHAPTER 4 

 

RESULTS 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results for fractionation of the organic fraction of C. intermedia into four fractions using 

high performance counter-current chromatography, and the phenolic analysis and in vitro 

testing of these fractions are presented in this chapter. 
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The results in this section describe bioactivity guided fractionation of the organic fraction 

of C. intermedia to identify anti-obesity phenolic compounds. The organic fraction of C. 

intermedia was fractionated into four major fractions (CCC fractions) using HPCCC. The 

phenolic composition of the CCC fractions was determined by LC-MS/MS and quantitative 

HPLC-DAD. Thereafter, the effect of the CCC fractions on lipid content, TG accumulation, 

lipolysis and cytotoxicity in 3T3-L1 pre-adipocytes and 3T3-L1 adipocytes were 

determined using the ORO, TG, glycerol release, MTT and ATP assays, respectively. The 

effect of the optimized concentrations of the CCC fractions on the expression of genes 

relevant to lipid, glucose and energy metabolism in 3T3-L1 adipocytes was measured 

using qRT-PCR. Western blot analysis was used to assess the effect of the CCC fractions 

on PPARγ and PPARα protein expression. 
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4.1 Fractionation of the organic fraction of C. intermedia and phenolic analysis 

The organic fraction of C. intermedia was separated into smaller fractions to facilitate the 

identification of compounds responsible for its anti-obesity effects using HPCCC. 

Fractionation of the organic fraction of C. intermedia resulted in four major fractions, and 

for the purpose of this study these fractions are referred to as CCC fractions 1- 4 (F1 - 4) 

(Fig. 4.1). Fractionation resulted in four different CCC fractions enriched in specific 

polyphenols compared to the original organic C. intermedia fraction. LC-MS/MS and 

qHPLC-DAD showed that CCC F1 retained iriflophenone-3-C-β-D-glucoside-4-O-β-D-

glucoside (1.943 g/100g organic fraction) and vicenin-2 (0.932 g/100g organic fraction) 

(Fig. 4.2 and Table 4.1), whereas CCC F2 was enriched in iriflophenone-3-C-β-D-

glucoside (1.689 g/100g organic fraction), hesperidin (12.714 g/100g organic fraction) and 

eriodictyol-O-deoxyhexoside-O-hexoside (5.636 g/100g organic fraction) (Fig. 4.3 and 

Table 4.1). CCC F3 was enriched with the xanthones, mangiferin (44.281 g/100g organic 

fraction) and isomangiferin (12.863 g/100g organic fraction) (Fig. 4.4 and Table 4.1). The 

flavanone, neoponcirin (15.758 g/100g organic fraction) was retained in CCC F4 (Fig. 4.5 

and Table 4.1). 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

137 
 

 

Figure 4.1 HPCC chromatographic profile of the organic fraction of C. intermedia. The organic 

fraction of C. intermedia was separated into four major fractions, indicated by the dashed lines, 

using HPCCC. 

 

 

Figure 4.2 Phenolic profile showing the major phenolic compounds of CCC fraction 1. CCC F1 

was isolated from the organic fraction of a 40% aqueous methanol extract of C. intermedia using 

high performance counter-current chromatography. The first peak (not numbered) represents 

ascorbic acid, which was added to prevent oxidation. Peak 1: Iriflophenone-3-C-β-D-glucoside-4-

O-β-D-glucoside; 6: Vicenin-2. 
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Figure 4.3 Phenolic profile showing the major phenolic compounds of CCC fraction 2. CCC F2 

was isolated from the organic fraction of a 40% aqueous methanol extract of C. intermedia using 

high performance counter-current chromatography. The first peak (not numbered) represents 

ascorbic acid, which was added to prevent oxidation. Peak 3: Iriflophenone-3-C-β-D-glucoside; 

11: Hesperidin; 13: Eriodictyol-O-deoxyhexoside-O-hexoside. 

 

 

Figure 4.4 Phenolic profile showing the major phenolic compounds of CCC fraction 3. CCC F3 

was isolated from the organic fraction of a 40% aqueous methanol extract of C. intermedia using 

high performance counter-current chromatography. The first peak (not numbered) represents 

ascorbic acid, which was added to prevent oxidation. Peak 4: Mangiferin; 5: Isomangiferin. 
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Figure 4.5 Phenolic profile showing the major phenolic compounds of CCC fraction 4. CCC F4 

was isolated from the organic fraction of a 40% aqueous methanol extract of C. intermedia using 

high performance counter-current chromatography. The first peak (not numbered) represents 

ascorbic acid, which was added to prevent oxidation. Peak 14: Neoponcirin. 

 

Table 4.1 Quantification of major phenolic compounds (g/100 g organic fraction) in the CCC 

fractions of the organic fraction of a 40% aqueous methanol extract of C. intermedia by qHPLC-

DAD. 

Compounda  Organic fraction CCC F1 CCC F2 CCC F3 CCC F4 

Iriflophenone-3-C-β-D-glucoside-4-
O-β-D-glucoside (1) 

0.674 
1.943 nd nd nd 

Iriflophenone-3-C-β-D-glucoside (3)  0.565 nd
c 1.689 nd nd 

Mangiferin (4)  8.259 nd nd 44.281 nd 
Isomangiferin (5)  2.181 nd nd 12.863 nd 
Vicenin-2 (6)  0.388 0.932 nd nd nd 
Hesperidin (11)  3.318 nd 12.714 nd nd 
Eriodictyol-O-deoxyhexoside-O-
hexosideb (13)  

1.484 
nd 5.636 nd nd 

Neoponcirin (14)  3.609 nd nd nd 15.758 
a Peak number on HPLC chromatogram in brackets 

b Expressed as eriocitrin equivalent 

c nd - polyphenols not detected or only present in trace amounts 
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4.2 Effect of CCC fractions in differentiating 3T3-L1 pre-adipocytes 

4.2.1 Lipid accumulation 

The ability of the CCC fractions to inhibit lipid accumulation in differentiating 3T3-L1 pre-

adipocytes was assessed by treating cells with the CCC fractions at various 

concentrations (1, 10, 50 and 100 µg/mL), daily for eight days and measuring lipid content 

using the ORO assay. The different CCC fractions exerted varied effects on lipid 

accumulation. Compared to control adipocytes, CCC F1 inhibited lipid accumulation in 

differentiating 3T3-L1 pre-adipocytes by 33.5 ± 3.6% (P < 0.001) and 19.2 ± 3.6% (P < 

0.01) at 1 and 10 µg/mL (Fig. 4.6A), whereas no significant effect on lipid accumulation 

was observed in response to treatment with CCC F2 (Fig. 4.6B). CCC F3 inhibited lipid 

accumulation in differentiating pre-adipocytes by 24.1 ± 3.1% (P < 0.01), 22.9 ± 3.3% (P 

< 0.01), 20.6 ± 4.1% (P < 0.05) and 23.9 ± 5.9% (P < 0.01) at 1, 10, 50 and 100 µg/mL, 

respectively compared to control adipocytes (Fig. 4.6C). Furthermore, CCC F4 reduced 

lipid accumulation in differentiating 3T3-L1 pre-adipocytes by 27.4 ± 3.8% (P < 0.001), 

15.3 ± 4.1% (P < 0.05) and 15 ± 2.8% (P < 0.05) at 1, 10 and 50 µg/mL, respectively 

compared to control adipocytes (Fig. 4.6D). Treatment with mangiferin, also decreased 

lipid accumulation (P < 0.01, P < 0.001) compared to control adipocytes. The results for 

the ORO assay in differentiating pre-adipocytes are summarized in Table 4.2. 
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Figure 4.6 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on lipid accumulation in 

differentiating 3T3-L1 pre-adipocytes. Differentiating 3T3-L1 pre-adipocytes were exposed to the 

vehicle control, CCC F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations), 

or mangiferin daily for eight days. Lipid content was quantified using Oil Red O staining. Results 

are expressed as a percentage relative to the vehicle control (set at 100%), and are shown as 

mean ± SEM for three independent experiments, each performed in triplicate. Significance is 

depicted as *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control. 
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4.2.2 Triglyceride content 

In addition to the ORO assay, intracellular TG quantification was used to assess the effect 

of the CCC fractions on lipid accumulation. Treatment of differentiating pre-adipocytes 

with CCC F1, CCC F2, CCC F3 and CCC F4 did not have any significant effect on TG 

accumulation compared to untreated controls (Figs. 4.7A - D). Similarly, mangiferin did 

not demonstrate any significant effects on TG accumulation. 
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Figure 4.7 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on triglyceride content in 

differentiating 3T3-L1 pre-adipocytes. Differentiating 3T3-L1 pre-adipocytes were exposed to the 

vehicle control, CCC F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations), 

or mangiferin daily for eight days. Intracellular triglycerides were quantified using a triglyceride 

quantification assay kit. Results are expressed as the concentration derived from the standard 

curve, and are shown as mean ± SEM for three independent experiments, each performed in 

triplicate. 
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4.2.3 ATP content 

The effect of CCC fractions on cell viability was assessed by treating differentiating 3T3-

L1 pre-adipocytes with various concentrations of these fractions (1, 10, 50 and 100 

µg/mL), daily for eight days and measuring intracellular ATP content. Varying effects on 

cell viability were observed for the different CCC fractions. Compared to the untreated 

controls, treatment with CCC F1 decreased ATP content by 24.4 ± 2.9% (P < 0.001) at 

100 µg/mL (Fig. 4.8A), whereas CCC F3 decreased ATP content by 21.5 ± 4.2% (P < 

0.05) at 100 µg/mL (Fig. 4.8C). CCC F2 and CCC F4 had no significant effect on cell 

viability compared to untreated controls (Figs. 4.8B and 4.8D). Mangiferin increased the 

intracellular ATP content (P < 0.05) compared to control adipocytes. The results for the 

ATP assay in differentiating pre-adipocytes are summarized in Table 4.2. 
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Figure 4.8 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on intracellular ATP content in 

differentiating 3T3-L1 pre-adipocytes. Differentiating 3T3-L1 pre-adipocytes were exposed to the 

vehicle control, CCC F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations) 

or mangiferin daily for eight days. Intracellular ATP content was measured using a 

bioluminescence assay kit. Results are expressed as a percentage relative to the vehicle control 

(set at 100%) and are shown as mean ± SEM for three independent experiments, each performed 

in triplicate. Statistical significance is depicted as *P < 0.05 and ***P < 0.001 vs. vehicle control. 
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4.3 Effect of CCC fractions in mature 3T3-L1 adipocytes 

4.3.1 Lipid content 

To evaluate the ability of the CCC fractions on lipid content, differentiated 3T3-L1 

adipocytes were treated with the CCC fractions at various concentrations (1, 10, 50 and 

100 µg/mL) for 24 hours. The ability of these fractions to reduce intracellular lipid content 

was assessed using ORO staining. Similar to adipogenesis, the effect of treatment on lipid 

content varied for the different fractions. Compared to control adipocytes, CCC F1 

decreased lipid content by 27.1 ± 4.8% at 100 µg/mL (P < 0.01) (Fig. 4.9A). Similarly, 

CCC F2 decreased lipid content by 23 ± 5.3% (P < 0.01) at 100 µg/mL compared to control 

adipocytes (Fig. 4.9B). No significant effect was observed on lipid content in adipocytes 

treated with CCC F3 (Fig. 4.9C), whereas CCC F4 decreased lipid content by 23.4 ± 2.0% 

(P < 0.05) and 22.5 ± 5.4% (P < 0.05) at 10 and 100 µg/mL, respectively compared to 

control adipocytes (Fig. 4.9D). Both isoproterenol and mangiferin decreased lipid content 

(P < 0.05, P < 0.01, P < 0.001) compared to control adipocytes. The results for the ORO 

assay in mature adipocytes are summarized in Table 4.3. 

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

147 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on lipid content in differentiated 

3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were exposed to the vehicle control, CCC 

F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations), isoproterenol or 

mangiferin for 24 hours. Lipid content was quantified using Oil Red O staining. Results are 

expressed as the percentage relative to the vehicle control (set at 100%), and are shown as mean 

± SEM for three independent experiments, each performed in triplicate. Significance is depicted 

as *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control. 
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4.3.2 Glycerol Release 

To evaluate the effect of the CCC fractions on lipolysis, differentiated 3T3-L1 adipocytes 

were treated with the CCC fractions at various concentrations (1, 10, 50 and 100 µg/mL) 

for 24 hours, and glycerol release, a marker of lipolysis, was assessed in culture 

supernatants. The four CCC fractions exhibited different effects on glycerol release. 

Compared to control adipocytes, CCC F1 increased glycerol release by 38.9 ± 5.4% (P < 

0.05) and 39.1 ± 13.6% (P < 0.05) at 1 µg/mL and 50 µg/mL, respectively (Fig. 4.10A), 

whereas CCC F2 increased glycerol release by 46.3 ± 13.6% (P < 0.05) at 50 µg/mL (Fig. 

