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ABSTRACT  

Title: Dietary and plasma fatty acids in association with obesity in black South Africans 

Background 

South Africa is currently experiencing rapid nutritional, economic, demographic and 

epidemiological transitions with grave consequences for lifestyle and health. Obesity has 

escalated to epidemic levels and is a significant risk factor for metabolic syndrome (MetS) and 

cardiovascular disease. The increasing prevalence of obesity and related risk factors is 

compounded by the increased fat intake observed in many countries in Africa. Research reports 

and findings indicate that specific dietary and circulating fatty acids (FAs) as well as subsequent 

FA patterns may be beneficial or detrimental to human health. Despite the extensive use of 

circulating FAs in research in Asia, Europe and the USA, there is limited epidemiological research 

on the association of dietary FAs and circulating FA with obesity and MetS in black populations 

in Africa.  

Aim 

The PhD study aimed to investigate the association of dietary FAs and plasma phospholipid FAs 

and FA patterns with obesity and MetS, as well as comparison of dietary FAs and plasma 

phospholipid FAs in metabolically healthy and unhealthy phenotypes in a selected group of black 

South Africans. This study forms part of the South African arm of the international Prospective 

Urban and Rural Epidemiological (PURE) study. 

Subjects and methods 

The study sample consisted of 711 (273 men and 438 women) adults; a sub-cohort of apparently 

healthy black men and women aged 30 to 93 years, from the rural and urban areas of the North 

West Province, South Africa. A random sample was selected from the original 2010 volunteers 

with both dietary and plasma phospholipid FAs after exclusion of 305 participants with human 

immunodeficiency virus and 305 matched controls due to previous use of plasma for analysis. 

The number of participants was randomly selected from stratified groups (rural male, rural female, 

urban male, and urban female. The sample included 125 rural men, 148 urban men, 218 rural 

women and 220 urban women. All the participants gave written and informed consent at each 

follow-up. The Ethics Committee of the North-West University approved the South African PURE 

study (Ethics number 04M10) and additional ethical clearance for this affiliated PhD study (NWU-

00346-16-S1).  
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This PhD study include two cross-sectional studies and one longitudinal study of the 711 

participants. The first cross-sectional study compared the levels of dietary and plasma 

phospholipid FAs of metabolically healthy and unhealthy phenotypes. The second study cross-

sectionally investigated the association of dietary and plasma phospholipid FAs patterns with 

measures of adiposity including, body mass index (BMI), waist circumference (WC), and waist: 

height ratio (WHTR) and MetS. The third study prospectively investigated the association of 

baseline plasma phospholipid FA patterns with 10-year changes in anthropometric indices 

(weight, BMI, WC, and WHtR), as well as the reproducibility of plasma FA patterns at the 10-year 

time point. This study included 412 (173 men and 275 women) of 711 participants, followed up 

for 10 years and with complete anthropometric and plasma phospholipid FA data at baseline and 

follow-up.  

Results  

Study I: Adults from the South African arm of the Prospective Urban and Rural Epidemiology 

study (n=711) were categorised into four groups, namely normal weight without metabolic 

syndrome (MetS) (MHNW), normal weight with MetS (MUNW), metabolically healthy 

overweight/obese (MHO) and metabolically unhealthy overweight/obese (MUO). Dietary and 

plasma phospholipid FAs were measured by a quantitative food frequency questionnaire and gas 

chromatography-tandem mass spectrometry respectively. MetS was present in 35% of the 

participants. Compared to the MHNW reference group, dietary saturated FAs (C14:0 to C18:0) 

and alpha-linoleic acid intakes were higher in both overweight/obese groups (MHO and MUO), 

while most mono-unsaturated FAs (MUFAs), linoleic and arachidonic acid intakes were higher in 

the MUO group only. Plasma levels of most very long chain saturated FAs (C18:0 to C22:0) and 

PUFAs were higher, whereas selected MUFAs, palmitic acid and estimated desaturase activities 

were lower in the overweight/obese groups after adjustment for age and total energy intake.  