4.10B). CCC F3 increased glycerol release by 24.6 ± 3.0% (P < 0.05) at 1 µg/mL 

compared to control adipocytes (Fig. 4.10C), while no significant effect was observed in 

adipocytes treated with CCC F4 (Fig. 4.10D). Isoproterenol increased glycerol release (P 

< 0.001), whereas mangiferin had no effect. The results for the glycerol release assay in 

mature adipocytes are summarized in Table 4.3. 
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Figure 4.10 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on glycerol release in 

differentiated 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were exposed to the vehicle 

control, CCC F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations), 

isoproterenol or mangiferin for 24 hours. Glycerol release content was quantified using a free 

glycerol release assay kit.  Results are expressed as the percentage relative to the vehicle control 

(set at 100%), and are shown as mean ± SEM for three independent experiments, each performed 

in triplicate. Significance is depicted as *P < 0.05 and ***P < 0.001 vs. vehicle control. 
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4.3.3 ATP content 

The effect of the CCC fractions on cell viability was assessed by treating differentiated 

3T3-L1 adipocytes with various concentrations (1, 10, 50 and 100 µg/mL) of these 

fractions for 24 hours and measuring intracellular ATP content. As observed with lipid 

content, varying effects on cell viability were observed for the different CCC fractions. 

Treatment with CCC F1, CCC F2 and CCC F3 had no significant effect on cell viability as 

measured with the ATP assay, compared to control adipocytes (Figs. 4.11A, 4.11B and 

4.11C). In contrast, CCC F4 increased ATP content by 9.3 ± 3.8% and 14.9 ± 4.9 (P < 

0.05) at 50 and 100 µg/mL, respectively compared to control adipocytes (Fig. 4.11D). 

Both isoproterenol and mangiferin increased ATP content (P < 0.05, < 0.01, < 0.001) 

compared to control adipocytes. Results for the ATP assay in mature adipocytes are 

summarized in Table 4.3. 
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Figure 4.11 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on intracellular ATP content in 

differentiated 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were exposed to the vehicle 

control, CCC F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations) or 

mangiferin daily for eight days. Intracellular ATP content was measured using a bioluminescence 

assay kit. Results are expressed as a percentage relative to the vehicle control (set at 100%) and 

are shown as mean ± SEM for three independent experiments, each performed in triplicate. 
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4.4 Effect of the CCC fractions on gene expression in mature 3T3-L1 adipocytes 

To investigate the molecular mechanisms whereby the CCC fractions mediated their 

functions, experiments were scaled up and the effect of these fractions on the expression 

of genes involved in lipid or fatty acid, glucose and energy metabolism was measured 

using qRT-PCR. The concentration of fractions with the highest bioactivity, without being 

cytotoxic, was used for gene expression experiments. NormFinder, showed beta-2 

microglobulin (B2M) and the ribosomal protein L13a (RPL13A) to be the most stable 

genes amongst the seven candidate genes assessed (Table 2.9, Chapter 2), and 

therefore the combination of these genes was used for normalization of gene expression. 

Treatment of 3T3-L1 adipocytes with CCC F1, CCC F2, CCC F3 and CCC F4 increased 

the mRNA expression of PPARγ by 1.19 fold (P < 0.05), 1.24 fold (P < 0.05), 1.39 fold (P 

< 0.01) and 1.29 fold (P < 0.05), respectively compared to the control adipocytes (Fig. 

4.12A). The expression of PPARγ was not changed in isoproterenol or mangiferin treated 

adipocytes, compared to control adipocytes (Fig. 4.12A). No significant changes were 

observed in the mRNA expression of PPARα in adipocytes treated with the CCC fractions, 

isoproterenol or mangiferin (Fig. 4.12B). No significance was observed in the mRNA 

expression of LPL in adipocytes treated with    CCC F2 (0.76 fold decrease, P = 0.06), 

and the mRNA expression of LPL in adipocytes treated with either CCC F1, CCC F3, CCC 

F4, isoproterenol or mangiferin, was not significantly changed compared to control 

adipocytes (Fig. 4.12C). The mRNA expression of HSL was increased in adipocytes 

treated with mangiferin (1.65 fold, P < 0.05), CCC F1 (1.60 fold, P < 0.05) and CCC F2 

(1.61 fold, P < 0.05) compared to control adipocytes, and treatment with isoproterenol, 

CCC F3 or CCC F4, did not affect the expression of HSL (Fig. 4.12D). No significant 

changes were observed in the mRNA expression of FABP4, ACACA, FASN and SCD1 in 

adipocytes treated with CCC F1, CCC F2, CCC F3, CCC F4, isoproterenol or mangiferin 

compared to control adipocytes (Figs. 4.12E - H). 

Considering energy regulating genes, treatment of differentiated 3T3-L1 adipocytes with 

CCC F4 resulted in increased mRNA expression of AMPK (1.32 fold, P = 0.06) although 

this was not statistically significant compared to control adipocytes. Isoproterenol, 

mangiferin, CCC F1, CCC F2 or CCC F3 did not affect the expression of AMPK (Fig. 

Stellenbosch University  https://scholar.sun.ac.za



 

153 
 

4.12I). CCC F4 increased the mRNA expression of SIRT1 (1.64 fold, P < 0.05), and a 

non-significant increase was observed for SIRT1 expression in adipocytes treated with 

CCC F3 (1.56 fold, P = 0.06). SIRT1 mRNA expression was not changed in adipocytes 

treated with isoproterenol, mangiferin, CCC F1 or CCC F2 (Fig. 4.12J). Treatment with 

CCC F3 increased PGC1α expression (1.32 fold, P < 0.05) compared to control 

adipocytes, whereas the expression of this gene remained unchanged in response to 

treatment with CCC F1, CCC F2, CCC F4, isoproterenol or mangiferin (Fig. 4.12L). 

Treatment with mangiferin, CCC F1 and CCC F4 increased UCP3 mRNA expression by 

1.47 fold (P < 0.05), 1.45 fold (P < 0.05) and 1.52 fold (P < 0.05), respectively compared 

to control adipocytes. A trend toward non-significant increase was observed for UCP3 

expression in CCC F3 treated adipocytes (1.49 fold, P = 0.07) (Fig. 4.12N). The mRNA 

expression of SIRT3 and UCP2 did not significantly change in adipocytes treated with 

isoproterenol, mangiferin or the CCC fractions (Figs. 4.12K - M). 

In terms of glucose metabolism and insulin signaling, no significant difference in the 

mRNA expression of GLUT4, GPC6 and ADIPOQ was observed in adipocytes treated 

with isoproterenol, mangiferin or the CCC fractions, compared to control adipocytes (Figs. 

4.12P - R), whereas CCC F3 increased IRS1 mRNA expression (1.37 fold, P < 0.05) 

compared to control adipocytes (Fig. 4.12O). The mRNA expression of CEBPα, CREB1, 

SREBF1, and GATA2 remained unaffected in response to treatment with isoproterenol, 

mangiferin, or the CCC fractions compared to control adipocytes (Figs. 4.12S - V). 

Similarly, treatment did not alter the mRNA expression of FGF2, CPT1α and Cs (Figs. 

4.12W - Y). The results for the mRNA expression of genes involved in lipid or fatty acid, 

glucose and energy metabolism in mature adipocytes are summarized in Table 4.4. 

 

 

 

 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

154 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
r
e

s
s

io
n

(a
r
b

it
r
a

r
y
 u

n
it

s
)

C
on

tr
ol

Is
op

ro
te

re
no

l

M
an

gi
fe

ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/
m

L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

**
* * *

PPAR

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

PPAR

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
rin

C
C
C
 F

1 
(1

0 
µg/m

L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg/m

L)

C
C
C
 F

4 
(1

0 
µg/m

L)

0.0

0.5

1.0

1.5
* **

HSL

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
angife

rin

C
C
C
 F

1 (1
0 µ

g/m
L)

C
C
C
 F

2 (1
00 

µg/m
L)

C
C
C
 F

3 (1
0 µ

g/m
L)

C
C
C
 F

4 (1
0 µ

g/m
L)

0.0

0.5

1.0

1.5

LPL

P=0.09

P=0.06

P=0.098

B 

D C 

A 

Stellenbosch University  https://scholar.sun.ac.za



 

155 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
on

tr
ol

Is
op

ro
te

re
no

l

M
an

gi
fe

ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/
m

L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

2.0

2.5

FABP4

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
r
e

s
s

io
n

(a
r
b

it
r
a

r
y
 u

n
it

s
)

C
on

tr
ol

Is
op

ro
te

re
no

l

M
an

gi
fe

ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ
g/

m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

2.0

2.5

ACACA

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ont

ro
l

Is
op

ro
te

re
no

l

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0

1

2

3

FASN

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
r
e

s
s

io
n

(a
r
b

it
r
a

r
y
 u

n
it

s
)

C
on

tr
ol

Is
op

ro
te

re
no

l

M
an

gi
fe

ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/
m

L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

SCD1

E F 

H G 

Stellenbosch University  https://scholar.sun.ac.za



 

156 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5
P=0.06

AMPK

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

*

P=0.06

   SIRT1

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

2.0

SIRT3

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

*

PGC1K 
L 

I J 

Stellenbosch University  https://scholar.sun.ac.za



 

157 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

UCP3

P=0.07

* *
*

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

*

P=0.09

IRS1

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

GLUT4

N 
R

e
la

ti
v

e
 m

R
N

A
 e

x
p

re
s

s
io

n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

2.0

UCP2

O P 

M 

Stellenbosch University  https://scholar.sun.ac.za



 

158 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

G6PC

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
rin

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

ADIPOQ

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

C/EBP

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

CREB1

Q R 

S T 

Stellenbosch University  https://scholar.sun.ac.za



 

159 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

SREBF1

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0

1

2

3

4
P=0.08

GATA2

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
ri
n

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5

CPT1

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

(a
rb

it
ra

ry
 u

n
it

s
)

C
ontr

ol

Is
opro

te
re

nol

M
an

gife
rin

C
C
C
 F

1 
(1

0 
µg

/m
L)

C
C
C
 F

2 
(1

00
 µ

g/m
L)

C
C
C
 F

3 
(1

0 
µg

/m
L)

C
C
C
 F

4 
(1

0 
µg

/m
L)

0.0

0.5

1.0

1.5
Cs

U 
V 

W X 

Stellenbosch University  https://scholar.sun.ac.za



 

160 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 The effect of the CCC fractions on mRNA expression of genes involved in lipid, fatty 

acid, energy and glucose metabolism. Differentiated 3T3-L1 adipocytes were treated with the 

vehicle control, CCC F1 (10 µg/mL), CCC F2 (100 µg/mL), CCC F3 (10 µg/mL), CCC F4 (10 

µg/mL), isoproterenol (10 µM) or mangiferin (0.001 µM) for 24 hours. Total RNA was extracted 

and gene expression was analyzed by qRT-PCR using B2M and RPL13A as endogenous 

controls. Genes measured for mRNA expression include PPARγ (A), PPARα (B), LPL (C), HSL 

(D), FABP4 (E), ACACA (F), FASN (G), SCD1 (H), AMPK (I), SIRT1 (J), SIRT3 (K), PGC1α (L), 

UCP2 (M), UCP3 (N), IRS1 (O), GLUT4 (P), G6PC (Q), ADIPOQ (R), C/EBPα (S), CREB1 (T), 

SREBF1 (U), GATA2 (V), CPT1α (W), Cs (X) and FGF2 (Y Results are represented as mRNA 

expression relative to the mRNA expression of endogenous controls (ACTβ and RPL13A), and 

expressed as mean ± SEM for three independent experiments. Statistical significance is depicted 

as *P < 0.05 and **P < 0.01 vs. vehicle control.  

 

 

4.5 Effect of the CCC fractions on protein expression in mature 3T3-L1 adipocytes 

As described in chapter 3, images for western blot were cut from the original blot (Fig. S8 

A and B, supplementary data) to only represent samples used in this chapter. CCC F4 

increased PPARα protein expression (1.55-fold, P < 0.05), whereas treatment with CCC 

F1, CCC F2 or CCC F3, nor the controls, isoproterenol and mangiferin, significantly 
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affected PPARα protein expression (Fig. 4.13A). The expression of PPARγ was not 

affected by treatment with the CCC fractions, nor isoproterenol and mangiferin (Fig. 

4.13B). The results for PPARγ and PPARα protein expression in mature adipocytes are 

summarized in Table 4.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 The effect of CCC fractions on PPARα and PPARγ protein expression. Differentiated 

3T3-L1 adipocytes were treated with the vehicle control, CCC F1 (10 µg/mL), CCC F2 (100 

µg/mL), CCC F3 (10 µg/mL), CCC F4 (10 µg/mL), isoproterenol (10 µM) or mangiferin (0.001 µM) 

for 24 hours. Proteins were extracted and protein expression of PPARα (A) and PPAR (B) was 

assessed by western blot analysis using β actin as a reference protein. Results are reported as a 

fold change relative to the vehicle control and represent mean ± SEM for three independent 

experiments. 
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4.6 Summary of results 

The results described in this chapter are summarized in the tables below. In differentiating 

3T3-L1 pre-adipocytes CCC F1, CCC F3 and CCC F4 decreased lipid accumulation at 

different concentrations, whereas treatment with CCC F2 showed no effect on lipid 

accumulation (Table 4.2). No effect was observed in TG content in differentiating pre-

adipocytes treated with CCC F1, CCC F2, CCC F3 and CCC F4. Assessment of cell 

viability using the ATP assay showed that CCC F1 and CCC F3 decreased cell viability at 

the highest concentrations, whereas treatment with CCC F2 and CCC F4 did not affect 

cell viability (Table 4.2). In differentiated adipocytes, CCC F1, CCC F2 and CCC F4 

decreased lipid content at various concentrations, whereas CCC F3 did not show any 

significant effect on decreasing lipid content (Table 4.3). Lipolytic activity was observed 

in mature adipocytes treated with CCC F1, CCC F2 and CCC F3, while no effect were 

seen in cells treated with CCC F4 (Table 4.3). No significant effect was observed in ATP 

content in adipocytes treated with the CCC fractions, while CCC F4 increased ATP 

content at the highest concentration (Table 4.3). 

The mRNA expression of PPARγ was increased by all CCC fractions, whereas the mRNA 

expression of HSL was increased by CCC F1 and CCC F2, and UCP3 mRNA expression 

was increased in adipocytes treated with CCC F1 and CCC F4 (Table 4.4). Increased 

mRNA expression of PGC1α and IRS1 was observed in adipocytes treated with CCC F3 

and SIRT1 mRNA expression was increased in CCC F4 treated adipocytes (Table 4.4). 

Furthermore, the protein expression of PPARα was increased in adipocytes treated with 

CCC F4 (Table 4.5). 
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Table 4.2 Summary of results for CCC fraction screening in differentiating 3T3-L1 pre 

adipocytes. 

Experimental 

Assays 1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 

CCC F1 

Oil Red O  ↓ 33.5*** ↓ 19.2** ↓ 10.5 ↓ 10.2 

ATP ↓ 4.5 ↓ 7 ↓ 12.9 ↓ 24.4*** 

CCC F2 

Oil Red O  ↓ 7.4 ↓ 4.7 ↓ 11.7 ↓ 16.3 

ATP ↓ 9.3 ↓ 13.9 ↓ 11.5 ↓ 14.9 

CCC F3 

Oil Red O  ↓ 24.1** ↓ 22.9** ↓ 20.6* ↓ 23.9** 

ATP ↑ 4.5 ↓ 8.4 ↓ 17.2 ↓ 21.5* 

CCC F4 

Oil Red O  ↓ 27.4*** ↓ 15.3* ↓ 15* ↓ 12.6 

ATP ↓ 10.5 ↓ 4.3 ↓ 6 ↓ 9.5 

↓: Decrease in percentage (%) vs. control  

↑: Increase in percentage (%) vs. control  

Significance depicted as: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control 
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Table 4.3 Summary of results for CCC fraction screening in differentiated 3T3-L1 adipocytes. 

Experimental 

Assays 
1 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL 

CCC F1 

Oil Red O  ↓ 14.8 ↓ 18.1 ↓ 14.7 ↓ 27.1** 

Glycerol release ↑ 38.9* ↑ 21.6 ↑ 39.1* ↑ 32.6 

ATP ↓ 2 ↓ 3.8 ↓ 10.7 ↓ 10.4 

CCC F2 

Oil Red O  ↓ 7.3 ↓ 14.4 ↓ 15.3 ↓ 23** 

Glycerol release ↑ 24.5 ↑ 11.7 ↑ 46.3* ↑ 45.1 

ATP ↓ 6.9 ↓ 12.5 ↓ 8.7 ↓ 6.4 

CCC F3 

Oil Red O  ↓ 11.8 ↓ 16.7 ↓ 14.8 ↓ 7.7 

Glycerol release ↑ 24.6* ↔ ↓ 11.2 ↓ 9.4 

ATP ↔ ↑ 4.3 ↓ 2.8 ↓ 6.9 

CCC F4 

Oil Red O  ↓ 13.3 ↓ 23.4* ↓ 19.7 ↓ 22.5* 

Glycerol release ↑ 33 ↑ 14.4 ↓ 3.5 ↑ 6.5 

ATP ↓ 3.7 ↔ ↑ 9.3 ↑ 14.9* 

↓: Decrease in percentage (%) vs. control  

↑: Increase in percentage (%) vs. control  

Significance depicted as: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control 
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Table 4.4 Summary results for the effect of CCC fractions on mRNA expression in differentiated 

3T3-L1 adipocytes. 

Genes Isoproterenol 
Mangiferin CCC F1 CCC F2 CCC F3 CCC F4 

ACACA ↓ 0.67 ↓ 0.67 ↓ 0.73 ↓ 0.74 ↓ 0.88 ↓ 0.73 

ADIPOQ ↓ 0.88 ↔ ↔ ↔ ↑ 1.16 ↔ 

CREB1 ↑ 1.43 ↑ 1.26 ↑ 1.23 ↑ 1.29 ↑ 1.39 ↑ 1.48 

CPT1α ↑ 1.27 ↑ 1.15 ↔ ↔ ↔ ↔ 

CEBPα ↔ ↓ 0.77 ↓ 0.8 ↓ 0.84 ↓ 0.75 ↓ 0.79 

Cs ↔ ↔ ↔ ↔ ↔ ↔ 

FABP4 ↓ 0.63 ↓ 0.68 ↓ 0.69 ↓ 0.67 ↓ 0.79 ↓ 0.7 

FASN ↓ 0.86 ↓ 0.79 ↓ 0.89 ↓ 0.82 ↔ ↔ 

FGF2 ↑ 1.28 ↑ 1.17 ↔ ↑ 1.28 ↑ 1.36 ↑ 1.24 

GATA2 ↑ 1.4 ↑ 1.68 ↑ 1.44 ↑ 1.19 ↑ 1.18 ↑ 1.14 

GLUT4 ↔ ↓ 0.88 ↔ ↔ ↑ 1.11 ↔ 

G6PC ↑ 1.35 ↑ 1.4 ↑ 1.58 ↑ 1.43 ↑ 1.29 ↑ 1.4 

HSL ↑ 1.18 ↑ 1.65* ↑ 1.6* ↑ 1.6* ↑ 1.4 ↑ 1.35 

IRS1 ↑ 1.11 ↑ 1.3 ↑ 1.1 ↑ 1.17 ↑ 1.37* ↑ 1.3 

LPL ↔ ↓ 0.77 ↓ 0.81 ↓ 0.76 ↓ 0.87 ↓ 0.8 

PPARα ↑ 1.22 ↑ 1.12 ↓ 0.89 ↔ ↔ ↔ 

PPARγ ↔ ↑ 1.16 ↑ 1.19* ↑ 1.24* ↑ 1.39** ↑ 1.29* 

PGC1α ↑ 1.19 ↑ 1.33 ↑ 1.28 ↑ 1.25 ↑ 1.32* ↑ 1.15 

AMPK ↑ 1.16 ↑ 1.17 ↑ 1.26 ↑ 1.25 ↑ 1.41 ↑ 1.32 

SIRT1 ↑ 1.38 ↑ 1.39 ↑ 1.28 ↑ 1.53 ↑ 1.56 ↑ 1.64* 

SIRT3 ↔ ↓ 0.8 ↓ 0.75 ↓ 0.84 ↓ 0.81 ↓ 0.74 

SCD1 ↓ 0.79 ↓ 0.89 ↔ ↔ ↔ ↓ 0.89 

SREBF1 ↓ 0.87 ↓ 0.88 ↔ ↔ ↔ ↔ 

UCP2 ↑ 1.56 ↑ 1.25 ↑ 1.19 ↑ 1.21 ↑ 1.27 ↑ 1.1 

UCP3 ↑ 1.3 ↑ 1.47* ↑ 1.45* ↑ 1.37 ↑ 1.49 ↑ 1.52* 

↓: Decrease in fold change vs. control  
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↑: Increase in fold change vs. control  

↔: No significant fold change vs. control 

Significance depicted as: *P < 0.05 and **P < 0.01 vs. vehicle control 
 
 

Table 4.5 Summary results for the effect of CCC fractions on protein expression in differentiated 

3T3-L1 adipocytes. 

Protein Isoproterenol Mangiferin CCC F1 CCC F2 CCC F3 CCC F4 

PPARα ↔ ↓ 0.72 ↑ 1.2 ↑ 1.34 ↔ ↑ 1.55* 

PPARγ ↓ 0.81 ↓ 0.72 ↓ 0.89 ↔ ↓ 0.83 ↔ 
 

↓: Decrease in fold change vs. control 

↑: Increase in fold change vs. control 

↔: No significant fold change vs. control 

Significance depicted as: *P < 0.05 vs. vehicle control 
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CHAPTER 5 

 

DISCUSSION 
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Obesity has reached epidemic proportions worldwide, and is often regarded as the 

greatest public health challenge of the 21st century (Rössner, 2002). Lifestyle 

modifications such as diet and exercise are the most effective anti-obesity 

interventions, however, failure to adhere to such therapies, significantly decreases 

their effectiveness (Hunter et al., 2008; Lagerros and Rössner, 2013). Moreover, the 

heavy reliance on pharmacotherapy to combat obesity is plagued by the serious 

adverse effects of many of these drugs (Adan, 2013). Phytotherapy is gaining 

increased attention globally, as an attractive alternative or adjunct to conventional 

obesity treatment. The use of phytochemicals to prevent or treat obesity are 

considered to be safer and more cost-effective than conventional medicine (Meydani 

and Hasan, 2010; Rayalam et al., 2008). 

In the present study, we explored the anti-obesity potential of polyphenol-enriched 

extracts of C. subternata, C. intermedia and C. maculata. Using aqueous and organic 

fractions of these polyphenol enriched extracts, the anti-obesity potential of the most 

bioactive in vitro Cyclopia fraction (organic fraction of C. intermedia) was further 

investigated in the obese Leprdb/db mouse model. The organic fraction of C. intermedia 

was further separated into subfractions, using HPCCC, and retested in vitro in order to 

facilitate the identification of phenolic compounds associated with its anti-obesity 

properties. 

 

5.1 Bioactivity varies according to Cyclopia species and phenolic content 

The effect of the aqueous and organic fractions of C. subternata, C. maculata and C. 

intermedia on lipid content was assessed in 3T3-L1 adipocytes, the most commonly 

used in vitro model for obesity studies (Zeng et al., 2012). Our results confirmed that 

3T3-L1 pre-adipocytes, cultured in differentiating media containing IBMX, 

Dexamethasone (Dex) and insulin, accumulated significantly more lipids than pre-

adipocytes cultured without these chemicals. IBMX, Dex and insulin regulate several 

pathways involved in the activation of genes that regulate adipocyte differentiation. 

IBMX, a phosphodiesterase inhibitor, increases the concentration of intracellular cAMP 

and protein kinase A (PKA), required for the transcriptional activation of PPARγ and 

consequently increases the expression of genes involved in adipogenesis (Kim et al., 

2010). Dex binds and activates the glucocorticoid receptor, and subsequently activates 
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C/EBPδ and KLF15 (Asada et al., 2011), whereas insulin binds to the insulin receptor 

activating insulin signaling and transcription factors facilitating pre-adipocyte 

differentiation into mature adipocytes (Klemm et al., 2001). Furthermore, our results 

confirmed that 0.01% DMSO, used as a diluent in our assays, had no effect on lipid 

accumulation, thus validating the cell model, and the use of DMSO as a diluent in our 

experiments. This concentration of DMSO similarly had no effect on cytotoxicity, 

consistent with Sengupta et al. (2011) who reported that 0.1% DMSO had no cytotoxic 

effects in 3T3-L1 adipocytes. Isoproterenol, a β-adrenergic receptor agonist, 

responsible for stimulating lipolysis (Ranjit et al., 2011) also significantly reduced lipid 

content in differentiated 3T3-L1 adipocytes. 

Fractions from aqueous methanol extracts of all three Cyclopia spp. decreased lipid 

content in 3T3-L1 adipocytes, although efficacy varied between species and their 

aqueous or organic fractions. For example, the aqueous fraction of C. subternata 

decreased lipid content at the higher doses only (50 µg/mL and 100 µg/mL), whereas 

the organic fraction from C. intermedia decreased lipid content at 10 µg/mL, 50 µg/mL 

and 100 µg/mL, while the aqueous fraction of C. maculata decreased lipid content at 

all concentrations tested (1 µg/mL to 100 µg/mL). Differences in the anti-obesity 

potential of Cyclopia species have been previously reported. Dudhia et al. (2013) 

compared the activity of extracts of unfermented C. subternata and C. maculata, and 

fermented C. maculata in differentiating 3T3-L1 pre-adipocytes, and reported that 

although all extracts were able to inhibit intracellular lipid accumulation at higher doses 

(400 µg/mL to 1600 µg/mL), differences in their activities were demonstrated for the 

concentration range investigated in the current study. Comparing the lipolytic activity 

of these three extracts in mature 3T3-L1 adipocytes, Pheiffer et al. (2013) showed that 

only the fermented C. maculata extract was able to stimulate lipolysis at a 

concentration range of 60 µg/mL to 100 µg/mL. These results show the variation in 

bioactivity between extracts of Cyclopia species and adds to the growing body of 

evidence of the importance of considering species variation in the development of 

health promoting nutraceuticals. 

The importance of phenolic content in bioactivity has been widely reported (Bahadoran 

et al., 2013; Pandey and Rizvi, 2009; Trigueros et al., 2013). In this study, the ability 

of extracts of unfermented Cyclopia species to decrease lipid content varied according 
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to their aqueous and organic fractions. Aqueous and organic fractions were prepared 

by liquid-liquid fractionation using water as an aqueous solvent and butanol as an 

organic solvent, furthermore butanol was used to enrich the phenolic content of the 

organic fractions. Quantitative HPLC-DAD confirmed increased phenolic content in the 

organic fractions compared to their aqueous counterparts as previously reported by 

Mortimer et al. (2015).  The organic fraction of the 40% aqueous methanol extract of 

C. intermedia decreased lipid content, with its aqueous fraction showing no effect. 

These results are consistent with those published by Mortimer et al. (2015), who 

showed that liquid-liquid fractionation of C. subternata (SM6Met) into an aqueous and 

organic fraction, resulted in enhanced phenolic content and bioactivity in the organic 

fraction. However, polyphenolic enrichment did not translate to increased bioactivity 

for the fractions obtained from 40% aqueous methanol extracts of C. subternata and 

C. maculata. For example, the aqueous fractions of C. subternata and C. maculata, 

despite having lower phenolic content, decreased lipid content, while their organic 

fractions showed no effect. Previously, Pheiffer et al. (2013) reported increased anti-

obesity effects for a fermented extract of C. maculata extract, compared to the 

unfermented extract, which had increased phenolic content. Fermentation is a process 

of oxidation of plant material, usually at high temperatures, to develop certain 

characteristics in tea infusions such as taste, smell or color and is associated with 

decreased phenolic content. These results suggest that phenolic quality, rather than 

quantity of polyphenols is important for determining bioactivity of plant extracts. 