Study II: Two patterns were derived from dietary FAs and six patterns from plasma phospholipid 

FAs, which explained the cumulative variance of 89% and 73%, respectively. The association 

between FA patterns with adiposity and MetS, respectively, was weaker for dietary FA patterns 

than for plasma phospholipid FA patterns. The plasma phospholipid FA pattern with high loadings 

of saturated FAs (SFAs) (high-Satfat) and another with high loadings of n–3 very long chain 

PUFAs (n–3 VLC-PUFA) were positively associated with measures of adiposity and MetS, while 

patterns with positive loadings of n–9 long chain monounsaturated fatty acids (n–9 LC-MUFA) 

and positive loading of n–3 essential FA (n–3 EFA) showed inverse associations with MetS and 

some measures of adiposity. 
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Study III: Six plasma phospholipid FAs patterns were identified at baseline and four similar FA 

patterns were identified at follow-up. A comparison of quartiles of factor scores at baseline and 

follow-up showed good reproducibility for four of the six FA patterns identified at baseline. The 

high-Satfat pattern presented with high positive loadings of saturated FAs (stearic, arachidic, 

behenic and lignoceric acids) both at baseline and 10-year follow-up, and was positively 

associated with 10-year changes in all anthropometric outcomes. This pattern that was 

maintained over 10 years may indicate unique FA metabolism associated with weight gain over 

time in this group of black South African adults. At 10-year follow-up plasma phospholipid levels 

of SFAs, stearic, arachidic and behenic acids were higher in overweight/obese participants of 

both sexes, confirming the association between plasma VLC-SFAs and adiposity. The baseline 

n–9 LC-MUFA pattern, with positive loadings of MUFAs (nervonic and gondoic acid), was 

positively associated with 10-year increases in all anthropometric outcomes, but this pattern was 

not maintained over 10 years. Most of the plasma MUFAs, notably nervonic and gondoic acid 

decreased significantly over ten years, while BMI, waist circumference and WHtR increased. 

Therefore, a sustained positive association between n-9 LC-MUFAs and adiposity could not be 

confirmed.  

Conclusion 

The results from this study show that overweight groups generally had higher fat intakes than 

normal weight (MHNW and MUNW) groups. The lower plasma levels of de novo lipogenesis 

pathway FAs and estimated desaturase activities may be biomarkers of abnormal metabolic 

health in overweight/obese study participants. In dimension reduction analysis, the n–9 LC-MUFA 

and n–3 EFA patterns seem to provide possible protective associations with adiposity and MetS, 

whereas the high-Satfat and n–3 VLC-PUFA patterns were associated with adiposity and MetS 

in our study participants in the cross-sectional study. In the longitudinal study, both the baseline 

n-9 LC-MUFA pattern and the high-Satfat pattern were associated with adiposity gain over 10 

years. The high-Satfat pattern may be indicative of dietary intake and de novo lipogenesis 

involving elongation of FAs and was associated with adiposity gain over 10 years. This pattern 

derived at baseline was reproducible in the study participants after 10 years and may indicate a 

unique FA metabolism. On the other hand, the n-9 LC-MUFA pattern was not sustained over 10 

years, thus a conclusion of an association between this FA pattern and adiposity gain cannot be 

made. This publication adds to the understanding of plasma phospholipid FA patterns and their 

prospective associations, as well as the reproducibility of some of these patterns. Further work is 

required to improve the interpretation and application of circulating FA patterns in health and 

disease globally, but especially in Africa, where data are lacking.   

Keywords 



 

vii 
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PREFACE  

This thesis is presented in article format and consists of six chapters. 

Chapter 1 is an introduction and includes study aims and objectives of the PhD research topic.  

Chapter 2 provides an overview of the relevant literature on adiposity and obesity-related 

outcomes in relation to FAs as biomarkers for cardiometabolic disease risk. Obesity-related 

outcomes include MetS, T2DM, insulin resistance and inflammation. The literature discusses 

the aetiology and risk factors of obesity and their association with dietary fats and FAs, plasma 

phospholipid FAs and identified dietary and plasma phospholipid FA patterns in relation to 

metabolic health. This chapter offers a comprehensive overview of the relevant literature 

needed for the interpretation of the data pertaining to the articles in this thesis.  