Furthermore, Xu et al. (2014) demonstrated that luteolin was active at low 

concentrations supporting the hypothesis that polyphenols, even at low abundance, 

can mediate biological effects. Synergism between individual compounds in plant 

extracts and the loss of these synergistic links during fractionation (Herranz-López et 

al., 2012), could also explain the failure of the organic fractions to mediate anti-obesity 

effects.  

The concentration of anti-obesity phenolic compounds previously implicated in anti-

obesity, varied between extracts and fractions, and did not correlate with bioactivity. 

For example, the xanthone glucoside, mangiferin, present in high quantities in Cyclopia 

(Joubert et al., 2011), has been shown to inhibit differentiation of human mesenchymal 

stem cells into matured adipocytes (Subash-babu and Alshatwi, 2015). However, in 

this study, the aqueous fractions of C. maculata and C. subternata, containing 
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relatively low contents of mangiferin compared to their organic counterparts, showed 

bioactivity. Similar results were observed for other previously described anti-obesity 

compounds. The benzophenone iriflophenone-3-C-β-D-glucoside, also present in 

relatively high levels in honeybush infusions (Schulze et al., 2015) inhibits TG 

synthesis and the expression of associated genes in 3T3-L1 adipocytes (Zhang et al., 

2011). The flavanone hesperidin, another major phenolic compound present in 

Cyclopia (Joubert et al., 2011), improved hypercholesterolemia and fatty liver by 

inhibiting the synthesis and absorption of cholesterol in Wistar rats fed a high 

cholesterol diet (Wang et al. 2011). Other compounds, not abundant in Cyclopia have 

also previously demonstrated anti-obesity activity. Luteolin decreased TG 

accumulation in 3T3-L1 pre-adipocytes by decreasing PPARγ and C/EBPα mRNA and 

protein expression levels (Park et al., 2009), and ameliorated diet-induced obesity and 

insulin resistance in C57BL/6 mice (Xu et al., 2014). Eriocitrin improved diet-induced 

hepatic steatosis in zebra fish by inducing mitochondrial biogenesis (Hiramitsu et al., 

2014). Our results suggest that compounds other than these are responsible for the 

anti-obesity effects observed after treatment with extracts of C. subternata and C. 

maculata. Interestingly, the flavanones neoponcirin and eriodictyol-O-deoxyhexoside-

O-hexoside (a compound similar to eriocitrin), not previously identified in Cyclopia spp., 

were detected in the aqueous methanol extract of C. intermedia and its organic 

fraction, suggesting that novel compounds in Cyclopia may be mediating the anti-

obesity effects. The anti-obesity effects of eriocitrin has been previously reported 

(Hiramitsu et al., 2014) and it is likely that eriodictyol-O-deoxyhexoside-O-hexoside 

has similar effects. No literature is available detailing investigations of neoponcirin for 

anti-obesity properties. 

In this study, higher concentrations of mangiferin, isomangiferin and hesperidin were 

detected in the aqueous methanol extract of C. subternata compared to the aqueous 

hot water extract of C. subternata used by Dudhia et al. (2013). In contrast, the 

concentrations of mangiferin, isomangiferin and iriflophenone-3-C-β-D-glucoside were 

substantially lower in the aqueous methanol extract of C. maculata used in this study, 

compared to the aqueous hot water extract of C. maculata extract used by Dudhia et 

al. (2013), confirming variation within species as previously discussed. However, these 

conflicting results can also be attributed to factors such as seasonal variation, 

geographical location and processing of plant material (Joubert et al., 2008b). The C. 
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maculata used in this study was harvested from a commercial and experimental 

plantation in Beriaville during 2013, while the plant material used for Dudhia et al. 

(2013) was harvested in the wild from various locations in Riviersonderend in 2010, 

suggesting that these factors should be considered for the development of health 

promoting nutraceuticals. 

To determine whether the anti-obesity effects observed for the fractions of Cyclopia 

extracts in this study was due to a decrease in metabolic activity (Kim et al., 2015), cell 

viability was assessed using the MTT and ATP assays. Similar to their effects on lipid 

content, the effect of Cyclopia spp. on cell viability varied according to species and 

between their aqueous and organic fractions. None of the fractions decreased 

mitochondrial dehydrogenase activity, with the aqueous and organic fractions of C. 

subternata and C. intermedia increasing mitochondrial dehydrogenase activity at all 

concentrations tested for C. subternata, and at 50 µg/mL and 100 µg/mL for C. 

intermedia. The ATP assay, considered to be more sensitive (Wang et al., 2010), 

showed decreased ATP content in adipocytes treated with the aqueous fraction of C. 

intermedia at 50 µg/mL and 100 µg/mL, and the organic fraction of C. maculata at all 

concentrations tested (1 µg/mL to 100 µg/mL). Recent concerns that polyphenols could 

interfere with the MTT assay (Han et al., 2010; Wang et al., 2010; Wisman et al., 2008) 

could account for the differences observed between the assays. Wang et al. (2010) 

showed that when LNCaP prostate and MCF-7 breast cancer cells were treated with 

(-)-epigallocatechin-3-gallate (EGCG), the MTT and 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays 

overestimated cell viability compared to other methods such as ATP, DNA or trypan 

blue determinations. 

Wang et al. (2015) also reported discrepancies between the results obtained with the 

MTT assay and the cell counting kit 8 (CCK-8) cell viability assays in EA.hy926 

endothelial cells, and they suggested that the phenylethanoid glycosides isolated from 

Cistanche tubulosa could interfere with the MTT assay, thus increasing perceived cell 

viability due to interference by phenolic compounds. Several more studies have 

reported that plant extracts, phytoestrogens or anti-oxidants directly interact with MTT 

tetrazolium reduction in the absence of cells (Bruggisser et al. 2002). Rottlerin, a 

natural compound isolated from Mallotus philippinensis increased the mitochondrial 
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uncoupling activity rather than increasing the number of viable cells (Maioli et al., 

2009). Likewise, in our study, the MTT content in adipocytes treated with the aqueous 

and organic fractions of C. subternata and C. intermedia was increased whereas the 

ATP was decreased or remained unaffected. This could suggest that these Cyclopia 

fractions increase the mitochondrial uncoupling activity in 3T3-L1 adipocytes, 

suggested by the increased expression of UCPs in adipocytes treated with these 

fractions, without necessarily affecting cell viability. 

Neither the aqueous fraction of C. maculata, nor the organic fraction of C. intermedia 

affected MTT activity and ATP content significantly, suggesting that these extracts 

mediated their inhibitory effects on lipid content without affecting cell viability. Since 

both the aqueous fraction of C. maculata and the organic fraction of C. intermedia 

displayed anti-obesity effects and were possible candidates for further exploration, 

their effect on cell death, was assessed using propidium iodide. No significant effects 

were observed in cells treated with both fractions (Addendum 3), confirming that they 

exert their anti-obesity effects without being cytotoxic. 

 

5.2 Evaluation of the anti-obesity effects of C. intermedia 

Of the six fractions assessed for their anti-obesity effects in 3T3-L1 adipocytes 

(Section 5.1), the aqueous fraction of C. maculata and the organic fraction of C. 

intermedia showed the highest anti-obesity activity. Neoponcirin, a flavanone not 

previously detected in Cyclopia spp., was identified in the organic fraction of C. 

intermedia but not in the extract or fractions of C. maculata. Due to the reason 

mentioned above, and because aqueous extracts may contain monosaccharides and 

methanol soluble polysaccharides, which would add to calorie intake and may be 

detrimental to individuals with T2DM, the organic fraction of C. intermedia was selected 

for further exploration. 

The organic fraction from the aqueous methanol extract of C. intermedia mediated its 

anti-obesity effects in 3T3-L1 adipocytes by modulation of lipid, FA and energy 

metabolism genes. Increased mRNA expression of HSL was observed in 3T3-L1 

adipocytes treated with the organic fraction of C. intermedia, whereas the increased 

expression of SIRT1 was not significantly regulated. Sirtuin 1 (SIRT1) is a nuclear 
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NAD+ dependent protein deacetylase of the seven sirtuins encoded by the mammalian 

genome (Li, 2013). SIRT1 regulates cellular metabolic processes such as energy and 

lipid metabolism by coupling cellular metabolic status and gene regulation through 

deacetylation of histones, transcription factors, and transcription co-factors (Li, 2013). 

In adipose tissue, SIRT1 induces fat breakdown and promotes remodeling of white 

adipose tissue towards brown adipose tissue. SIRT1 is activated by exercise, fasting, 

caloric restriction or natural compounds such as resveratrol, whereas high fat diet 

decreases SIRT1 expression (Li, 2013). SIRT1 deficiency in diet-induced obese and 

insulin resistant mice was associated with increased adiposity, reduced thermogenesis 

and degeneration of brown adipose tissue (Xu et al., 2016). Activation of SIRT1 by 

resveratrol inhibited adipogenic differentiation and improved myogenic differentiation 

in C3H10T1/2 mesenchymal stem cells by activating the Wnt/β-catenin signalling 

pathway (Zhou et al., 2015), whereas in mice fed a standard laboratory diet, resveratrol 

decreased fat accumulation by increasing markers of brown fat tissues, including 

increased oxygen consumption (Andrade et al., 2014). 

HSL is an essential enzyme for lipolysis (Schweiger et al., 2006), involving the 

sequential breakdown of TGs to three molecules of FFAs and one glycerol molecule 

(Duncan et al., 2007). HSL catalyzes the hydrolysis of several substrates including 

TGs, diacylglycerols, cholesteryl and retinyl esters (Holm, 2003). The role of HSL in 

lipolysis has been previously demonstrated using HSL-null mouse models (Ahmadian 

et al., 2007; Duncan, 2007). These knockout mice show decreased levels of FFAs and 

TGs, and low hepatic TG storage, suggesting that lipolysis in the absence of HSL is 

unable of maintaining a sufficient FA output (Haemmerle et al., 2002). Our findings of 

increased HSL, and non-significantly increased SIRT1 mRNA expression could be 

consistent with reports suggesting that SIRT1 regulates HSL function in adipocytes. 

Shan et al. (2010) showed that inhibition of SIRT1 gene expression decreased the 

expression of HSL in porcine adipocytes. In contrast, Chakrabarti et al. (2011) showed 

that knockdown of SIRT1 in 3T3-L1 adipocytes, decreased lipolysis by decreasing the 

expression of ATGL via deacetylation of FOXO1 by SIRT1. The expression of HSL 

was not affected by SIRT1 knockdown, suggesting that in addition to HSL, SIRT1 

regulates the expression of other lipolytic genes including ATGL (Chakrabarti et al., 

2011). Lasa et al. (2012) assessed the effect of resveratrol on lipolysis and the specific 

roles of ATGL and HSL on lipolysis in 3T3-L1 adipocytes, SGBS human adipocytes, 
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and adipocytes derived from wild-type, ATGL knockout and HSL knockout mice. These 

authors showed that resveratrol stimulates lipolysis particularly by increasing ATGL 

expression (Lasa et al., 2012). Possible future work could investigate the effects of the 

organic fraction from the aqueous methanol extract of C. intermedia on both HSL and 

ATGL at protein level.  

In adipocytes, in vitro, the mRNA expression of UCP3 was increased after treatment 

with the organic fraction of C. intermedia, whereas no significant effect was observed 

in UCP2 mRNA expression. Uncoupling proteins (UCPs) are inner mitochondrial 

proteins that are important regulators of mitochondrial metabolism and uncoupling of 

oxidative metabolism (Brand and Esteves, 2005; Rousset et al., 2004). UCP2 mRNA 

is expressed in various tissues including white adipocytes whereas, UCP3 is mainly 

expressed in muscles, heart and to a lesser extent in adipocytes (Thompson and Kim, 

2004). Activation of UCP2 and UCP3 has been associated with increased antioxidant 

capacity and fatty acid oxidation (Brand and Esteves, 2005). UCP3 protects against 

lipotoxicity by preventing the accumulation of FA anions or lipid peroxides in the 

mitochondrial matrix and in doing so, protects the mitochondria against the harmful 

effects induced by high levels of fatty acids (Schrauwen and Hesselink, 2004). The 

peroxisome proliferator-activated receptor (PPARs) transcription factor family have 

been shown to regulate or activate UCP2 and UCP3 (Bugge et al., 2010; Teruel et al., 

2000). Rosiglitazone and Wy14643, agonists of PPARγ and PPARα respectively, 

increased UCP3 expression in cultured fetal rat brown adipocytes. The expression of 

UCP3 was more significant when cells were treated with the combination of 

rosiglitazone and Wy14643 (Teruel et al., 2000). In this study the increased expression 

of UCP3 could also be associated with fatty acid oxidation, however this was not 

investigated in this study. Contrary to expectation, the mRNA expression of other 

energy metabolism genes including PPARα, SIRT3, PGC-1α, UCP2 and AMPK was 

not significantly affected by treatment with the organic fraction of C. intermedia. 