Chapter 3 describes the research methodology of this PhD study. 

Chapter 4 is an article titled: “Plasma phospholipid fatty acid patterns are associated 

with adiposity and metabolic syndrome in black South Africans: A cross-sectional 

study”. This cross-sectional study included 711 (men 273, women 438) participants randomly 

selected from the South African arm of the PURE study participants. 

Chapter 5 is an article titled: “Associations between plasma phospholipid fatty acid 

patterns and changes in anthropometric indices in black South African adults over ten 

years: a prospective cohort study”. This study included a total of 412 (137 men and 275 

women) participants with anthropometric, metabolic-related biochemical parameters and 

plasma phospholipid FAs at baseline and ten-year follow-up. 

Chapter 6 is an article titled: “Comparison of dietary and plasma phospholipid fatty acids 

between normal weight and overweight black South Africans according to metabolic 

health: The PURE study”. This cross-sectional study included 711 (men 273, women 438) 

participants randomly selected from the South African arm of the PURE study participants. 

Chapter 7 is the final chapter that comprises a general discussion, recommendations and 

conclusion of this PhD study.  

The relevant references used in Chapters 1, 2, 3 and 7 are provided at the end of each chapter 

according to the required style of the North-West University. The references of Chapters 4, 5 

and 6 are provided at the end of each chapter according to the required style of the respective 

journals. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction and background information  

1.1.1 Identification of obesity  

Obesity is described by the World Health Organisation (WHO) as a condition of atypical or 

excessive body fat accumulation in adipose tissue (WHO, 2000). It is further defined as excessive 

storage of energy as fat and consequently is associated with adverse effects on health (O'rahilly 

& Farooqi, 2008). It is not only the degree of the excess fat that is detrimental, but its distribution 

within the body also significantly determines the health risks associated with the condition (WHO, 

2000; Snijder et al., 2006). Obesity is caused by a complex network of biological, environmental, 

societal and emotional factors (Faith & Kral, 2006). Fortunately, overweight and obesity, as well 

as their related comorbidities, are preventable; however, they have become a burden for society 

due to the increase in the burden of mortality and morbidity of obese people. Therefore, 

developing and sustaining healthy eating and physical activity habits, which would lead to the 

decrease in obesity prevalence, remains a challenge for society and policymakers (Butland et al., 

2007; Faith & Kral, 2006).   

Body mass index (BMI) has been extensively used in epidemiological studies as a measure of 

obesity (WHO, 2000; WHO, 2007; Berrington de Gonzalez et al., 2010; Di Cesare et al., 2016; 

Abarca-Gómez et al., 2017). BMI cut-points of 25 kg/m2 and 30kg/m2 have been used to diagnose 

the conditions of overweight and obesity, respectively (NHLBI Obesity Education Initiative Expert 

Panel, 1998). Even though various different measures of adiposity may categorise individuals as 

overweight or obese, studies that have compared BMI with other methods of measuring fat have 

concluded that BMIs ≥ 30 kg/m2 contribute comparable results to other more advanced 

approaches, such as dual-energy x-ray absorptiometry (Okorodudu et al., 2010). 

In South Africa, health professionals have also recommended lower BMIs for the diagnosis of 

cardio-metabolic risk factors. To accurately diagnose populations with metabolic syndrome 

(MetS) and obesity-related risk factors, Kruger et al. (2015) have recommended BMI cut-points 

for use in black South Africans for the identification of cardiometabolic risk. They concluded that 

the WHO BMI obesity cut-off point of 30 kg/m2 for black South African men and women might 

underestimate the risk of cardio-metabolic disease. They, therefore, recommended optimal BMI 

cut-points for black South African adults be 22 kg/m2 for men and 28 kg/m2 for women (Kruger et 
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al., 2015). Although BMI has been used widely, it has its limitations, which should be considered 

(Lam et al., 2015). 