Furthermore, no statistical significance was observed in the mRNA expression of lipid 

and glucose regulating genes including C/EBPα, SREBF1, CREB1, GATA2, FGF2, 

CPT1α, Cs, IRS1, G6PC, GLUT4 and ADIPOQ, and the mRNA expression of lipogenic 

genes including LPL, FABP4, ACACA, FASN and SCD1, although the decreased 

mRNA expression of LPL was borderline significant (P = 0.09). LPL is synthesized by 
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several tissues including adipocytes and its main function in adipose tissue is to 

hydrolyze TG-rich lipoproteins such as chylomicrons and very low-density lipoproteins 

(VLDLs), releasing fatty acids which are taken up by adipocytes for storage in lipid 

droplets or used for oxidation (Wang and Eckel et al., 2009). Increased expression of 

GLUT4, IRS1 and adiponectin is associated with insulin sensitivity and glucose uptake 

(Bruce et al., 2005), whereas increased expression of CPT1α and Cs is associated 

with fatty acid and carbohydrate oxidation (Glatz et al., 2010). Furthermore, increased 

LPL, FABP4, ACACA, FASN and SCD1 is associated with fatty acid uptake, transport 

and synthesis whereas increased CE/BPα, SREBF1 and FGF2 expression induces 

adipogenesis, and increased GATA2 inhibits adipogenesis (Moreno-Navarrete and 

Fernández-Real, 2012). Increased CREB1 expression induces insulin resistance (Qi 

et al., 2009). 

PPARγ is an important transcriptional regulator of adipocyte differentiation (Rosen et 

al., 1999). However, in mature adipocytes PPARγ plays an important role in insulin 

signaling (Leonardini et al., 2009), and inducing browning of white adipose tissues 

(Petrovic et al., 2010). Increased mRNA expression of PPARγ was observed after C. 

intermedia treatment, however no difference in PPARγ expression was observed at 

the protein level. One possible reason for the differences in mRNA and protein 

expression of PPARγ could be due to posttranscriptional and posttranslational 

modifications that are involved in converting mRNA into protein (Greenbaum et al., 

2003). MicroRNAs, small non-coding RNA molecules that regulate gene expression by 

translational repression or mRNA degradation (Huntzinger and Izaurralde, 2011), 

could also contribute to the difference in mRNA and protein expression. Other possible 

reasons for the lack of correlation between mRNA and protein expression could be 

factors such as protein half-life, experimental error or experimental noise (Maier et al., 

2009). 

The anti-obesity effects of the organic fraction of the aqueous methanol extract of C. 

intermedia was confirmed in Leprdb/db mice. Mice were treated with an up-scaled 

preparation of the organic fraction of C. intermedia and the effect on body weight 

assessed. LC-MS/MS analysis, quantitative HPLC-DAD and in vitro testing in 3T3-L1 

adipocytes confirmed that the phenolic content and bioactivity of the extract prepared 

on large-scale was similar to the original extract, and that any biological effects 
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observed in mice would not be due to batch variation. Compared to their heterozygous 

lean Leprdb/+ controls, obese Leprdb/db mice demonstrated increased body weight, 

increased food and water consumption, high levels of fasting plasma glucose and 

serum insulin, and glucose intolerance during the oral glucose tolerance test (OGTT), 

illustrating that Leprdb/db mice simulates the clinical characteristics of obesity and 

T2DM, and is an acceptable model to use in this study. 

Treatment with 351.5 mg/kg of the organic fraction of C. intermedia, equivalent to five 

cups of honeybush tea, decreased body weight gain in obese Leprdb/db mice, whereas 

treatment with the lower dose (70.5 mg/kg), equivalent to one cup of honeybush tea, 

had no effect on body weight in obese Leprdb/db mice. The decrease in body weight 

gain was not associated with changes in food intake or water consumption. Our 

findings suggest that the decreased body weight after C. intermedia treatment is not 

due to appetite suppression, although this is debatable since the obese Leprdb/db mouse 

model has a leptin receptor deficiency, resulting in them being hyperphagic (Wang et 

al., 2014) and thus not useful for studies assessing appetite regulation. However, our 

findings are in agreement with others who have also reported anti-obesity effects of 

plant extracts or compounds without modulation of food or water intake. For example, 

Patel (2012) demonstrated that daily consumption of a hot water extract of C. maculata 

at 300 mg/kg for 12 weeks inhibited weight gain by 12.7% in non-obese Wistar rats fed 

a high fat, high sugar cafeteria diet without changes in food consumption. Zhao et al. 

(2015) showed that gamma-tocotrienol (γT3), a natural derivative of vitamin E with 

antioxidant activity (Newaz and Nawal, 1999), decreased body weight gain in high-fat 

diet induced obese mice without affecting food intake. Ethanol extract of Prunus mume 

fruits also decreased body weight without reducing food intake in high-fat diet induced 

obese mice (Shin et al., 2013). 

Compared to the lean Leprdb/+ mice, the relative liver weight was significantly increased 

in the obese Leprdb/db control mice. The increase in liver weight could be associated 

with hepatosteatosis, although this was not assessed in this study. Hepatosteatosis, 

or fatty liver is a condition of fat accumulation in the liver usually induced by obesity, 

due to a high calorie diet (Jung and Choi, 2014). Treatment with the organic fraction of 

C. intermedia at 351.5 mg/kg increased the relative liver weight of Leprdb/db mice 

whereas no significant effect was observed in Leprdb/db mice treated with the lower dose 
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(70.5 mg/kg). Similar to our study, a hot water extract of C. maculata increased liver 

weight in obese and non-obese Wistar rats fed a high fat, high sugar cafeteria diet 

(Patel, 2012). Several studies have shown that plant extracts or polyphenols 

ameliorate hepatosteatosis by decreasing liver weight and the expression of genes or 

proteins associated with lipid and fatty acid metabolism in the liver (Aguirre et al., 2014; 

Park et al., 2013). Therefore, investigating the molecular mechanism of lipid 

metabolism in the liver could shed light on how the organic fraction of C. intermedia 

increases liver weight in Leprdb/db mice. Furthermore, the increased liver weight in 

Leprdb/db mice treated with the organic fraction of C. intermedia could be associated 

with increased glycogen synthesis in the liver as suggested by Islam (2011). 

Although previous studies have demonstrated the anti-diabetic potential of Cyclopia 

spp. in vivo, our study showed that treatment with the organic fraction of C. intermedia 

did not have any effect on plasma glucose levels, serum insulin levels and OGTT in 

the Leprdb/db control mice compared to the Leprdb/db treated mice. Muller et al. (2011) 

reported that a hot water extract of C. intermedia decreased blood glucose 

concentrations in STZ-induced diabetic rats, and blood glucose and cholesterol 

concentrations in diet-induced obese insulin resistant rats.  More recently, Chellan et 

al. (2014) demonstrated that an aqueous extract of C. maculata ameliorated STZ-

induced diabetes in male Wistar rats, by improving glucose tolerance, decreasing 

fasting plasma glucose and decreasing pancreatic β-cell cytotoxicity. Further, Schulze 

et al. (2016) reported that a hot water extract of C. subternata improved glucose 

tolerance in STZ-induced diabetic rats. All these studies demonstrate the potential of 

Cyclopia extracts using Wistar rats, whereas in our study we used the obese Leprdb/db 

mouse model and therefore it is possible that the different anti-diabetic effects are due 

to the animal models used. The inability of the organic fraction of C. intermedia to 

demonstrate glucose lowering properties, as previously reported by Muller et al. (2011) 

could also be due to extract variation and treatment duration. In the lean Leprdb/+ mice, 

treatment with the organic fraction of C. intermedia at both concentrations did not affect 

body weight, plasma glucose levels, serum insulin levels, OGTT and the liver weight 

compared to Leprdb/+ control mice. This suggests that the organic fraction of C. 

intermedia could be a good therapeutic agent for obesity as it is selective for obese 

mice. 
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The mRNA expression of selected genes in adipose tissue of Leprdb/db mice and 

Leprdb/+ control mice was measured using qRT-PCR. Adipose tissue consists of two 

major types of tissue, namely WAT whose main function is to store excess energy as 

fat and release it during energy demand, and BAT, whose function is to generate heat 

and increase energy expenditure (Cannon and Nedergaard, 2004; Gaidhu and Ceddia, 

2011). Within WAT, different fat depots have different roles, for example the 

subcutaneous WAT (sWAT) is distributed throughout the body and is less metabolically 

active compared to visceral WAT. Visceral WAT (mesenteric, retroperitoneal or 

gonadal) is distributed in the abdominal area, surrounding the internal organs and is 

associated with the metabolic syndrome (Jensen, 2008). The gonadal WAT (gWAT) 

represents one of the largest adipose depots in rodents and is attached to the female 

uterus and ovaries, or male epididymis and testis (Bjørndal et al., 2011). The majority 

of BAT is found abundant in the interscapular region of rodents (iBAT) (Bjørndal et al., 

2011). 

Differences in gene expression were observed between Leprdb/+ and Leprdb/db mice, 

and between different fat depots (sWAT, gWAT and iBAT) within these mice. The 

mRNA expression of UCP1 and UCP3 was decreased in Leprdb/db mice compared to 

their lean counterparts, whereas the mRNA expression of UCP2 was increased in 

Leprdb/db mice compared to their lean counterparts. Obese mice were generally 

observed to be less active than their lean counterparts, thus decreased expression of 

UCP1 is expected. Rong et al. (2007) showed that the transcriptional expression of 

UCP1 and UCP3 was decreased by 1.5 and 2.7 fold respectively, in the inguinal 

subcutaneous adipose tissue of Leprdb/db mice vs. Leprdb/+ mice, whereas the 

expression of these proteins was decreased by 81.1 and 2.0 fold, respectively in the 

inguinal subcutaneous adipose tissue of high fat diet fed C57BL/6J mice vs. standard 

fat diet fed C57BL/6J mice. Furthermore, the expression of UCP2 remained 

unchanged in these animals (Rong et al., 2007). UCP2 is ubiquitously expressed in 

various tissues and its increased expression is associated with obesity and 

hyperinsulinemia (Gimeno et al., 1997). Increased UCP2 mRNA expression in iBAT 

was accompanied by increased CPT1α, a protein responsible for the transport of fatty 

acids across the mitochondrial matrix and facilitating fatty acid oxidation (Glatz et al., 

2010). 
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When comparing the expression of the uncoupling proteins between the different 

adipose tissue depots, the mRNA expression of UCP1, UCP2 and UCP3 was 

increased by 2, 1.5 and 7.5 fold respectively in the gWAT of the Leprdb/db mice 

compared to the expression of these genes in the sWAT of the Leprdb/db mice. In iBAT 

of Leprdb/db mice, the mRNA expression of UCP1, UCP2 and UCP3 was increased by 

6 095, 2.4, and 19 fold, respectively compared to the expression of these genes in of 

the sWAT of Leprdb/db mice. These results are consistent with reports of increased 

UCP1 expression in BAT where its primary function is to increase energy expenditure 

via adaptive thermogenesis (Wu et al., 2013). 

In the gWAT of Leprdb/db mice, the mRNA expression of SIRT1, SIRT3, AMPK, PGC1α, 

PPARγ and PPARα was increased by 4.5, 11.9, 19.5, 3.3, 5.6 and 9.9 fold, respectively 

compared to the mRNA expression of these genes in the sWAT of Leprdb/db mice. 

Furthermore, the mRNA expression of SIRT1, SIRT3, AMPK, PGC1α, PPARγ and 

PPARα was increased by 3.6, 7.7, 1.6, 111.2, 6.6 and 31.3 fold, respectively in the 

iBAT of Leprdb/db mice compared to the expression of these genes in the gWAT. These 

results support studies suggesting that brown adipocytes are associated with 

increased energy metabolism and uncoupling activity (uncoupling respiration from 

oxidative phosphorylation to minimize ROS production) compared to white adipocytes 

(Wu et al., 2013). For example, SIRT3 mRNA expression was decreased in the iBAT 

of Leprdb/db mice compared to lean control mice, whereas no effect was observed in 

the sWAT and gWAT. SIRT3 is highly expressed in brown adipose tissues and its 

expression is increased during fasting, caloric restriction or cold exposure (Shi et al., 

2005). Compared to the lean control mice, the mRNA expression of PGC1α was 

increased in the sWAT of Leprdb/db mice, whereas the expression of AMPK was 

decreased in the iBAT of Leprdb/db mice. 

The mRNA expression of ACACA, CREB1, FABP4, FASN, HSL, SCD1 and SREBF1 

was increased by 10, 11.8, 7.2, 11.4, 2.5, 5 and 11.5 fold, respectively in the gWAT of 

Leprdb/db mice compared to the mRNA expression of these genes in the sWAT. This 

shows that the expression of lipogenic genes is more abundant in gWAT than it is in 

sWAT, thus the sWAT are less metabolically active compared to the gWAT, further 

confirming that visceral fat is more detrimental than subcutaneous fat and is associated 

with the metabolic syndrome (Hamdy et al., 2006). In OLETF rats, an animal model of 
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T2DM, ageing significantly increased the mRNA expression of lipogenic genes such 

as fatty acid binding protein (aP2), lipin1, and diacylglycerol acyltransferase 1 

(DGAT1), and the expression of these genes was more prominent in the visceral fat 

than in subcutaneous fat (Park et al., 2016). The mRNA expression of CREB1, 

SREBF1, ACACA, FASN, SCD1 and HSL was decreased in Leprdb/db mice (in the 

sWAT and gWAT) compared to the lean control mice. These genes are important 

regulators of lipid, fatty acid and glucose metabolism. During obesity, CREB1 is 

activated and induces insulin resistance, and gluconeogenic gene expression in 

adipose tissue and liver (Qi et al., 2009). SREBP1 gene encodes for the transcription 

factor SREBP-1c and thus induces fatty acid and TG synthesis by regulating the 

expression of lipogenic genes including ATP-citrate lyase (ACL), acetyl-CoA 

Carboxylase (ACC), fatty acid synthase (FASN), stearoyl-CoA desaturase (SCD), and 

glyceraldehyde-3-phosphate acyltransferase (GPAT) (Strable and Ntambi, 2010). The 

decrease in mRNA expression of lipogenic genes in the Leprdb/db mice could be due to 

reduced lipogenic capacity in adipocytes of obese adipose tissues (Lan et al., 2003). 

In human obesity, decreased expression of lipogenic genes in adipose tissue was 

coupled with increased hepatic lipogenesis (Diraison et al., 2002). Therefore, 

decreased expression of lipogenic genes in sWAT and gWAT of Leprdb/db mice could 

be associated with increased hepatic lipogenesis, possibly contributing to increased 

body weight and liver weight. Decreased mRNA expression of lipogenic genes was 

accompanied by increased FABP4 mRNA expression in sWAT. 

Treatment with the organic fraction of the aqueous methanol extract of C. intermedia 

increased the mRNA expression of FGF2 in the gWAT of Leprdb/db mice. Fibroblast 

growth factors (FGFs) have been implicated in several biological processes including 

adipogenesis, and particularly FGF2 induces adipogenic differentiation of human 

adipose-derived stem cells (Kakudo et al., 2007). To the contrary, another in vitro cell 

culture study showed that increased expression of FGF2 suppresses adipogenesis 

(Kim et al., 2015). Several studies have demonstrated that medicinal plant extracts or 

polyphenols decrease body weight without modulation of gene expression, particularly 

in adipose tissues (Zhao et al. 2015). As cited previously, γT3 also decreased body 

weight gain in high-fat diet induced obese mice without inducing significant changes in 

adipogenic genes in the epididymal adipose tissues, although γT3 significantly altered 

hepatic energy regulating genes (Zhao et al. 2015). Our results suggest that the 
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organic fraction of C. intermedia decreases body weight gain in Leprdb/db mice without 

affecting food consumption, nor displaying major effects on the expression of lipogenic, 

fatty acid, glucose and energy metabolism genes in various adipose tissue depots, 

hinting that its anti-obesity effects are mediated by other mechanisms, such as 

inhibition of pancreatic lipase and other intestinal metabolic enzymes (Lunagariya et 

al., 2014). 

5.3 HPCCC fractionation of Cyclopia intermedia into four factions with different 

bioactivity  

To facilitate the identification of anti-obesity compounds, the organic extract of C. 

intermedia, which displayed anti-obesity properties in vitro and in vivo, was fractionated 

into four sub-fractions using HPCCC. These fractions exhibited different effects on 

adipogenesis, lipogenesis and lipolysis in 3T3-L1 adipocytes. In differentiating 3T3-L1 

pre-adipocytes, CCC F1 inhibited lipid accumulation at 1 and 10 µg/mL, CCC F2 had 

no effect, CCC F3 decreased lipid accumulation at all treatment concentrations, and 

CCC F4 decreased lipid accumulation at 1, 10 and 50 µg/mL only. In mature 3T3-L1 

adipocytes, CCC F1 and 2 decreased lipid content at 100 µg/mL only, CCC fraction 3 

had no effect, and CCC F4 decreased lipid content at 10 and 100 µg/mL. Furthermore, 

in mature adipocytes, CCC F1 stimulated lipolysis at 1 and 50 µg/mL, CCC F2 at 50 

µg/mL, CCC F3 had no effect on lipolysis and CCC F4 increased lipolysis at 1 µg/mL 

only. The differences in ORO quantification and glycerol release assay results 

suggests that mechanisms other than lipolysis are responsible for decreasing lipid 

content. 

The different bioactivities described above was due to the variation in phenolic 

compounds between the fractions. CCC F1 contained the benzophenone, 

iriflophenone-3-C-β-D-glucoside-4-O-β-D-glucoside and the flavone, vicenin-2, CCC 

F2 contained the benzophenone, iriflophenone-3-C-β-D-glucoside and the flavanones, 

hesperidin and eriodictyol-O-deoxyhexoside-O-hexoside, CCC F3 contained the 

xanthones, mangiferin and isomangiferin, and CCC F4 contained neoponcirin. All 

fractions, at different concentrations, with the exception of CCC F2 in differentiating 

adipocytes, and CCC F3 in mature adipocytes, decreased lipid content. Similarly, all 

fractions, at different concentrations, stimulated lipolysis, except for CCC F3. These 
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results suggest that the organic extract of C. intermedia contained a number of different 

anti-obesity compounds that were retained in the different fractions.  

As cited previously, Dudhia et al. (2013) showed that the hot water extracts of C. 

subternata and C. maculata, at concentrations ranging from 20 - 1600 µg/mL inhibit 

adipogenesis by decreasing lipid accumulation and triglyceride content in 

differentiating 3T3-L1 pre-adipocytes. However, in this study we did not observe any 

significant effects on TG content in differentiating 3T3-L1 pre-adipocytes treated with 

the CCC fractions, although significant effects were observed using the ORO assay. 

Differences observed between the two assays could be due to experimental or 

technical errors. Using different leaf solvent extracts (n-hexane, dichloro methane 

(DCM), ethyl acetate (EtOAc) and methanol (MeOH)) of Aegle marmelos, Karmase et 

al. (2013a) evaluated the anti-adipogenic potential of these extracts at concentrations 

varying from 25, 50, 75 and 100 µg/mL. The DCM extract showed the highest anti-

obesity activity and was further separated into 14 compounds, of which after screening, 

9 compounds demonstrated anti-adipogenic activity and 2 of these compounds, 

halfordinol and ethyl ether aegeline showed the highest activity for lipid reduction 

(Karmase et al., 2013a). In addition to the anti-adipogenic activity of the DCM extract 

of Aegle marmelos leaves, Karmase et al. (2013b) assessed the effects of 14 

compounds isolated from this extract on lipogenesis and lipolysis. Of the 14 

compounds tested, 12 compounds decreased lipid content and induced lipolysis in 

differentiated 3T3-L1 adipocytes and the two compounds showing highest activity were 

umbelliferone and esculetin (Karmase et al., 2013b). Interestingly, ethyl ether aegeline, 

a compound that showed highest anti-adipogenic activity (Karmase et al., 2013a) was 

not effective in decreasing lipid content and inducing lipolysis in these cells (Karmase 

et al., 2013b). This demonstrates that different phenolic compounds within extracts 

regulate different anti-obesity mechanisms. 

Similarly, we found that mangiferin and isomangiferin, the major phenolic contents of 

CCC F3, were able to inhibit lipid accumulation in 3T3-L1 pre-adipocytes, but had no 

effect on lipid content nor lipolysis in adipocytes. These results suggest that the effect 

of mangiferin against lipid accumulation is more evident in differentiating pre-

adipocytes compared to matured adipocytes as previously reported (Shimada et al., 

2011; Subash-babu and Alshatwi, 2015). Subash-babu and Alshatwi (2015) showed 
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that mangiferin inhibited differentiation of human mesenchymal stem cells into mature 

adipocytes, while Shimada et al. (2011) reported that mangiferin did not suppress fat 

accumulation in mature 3T3-L1 adipocytes. No literature has been reported about the 

anti-obesity effects isomangiferin. In addition to its anti-obesity potential, several 

studies have demonstrated the anti-diabetic potential of mangiferin (Fang et al., 2011; 

Girón et al., 2009; Kumar et al., 2013). 

Interestingly, CCC F4 demonstrated anti-adipogenic, anti-lipogenic and lipolytic effects 

in 3T3-L1 adipocytes. CCC F4 was enriched in neoponcirin, a compound identified for 

the first time in Cyclopia in this study. These results suggest that this compound has 

several anti-obesity properties which require further exploration. Similarly, CCC F1 

inhibited adipogenesis, decreased lipogenesis and induced lipolysis in 3T3-L1 

adipocytes and this fraction contained high iriflophenone-3-C-β-D-glucoside-4-O-β-D-

glucoside and vicenin-2 contents. The anti-obesity effect of these compounds has not 

been reported, although the α-Glucosidase inhibitory activity was reported for the 

benzophenone glucosides, including iriflophenone-3-C-β-D-glucoside-4-O-β-D-

glucoside (Beelders et al., 2014), thus demonstrating its anti-diabetic potential and 

therefore iriflophenone-3-C-β-D-glucoside-4-O-β-D-glucoside could be further 

explored for its anti-obesity properties. 

CCC F2 only showed anti-lipogenic and lipolytic effect in 3T3-L1 adipocytes. This 

fraction contained the benzophenone, iriflophenone-3-C-β-D-glucoside and the two 

flavanones, hesperidin and eriodictyol-O-deoxyhexoside-O-hexoside. Iriflophenone-3-

C-β-D-glucoside and hesperidin have previously demonstrated anti-obesity potential 

whereas the anti-obesity potential of eriodictyol-O-deoxyhexoside-O-hexoside has not 

been reported. This could suggest that, Iriflophenone-3-C-β-D-glucoside and 

hesperidin exert their anti-obesity effect by inducing lipolysis and decreasing 

lipogenesis. Iriflophenone-3-C-β-glucoside inhibited TG synthesis and free fatty acid 

accumulation, and decreased the expression of associated genes in 3T3-L1 

adipocytes (Zhang et al., 2011). In Wistar rats fed a high cholesterol diet, hesperidin 

improved hypercholesterolemia and fatty liver by inhibiting the synthesis and 

absorption of cholesterol (Wang et al. 2011). Furthermore, iriflophenone-3-C-β-D-

glucoside increased glucose uptake in rat adipocytes, demonstrating its anti-diabetic 

effect (Pranakhon et al., 2015). 
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Given that the MTT assay has several limitations over the ATP assay, especially the 

interference of polyphenols with the MTT, and the ATP assay is more sensitive 

compared to the MTT assay, the ATP assay was used to assess the effects of the CCC 

fractions on cell viability during 3T3-L1 pre-adipocyte differentiation and in 

differentiated 3T3-L1 adipocytes. Results showed that chronic treatment of 

differentiating 3T3-L1 pre-adipocytes with CCC F1 and CCC F3 induced cytotoxicity 

by decreasing ATP content, which was significant at 100 µg/mL, and suggests that the 

decreased lipid accumulation observed with these fractions could possibly be 

associated with decreased cell viability. Several studies have demonstrated that 

medicinal plant extracts or polyphenols decrease lipid accumulation or TG content by 

inducing apoptosis or decreasing cell viability (Kim et al., 2015; Popovich et al., 2010). 

More recently Kim et al. (2015) showed that an aqueous methanol extract of Porphyra 

yezoensis inhibits adipogenesis by inducing apoptosis in 3T3-L1 pre-adipocytes and 

decreasing cell viability in differentiated 3T3-L1 adipocytes. Acute treatment with the 

CCC fractions in mature adipocytes did not decrease cell viability as estimated using 

the ATP assay, although CCC F4 increased the ATP at 100 µg/mL. The increase in 

ATP by CCC F4 could be associated with increased mitochondrial activity, although 

further studies including the assessment of mitochondrial biogenesis, are needed to 

confirm this. 

Our results illustrate the usefulness of bioactivity guided fractionation to identify 

bioactive compounds in plant extracts as widely reported by others (Harbilas et al., 

2013; Klein et al., 2007; Michel et al., 2013). Such techniques, including HPCCC allow 

the isolation of compounds of interest from complex organic mixtures (Wu and Liang, 

2010). Despite the usefulness of fractionation, concerns about loss of activity after 

fractionation due to effects of synergism are warranted. Synergism is the combination 

of two or more compounds resulting in greater effect as compared to the effect as 

individual compounds (Lewandowska et al., 2014). In complex mixture or in a 

combination of two or more compounds, polyphenols demonstrate additive, 

antagonistic or synergistic effects. In addition to polyphenol-polyphenol interactions, 

the combined actions of polyphenols with food components or drug interactions also 

occur (de Kok et al., 2008). 
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In HeLa cells, treatment with mangiferin and hesperidin induced apoptotic effects with 

mangiferin showing high activity compared to hesperidin, furthermore treatment with a 

combination of mangiferin and hesperidin improved the apoptotic effects, initially 

induced by hesperidin alone (Bartoszewski et al., 2014). Mortimer et al. (2015) showed 

that fractionation of the organic fraction of SM6Met extract, a methanol extract of C. 

subternata, into three fractions using HPCCC, resulted in the three fractions retaining 

different phytoestrogenic effects compared to the organic fraction. Several other 

studies have reported on the synergistic effects of polyphenols in improving bioactivity 

(Bruckbauer and Zemel, 2014; Dai et al., 2008). A mixture of green tea polyphenols 

with vitamin E and vitamin C, showed remarkable increase in anti-oxidative activity 

compared to the efficacy of these antioxidants used as individual compounds (Dai et 

al., 2008). 

In addition to their different effects on lipid metabolism, CCC fractions similarly 

displayed varying effects on gene expression. Increased HSL mRNA expression was 

observed in mature adipocytes treated with CCC F1 and CCC F2. In addition to 

increased mRNA expression of HSL, CCC F1 and CCC F2 also stimulated glycerol 

release, a marker of lipolysis, and decreased lipid content in differentiated 3T3-L1 

adipocytes, suggesting that the decrease in lipid content by these fractions could be 

mediated by increased lipolysis (increased glycerol release and HSL expression). 

Similar results were reported by Park et al. (2011) who demonstrated that fucoidan, 

isolated from Fucus vesisulosus (brown algae), inhibited lipid content and induced 

lipolysis in mature 3T3-L1 adipocytes. Using different lipolytic agents such as 

isoproterenol, forskolin, dibutyryl cyclic AMP or theophylline, Morimoto et al. (2001) 

showed that treatment with these agents increased lipolysis without stimulating HSL 

activity, however the translocation of HSL from the cytosol to lipid droplets was 

increased by these lipolytic agents. Our study also showed that treatment with 

isoproterenol increased lipolysis in differentiated 3T3-L1 adipocytes without significant 

effects on HSL mRNA expression. Therefore, investigating the effects of the CCC 

fractions on phosphorylation and translocation of HSL is recommended for future 

studies. 

Once again, no statistical significance was observed in the mRNA expression of genes 

implicated in lipid and glucose metabolism  including CEBPα, SREBF1, CREB1, 
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GATA2, FGF2, CPT1α, Cs, G6PC, GLUT4 and ADIPOQ, and the mRNA expression 

of lipogenic genes including FABP4, ACACA, FASN and SCD1. Furthermore, the 

mRNA expression of energy metabolism genes including SIRT3 and UCP2 was not 

significantly affected by treatment with the CCC fractions. However, the decreased 

mRNA expression of LPL was borderline significant in adipocytes treated with CCC F2 

(P = 0.06), suggesting that CCC F2 decreases lipid content in adipocytes by preventing 

fatty acid uptake by adipocytes. 

The mRNA expression of SIRT1 was increased in CCC F4 treated adipocytes 

suggesting that neoponcirin mediates its lipid lowering effect by increasing SIRT1 

mRNA expression. Increased SIRT1 mRNA expression in adipocytes treated with CCC 

F3 was borderline significant and this was accompanied by increased PGC1α mRNA 

expression. SIRT1 has been shown to regulate PGC1α via deacetylation and thus 

increase its transcriptional activation (Li, 2013). PGC1α is a master regulator of 

mitochondrial biogenesis, and also regulates adaptive thermogenesis and lipid 

oxidation (Canto and Auwerx, 2009). Ectopic expression of PGC-1α in white 

adipocytes increased UCP-1 expression and also increased the expression of 

mitochondrial respiratory chain genes and mitochondrial DNA cellular content 

(Puigserver et al., 1998). Resveratrol, a natural polyphenol that activates SIRT1, 

increases PGC-1α expression thus improving mitochondrial activity (Lagouge et al., 

2006). 

AMPK, an important energy metabolic sensor that regulates several metabolic 

processes including glucose and lipid metabolism (Srivastava et al., 2012) was 

increased in CCC F4 treated adipocytes. Although the increased expression of AMPK 

was border line significant, our findings are consistent with others who have also 

reported increased expression of AMPK and PGC-1α. Lone et al. (2016) demonstrated 

that curcumin induced a brown fat-like phenotype in white adipocytes by increasing the 

expression of AMPK and brown fat-specific genes including PGC-1α, UCP1 and 

PRDM16. Moreover, AMPK is a catabolic enzyme that decreases energy consuming 

processes such as lipogenesis and stimulates energy producing processes such as 

lipolysis and fatty acid oxidation (Lim et al., 2010). Furthermore, the increased 

expression of SIRT1, as observed in this study, could also be due to its interaction with 

AMPK, as suggested by Canto and others (Canto and Auwerx, 2009; Canto et al., 
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2009). The mRNA expression of UCP3 was also increased after treatment with CCC 

F1 and CCC F4, suggesting that these fractions decrease lipid content in differentiated 

adipocytes by increasing mitochondrial uncoupling activity. The increased mRNA 

expression of UCP3 was borderline significant in adipocytes treated with CCC F3 (P = 

0.07). 

Similar to the increased mRNA expression of PPARγ in adipocytes treated with the 

organic fraction of C. intermedia, the mRNA expression of PPARγ was increased in 

adipocytes treated with CCC F1, CCC F2, CCC F3 and CCC F4. This suggests that 

more than one polyphenol in the organic fraction of C. intermedia regulate the 

increased PPARγ mRNA expression, as further fractionation of this fraction resulted in 

the CCC fractions all increasing PPARγ in a similar manner as the organic C. 

intermedia fraction. CCC F3 showed the highest activity for increasing PPARγ mRNA 

expression although this fraction was not effective in reducing lipid content in 3T3-L1 

adipocytes. The increased expression of PPARγ by CCC F3 treatment could be 

associated with the increased mRNA expression of IRS1 (Leonardini et al., 2009). 

Once again, the expression of PPARγ at protein level was not significantly affected by 

treatment with the CCC fractions, although significant changes were observed at the 

transcriptional level. However, the protein expression of PPARα was increased in 

adipocytes treated with CCC F4. PPARα promotes pre-adipocyte differentiation, 

whereas in adipocytes the role of PPARα has been associated with fatty acid oxidation 

(Goto et al., 2011). 

 

5.4 Shortcomings of the study 

The limitations of this study include:  

 In vitro cell models do not reflect the complexity of interactions between various 

tissues involved in the pathogenesis of obesity. For example, excessive lipolysis in 

adipose tissues induces insulin resistance in muscle or liver due to increased fatty 

acids deposition. However, the anti-obesity effects of the C. intermedia extract 

demonstrated in 3T3-L1 adipocytes were confirmed in obese Leprdb/db mice, 

supporting the in vitro findings.  
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 The mRNA changes observed were not confirmed at the protein level, limiting the 

conclusions which could be made about the mechanism of action of the organic 

fraction of C. intermedia and its subfractions.  Moreover, different mRNA gene 

expression results for in vitro and in vivo experiments were obtained, providing 

further support for the measurement of protein expression levels.  

 Due to time and financial constraints, only the organic fraction of C. intermedia was 

selected (based on bioactivity and novel polyphenolic content) for further analysis. 

It would have been interesting to confirm in vivo bioactivity and perform sub-

fractionation of the aqueous fractions of C. maculata and C. subternata, which also 

demonstrated anti-obesity effects.   

 The organic fraction of C. intermedia was separated into four HPCCC fractions 

only. If more fractions were separated, it would be possible to detect bioactivity of 

individual compounds. 

 Quantitative RT-PCR experiments using animal tissues showed large variation due 

to individual animal heterogeneity, thus limiting statistical significance between 

experimental groups.  However, due to ethical considerations, animal groups were 

kept to the minimum to detect biological activity. 

 

5.6 Future work 

The following future studies are recommended and some of them are based on the 

limitations of the current study:  

 Due to the increased mRNA expression of UCP3, the role of the organic fraction of 

C. intermedia on mitochondrial activity and markers of brown fat remodeling is 

warranted.  

 Investigation of the anti-diabetic potential of the organic fraction of C. intermedia 

and the CCC fractions on in vitro models would be informative.  

 Obesity is associated with inflammation, oxidative stress and mitochondrial 

dysfunction, therefore future work should investigate the role of the organic fraction 

of C. intermedia on in vitro models that more accurately reflect in vivo disease 

pathophysiology.  
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 Investigate the effect of the organic fraction of C. intermedia and its sub-fractions 

on protein expression, which reflect molecular activity better than mRNA 

expression. 

 Further fractionation of CCC fractions and re-testing in vitro and in vivo, to detect 

the anti-obesity compounds of Cyclopia. 

 Determining anti-obesity effects in hypertrophied 3T3-L1 adipocytes, which are 

more representative of obesity in vivo. 

 

5.7 Conclusion 

This study has demonstrated the anti-obesity potential of the three commercially 

relevant Cyclopia spp., C. subternata, C. intermedia and C. maculata in vitro and 

further confirmed the anti-obesity potential of C. intermedia in vivo, providing evidence 

for the first about the anti-obesity potential of C. intermedia in addition to the currently 

known anti-obesity potential of C. subternata and C. intermedia. Moreover, phenolic 

enriched extracts of C. subternata, C. intermedia and C. maculata separated into their 

aqueous and organic fractions, exert different biological and cytotoxic effects. 

Furthermore, the aqueous fractions of C. maculata and C. subternata containing lower 

phenolic content, demonstrated increased anti-obesity activity compared to their 

organic counterparts, whereas the organic fraction of C. intermedia containing higher 

phenolic content, showed increased anti-obesity activity compared to its aqueous 

fraction illustrating that quality of polyphenols, rather than quantity are important for 

mediating biological activity. This study, for the first time detected the flavanone, 

neoponcirin in Cyclopia species, and is the first report of the anti-obesity properties of 

this compound. This study further demonstrates that the organic fraction of C. 

intermedia likely exerts its anti-obesity effect by increasing lipolysis, energy 

metabolism, uncoupling activity or brown fat remodeling of 3T3-L1 adipocytes due to 

increased expression of HSL, SIRT1, UCP3 and PPARγ at the transcriptional level. In 

vivo studies showed that the organic fraction of C. intermedia has anti-obesity potential 

by decreasing body weight gain in obese Leprdb/db mice.  The anti-obesity effect of the 

organic fraction of C. intermedia was not due to modulation of mRNA gene expression 

in adipose tissue of Leprdb/db mice. 
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Bioactivity guided fractionation of the organic fraction of C. intermedia resulted in four 

major fractions with different phenolic content, and anti-obesity effects at the cellular 

and molecular levels. It is therefore unlikely that the anti-obesity properties of C. 

intermedia may be attributable to a single phenolic compound; the presence of more 

than one compound, with different mechanisms of action, or the synergistic or 

cumulative effects of more than one compound, may contribute to the bioactivity of the 

organic fraction of C. intermedia observed in this study. 

In conclusion, this study, for the first time, provides evidence of the anti-obesity 

properties of C. intermedia in vitro and in vivo. A novel anti-obesity flavanone, 

neoponcirin, was identified in C. intermedia, the first discovery of this compound in 

Cyclopia spp. These results add to the growing body of evidence of the medicinal 

properties of this indigenous South African plant, supporting its commercialization as 

a health promoting beverage or as source material for the production of nutraceutical 

extracts.  
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ADDENDUM 2 - Reagents and Buffers solutions 

 

List of Reagents  

Product name 
Catalogue 

number 
Supplier 

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) 

M2003 Sigma-Aldrich , St Louis, MO, USA 

3-isobutyl -1-methyl-xanthine (IBMX) I5879 Sigma-Aldrich , St Louis, MO, USA 

3T3-L1 pre-adipocytes  
 

CL-173 
American Type Culture Collection 
(ATCC), Manassas, VA, USA 

Albumin, Bovine Fraction V (fatty acid 
free) 

A1302 
Melford Laboratories, Ipswich 
Suffolk, U.K. 

Anti-Rabbit IgG (Horseradish peroxidase 
labelled secondary antibody) 

sc-2012 
Santa Cruz Biotechnology, Santa 
Cruz, CA, USA 

ATP assay kit     LT27-008 ViaLight, Lonza, Basel, Switzerland 

Beta actin (Actβ) antibody Sc-47778 
Santa Cruz Biotechnology, Santa 
Cruz, CA, USA 

Bio-Rad Protein DC assay kit   500-0201  Biorad, Hercules, California, USA   

Carbon dioxide (CO2) K239C Air Products, Centurion, SA 

Cell counting chamber slides C10228 
Life Technologies Corporation, 
Carlsbad, CA, USA 

Cell lysis Buffer FNN0011 
Life Technologies Corporation, 
Carlsbad, CA, USA 

CELLBIND -24 well plates 3337 Corning, MA, USA 

CELLBIND -6 well plates 3335 Corning, MA, USA 

CELLBIND -96 well plates 3300 Corning, MA, USA 

Centrifuge tubes (15mL; 50mL) 
GEN-1860 
5810R 

Sigma-Aldrich , St Louis, MO, USA 

Chloroform 136112-00-0 Sigma-Aldrich , St Louis, MO, USA 

Coomassie blue stain 161-0437 Bio-Rad, Hercules, CA, USA 

Cryotubes 430659 Corning, MA, USA 

Crystal violet   

Dexamethasone D4902 Sigma-Aldrich , St Louis, MO, USA 

Dimethyl sulfoxide (DMSO) 276855 Sigma-Aldrich , St Louis, MO, USA 

Dulbecco`s modified Eagle`s medium 
(DMEM without phenol red) 

D5030 Sigma-Aldrich , St Louis, MO, USA 

Dulbecco`s modified Eagle`s medium 
(DMEM) 

12-604Q Lonza, Walkersville, MD, USA 

Dulbecco`s phosphate buffered saline 
(DPBS) 

17-513F Lonza, Walkersville, MD, USA 

Eppendorf tubes 30123301 Sigma-Aldrich , St Louis, MO, USA 

Ethanol 2875 Sigma-Aldrich , St Louis, MO, USA 

Ethanol absolute, 200 proof for molecular E7023-500 Sigma-Aldrich , St Louis, MO, USA 

Fetal bovine serum BC/S0615-HI Lonza, Walkersville, MD, USA 

Filter Pads 23385 Sigma-Aldrich , St Louis, MO, USA 

Glucose powder D5030 Sigma-Aldrich , St Louis, MO, USA 

Glycerol assay kit   K630-100 Biovision, Milpitas, CA, USA 
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Insulin I92785 Sigma-Aldrich , St Louis, MO, USA 

Isopropanol I9516 Sigma-Aldrich , St Louis, MO, USA 

Linco rat insulin kit EZRMI-13K Millipore, Bellerica, MA, USA 

Low fat free milk powder 2082054 Clover, JHB, SA 

Methanol 67-56-1 Sigma-Aldrich , St Louis, MO, USA 

n-Butanol 71-36-3 Sigma-Aldrich , St Louis, MO, USA 

Newborn Calf Serum (NCS) BC/S0125-HI The Scientific Group, JHB, SA 

Nuclease free water Am9937 Ambion, Austian, USA 

Oil O Red  1320-06-5   Sigma, St Louise, MO, USA   

PCR plates N8010560 
Applied Biosystems, Foster City, 

CA, USA 

Phenylmethanesulfonyl fluoride (PMSF) 11206893001   Roche, Basel, Switzerland   

PolyvinylideneFluoridine Membrane 
(PVDF) 

88585 Pierce, Rockford, IL, USA 

Ponceau S Stain p23295 Sigma-Aldrich , St Louis, MO, USA 

PPARα antibody Ab8934 
Abcam, Abcam,Cambridge, 

MA,USA 

PPARγ antibody 2430-S 
Cell Signalling Technology, 

Danvers, MA, USA 

Propidium iodide  P4170 Sigma-Aldrich , St Louis, MO, USA 

Protease Inhibitors 11206893001 Roche, Basel, Switzerland 

RNase free water Am9937 Ambion, Austin, TX, USA 

RNeasy mini kit 74106 Qiagen, Hilden, Germany 

Running buffer SDS 161-0772 Bio-Rad, Hercules, CA, USA 

SDS-PAGE gels 161-0993 Bio-Rad, Hercules, CA, USA 

Sodium bicarbonate (NaHCO3)   M2645 Sigma-Aldrich , St Louis, MO, USA 

Sodium hydroxide (NaOH) 109140 
Merck, Whitehouse Station, NJ, 

USA 

Stainless steel beads 5mm 69989 Qiagen, Hilden, Germany 

Sterile TC water 59900C Lonza, Walkersville, MD, USA 

SYBR Green mix 4385612 
Applied Biosystems, Foster City, 

CA, USA 

T75 Flasks 658975 
Greiner bio-one, Frickenhausen, 

Germany 

Qiazol reagent 79306 Qiagen, Hilden, Germany 

Triglyceride Kit    K622-100 Biovision, Milpitas, CA, USA 

Tris  93352 Sigma-Aldrich , St Louis, MO, USA 

Trypan blue 15050-065 Invitrogen, Carlsbad, CA, USA 

Trypsin 17-161F Lonza, Walkersville, MD, USA 

Tween-20 58980C Sigma-Aldrich , St Louis, MO, USA 

Whatman 3MMChr sheets 3030-931 Sigma-Aldrich , St Louis, MO, USA 
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Buffers and media used in this study 

1. DMEM without phenol red media  

Reagent Final Conc. MW Amount/1L 

DMEM 8.3 g/L - 8.3 g 

BSA (no fatty 
acids) 0.1% - 1 g 

NaHCO3 3.7 g/L 84.01 3.7 g 

D-Glucose 4.5 g/L 180.16 4.5 g 
 

2. Sorenson's buffer 

Reagent 
Final 
Conc. Amount/1L 

Glycine 0.1 M 0.751 g 

NaCl 0.1 M 0.584 g 

The pH of the buffer was adjusted to pH10.5 with 0.1 mM NaOH. 

 

3. Destaining solution for Western blots 

Reagents Amount/1L 

15% methanol 150 mL 

20% acetic acid 200 mL 

 

4. Transfer buffer for Western blot  

Reagent 
Final 
Conc. MW Amount/1L 

Tris 25 mM 121.1 3.03 g 

Glycine 192 mM 75.5 14.4 g 

Distilled water - - 800 mL 

Methanol - - 200 mL 

 

5. 10 × Tris-buffered saline  

Reagent 
Final 
Conc. MW Amount/1L 

Tris 200 mM 121.1 24.22 g 

NaCI 1.37 M 58.44 80.06 g 

Distilled water - - 1000 mL 

 

6. 1 × Tris-buffered saline and Tween 20 (1 × TBST) 

1 × TBST was prepared by diluting 100 mL of 10 x TBST with 900 mL of distilled water (v/v), 

thereafter 1 mL Tween 20 was added. The buffer was kept at 4°C. 
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ADDENDUM 3 - Supplementary Data 

1. Crystal violet staining 

The effect of the aqueous and organic fractions of C. maculata, C. intermedia and C. 

subternata on cell density was quantified with crystal violet staining and used to 

normalize Oil Red O assay results. Compared to the MTT and the ATP cell viability 

measures, results showed that treatment with the aqueous and organic fractions of C. 

maculata, C. intermedia and C. subternata did not affect cell viability as the percentage 

cell density was not significantly reduced in response to treatment with these fractions. 

Furthermore treatment with the aqueous fraction of C. maculata increased cell density 

at 100 µg/mL (Figs. S1 A - C). Further treatment of 3T3-L1 pre-adipocytes 

differentiated in the presence of the CCC fractions and differentiated 3T3-L1 

adipocytes treated with the CCC fractions for 24 hours, showed that cell density did 

not vary between the treatment conditions (Figs. S2 A - D and Figs. S3 A - D).  
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Figure S1 The effect of aqueous and organic fractions, prepared from 40% aqueous methanol 

extracts of C. maculata, C. intermedia and C. subternata on cell density in 3T3-L1 adipocytes. 

Differentiated 3T3-L1 adipocytes were exposed to aqueous and organic fractions of C. 

maculata (A), C. intermedia (B) and C. subternata (C) at various concentrations, vehicle control 

or isoproterenol for 24 hours. Cell density was quantified using crystal violet staining. Results 

are expressed as a percentage relative to the vehicle control (set at 100%), and are shown as 

the mean ± SEM for three independent experiments, each performed in triplicate. Significance 

is depicted as *P < 0.05 vs. vehicle control. 
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Figure S2 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on cell density in differentiating 

3T3-L1 pre-adipocytes. Differentiating 3T3-L1 pre-adipocytes were exposed to the vehicle 

control, CCC F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations), or 

mangiferin daily for eight days. Cell density was quantified using crystal violet staining. Results 

are expressed as a percentage relative to the vehicle control (set at 100%), and are shown as 

mean ± SEM for three independent experiments, each performed in triplicate.  
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Figure S3 The effect of CCC F1, CCC F2, CCC F3 and CCC F4 on cell density in differentiated 

3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were exposed to the vehicle control, CCC 

F1 (A), CCC F2 (B), CCC F3 (C) or CCC F4 (D) (at various concentrations), or mangiferin for 

24 hours. Cell density was quantified using crystal violet staining. Results are expressed as a 

percentage relative to the vehicle control (set at 100%), and are shown as mean ± SEM for 

three independent experiments, each performed in triplicate.  
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death in adipocytes treated with both fractions. 

 

%
 C

e
ll
 D

e
n

s
it

y

C
ontr

ol

M
an

gife
rin

Is
opro

te
re

nol

1 
µg

/m
L

10
 µ

g/m
L

50
 µ

g/m
L

10
0 

µg
/m

L

0

50

100

150A B 

C D 
%

 C
e
ll
 D

e
n

s
it

y

C
ontr

ol

M
an

gife
rin

Is
opro

te
re

nol

1 
µg

/m
L

10
 µ

g/m
L

50
 µ

g/m
L

10
0 

µg
/m

L

0

50

100

150

%
 C

e
ll
 D

e
n

s
it

y

C
ontr

ol

M
an

gife
rin

Is
opro

te
re

nol

1 
µg

/m
L

10
 µ

g/m
L

50
 µ

g/m
L

10
0 

µg
/m

L

0

50

100

150
%

 C
e
ll
 D

e
n

s
it

y

C
ontr

ol

M
an

gife
rin

Is
opro

te
re

nol

1 
µg

/m
L

10
 µ

g/m
L

50
 µ

g/m
L

10
0 

µg
/m

L

0

50

100

150

Stellenbosch University  https://scholar.sun.ac.za



 

228 
 

 

 

 

 

 

 

 

 

 

 

Figure S4 The effect of the organic fraction of C. intermedia and the aqueous fraction of C. 

maculata on propidium iodide staining. Differentiated adipocytes were treated with the organic 

C. intermedia (A) and the aqueous C. maculata (B) fractions for 24 hours and cell viability 

assessed with propidium iodide staining. Results are expressed as the percentage relative to 

the vehicle control (set at 100%), and are shown as the mean ± SEM for three independent 

experiments, each performed in triplicate.  
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experiments and HPCCC fractionation. The upscaled fraction was validated for its 

bioactivity, by treating differentiated adipocytes with both the small (old) and large-

scale (new) fractions of C. intermedia at various concentrations (1, 10, 50 and 100 

µg/mL) and assessing their effects on lipid accumulation using the ORO assay, and 

cell viability using the MTT and ATP assays. 
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Figure S5 The effect of the old and new organic fraction of C. intermedia on lipid accumulation 

in 3T3-L1 adipocytes. Differentiated adipocytes were treated with the old (A) and new (B) 

organic fraction of C. intermedia for 24 hours at various concentrations (1, 10, 50 and 100 

µg/mL) and lipid content was assessed using the Oil Red O assay. Results are expressed as 

the percentage relative to the vehicle control (set at 100%), and are shown as the mean ± SEM 

for two independent experiments, each performed in triplicate. Significance is depicted as *P 

< 0.05 and **P < 0.01 vs. vehicle control. 

 

 

 

 

 

 

 

 

 

 

 

Figure S6 The effect of the old and new organic fraction of C. intermedia on the mitochondrial 

dehydrogenase activity in 3T3-L1 adipocytes. Differentiated adipocytes were treated with the 

old (A) and new (B) organic fraction of C. intermedia for 24 hours at various concentrations (1, 

10, 50 and 100 µg/mL) and mitochondrial dehydrogenase activity was measured using the 

MTT assay. Results are expressed as the percentage relative to the vehicle control (set at 

100%), and are shown as the mean ± SEM for two independent experiments, each performed 

in triplicate. Significance is depicted as *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle 

control. 

%
 L

ip
id

 C
o

n
te

n
t

C
on

tr
ol

Is
op

ro
te

re
no

l

1 
µg

/m
L

10
 µ

g/
m

L

50
 µ

g/
m

L

10
0 

µg
/m

L

0

50

100

150

* * *

B
%

 L
ip

id
 C

o
n

te
n

t

C
on

tr
ol

Is
op

ro
te

re
no

l

1 
µg

/m
L

10
 µ

g/
m

L

50
 µ

g/
m

L

10
0 

µg
/m

L

0

50

100

150

**
*

**

A

%
 M

T
T

 A
c

ti
v

it
y

C
on

tr
ol

Is
op

ro
te

re
no

l

1 
µg

/m
L

10
 µ
g/

m
L

50
 µ
g/

m
L

10
0 
µg

/m
L

0

50

100

150

200

*
***

A

%
 M

T
T

 A
c

ti
v

it
y

C
on

tr
ol

Is
op

pr
ot

er
en

ol

1 
µg

/m
L

10
 µ

g/
m

L

50
 µ

g/
m

L

10
0 
µg

/m
L

0

50

100

150

200
***

** ***

B

Stellenbosch University  https://scholar.sun.ac.za



 

230 
 

 

 

 

 

 

 

 

 

 

 

Figure S7 The effect of the old and new organic fraction of C. intermedia on the ATP content 

in 3T3-L1 adipocytes. Differentiated adipocytes were treated with the old (A) and new (B) 

organic fraction of C. intermedia for 24 hours at various concentrations (1, 10, 50 and 100 

µg/mL) and ATP content was measured using the ATP assay kit. Results are expressed as 

the percentage relative to the vehicle control (set at 100%), and are shown as the mean ± SEM 

for two independent experiments, each performed in triplicate.  

 

4. Western Blot Analysis 

Complete images of PPARγ and PPARα blots and their respective housekeeping gene 

(β actin) are presented in Figs. S8 A – B. this data is added to dhow that the blots were 

cut, as the samples in the blots were represented at different chapters of the results. 
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Figure S8 The effect of the organic fraction of C. intermedia and the CCC fractions on PPARα 

and PPARγ protein expression. Differentiated 3T3-L1 adipocytes were treated with the vehicle 

control, organic C. intermedia fraction (50 µg/mL), CCC F1 (10 µg/mL), CCC F2 (100 µg/mL), 

CCC F3 (10 µg/mL), CCC F4 (10 µg/mL), isoproterenol (10 µM) or mangiferin (0.001 µM) for 

24 hours. Proteins were extracted and protein expression of PPARγ (A) and PPARα (B) was 

assessed by western blot analysis using β actin as a reference protein. Results are reported 

as a fold change relative to the vehicle control and represent mean ± SEM for three 

independent experiments. 
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