Waist circumference (WC) is widely used to estimate abdominal obesity and is an excellent 

indicator to estimate cardio-metabolic risk in populations (Janssen et al., 2004; Jacobs et al., 

2010; Cerhan et al., 2014). The National Institute of Health cut-points for WC help to identify those 

at increased risk within the healthy weight, overweight and obesity categories. Due to differences 

across populations, some countries have made their own recommendations for use in their 

communities (WHO, 2004; Ohkubo et al., 2006; Oka et al., 2008). Crowther and colleagues 

(Crowther & Norris, 2012) aimed to determine appropriate WC cut-points for diagnosing the MetS 

of a high-risk group of urban African females with metabolic disorders. They endorsed a new cut-

point for WC to be used for diagnosis of the MetS of 91.5 cm for women instead of the 

recommended 80 cm (Crowther & Norris, 2012).  

The waist: hip ratio (WHR) has also been used as a useful indicator for abdominal fat 

accumulation and a strong predictor of cardiovascular risk (WHO, 2000; Dalton et al., 2003; 

Mbanya et al., 2015). However, increased WHR can reflect both increased visceral fat and 

reduced gluteo-femoral muscle mass. A high WHR of more than one unit in men and 0.85 in 

women predicts cardiovascular mortality, CVD risk factors including MetS in some populations, 

and to some extent, is independent of the degree of obesity as assessed by BMI (WHO, 2000; 

Jaeschke et al., 2015; Gamit et al., 2017). However, a higher WHR in the elderly may be a poor 

gauge of CVD risk, but rather an indication of visceral obesity combined with muscle loss (Snijder 

et al., 2006).  

A waist: height ratio (WHtR) is a threshold measurement that has been used successfully to 

determine cardiovascular risk in Asian and Caucasian populations (Li et al., 2013; Savva et al., 

2013). A South African study, which evaluated WHtR to predict five-year cardiometabolic risk in 

sub-Saharan African adults, concluded that the recommended WHtR cut-point of > 0.5 was a 

significant predictor of all metabolic risk factors over five years for both men and women (Ware et 

al., 2014). Mbanya and colleagues (2015) investigated the difference between BMI, WC, hip 

circumference, WHR and WHtR in screening for diabetes, and reported that WHtR is a good 

indicator of diabetes in a Cameroonian study (Mbanya et al., 2015). Integrating height into an 

assessment of central obesity may supplement information about risk factors. Additionally, 

incorporating height into the primary obesity assessment may also reduce the variability observed 

between populations due to differences in height (Ware et al., 2014). 
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Therefore, using a combination of measures, one that includes a measure of general adiposity 

and a measure of central obesity (BMI and WHtR) would be appropriate in the identification of 

cardiovascular disease (CVD) risk and MetS (Lam et al., 2015). A comparison of these tools is 

shown in Table 1-1. 

 

Table 1-1 Comparison of anthropometric methods used for measuring obesity 

Methods Description  Strengths and 
limitations 

References  

Body mass index  Defined as weight in 
(kg)/height (m2) and is 
the most used index to 
measure adiposity.  

Used to predict disease 
incidences and 
mortality  

Simple and easy to 
calculate. BMI has been 
used widely in 
epidemiological studies 
and in all age groups. 
Standardised cut-off-
points have been 
determined for use 
globally. Less appropriate 
predictor of fat in the 
elderly than in middle-
aged adults. 

(WHO, 2000) 

Waist circumference Direct measure of 
abdominal obesity and 
has been validated 
against measures of 
abdominal fat by DXA 
and CT scan and has 
been shown to predict 
disease incidences and 
mortality. 

Measurement is relatively 
easy but not 
standardised. WC is 
currently included as key 
criterion to define 
metabolic syndrome. 

(Janssen et al., 
2004; WHO, 2004; 
Ohkubo et al., 2006; 
Oka et al., 2008) 

Waist: hip ratio An indirect measure of 
abdominal fat. 

Interpretation of WHR is 
more complicated 
because the hip 
circumference does not 
have any biological 
meaning. However, 
studies recommend it as a 
good indicator of 
cardiovascular risk 
factors. 

(WHO, 2000; Dalton 
et al., 2003) 

Waist: height ratio Waist and height are 
easy to measure and 
can be obtained easily 
in any setting.  

Superior over WC and 
BMI to detect 
cardiometabolic risk 
factors in both men and 
women.  

(Li et al., 2013; 
Savva et al., 2013; 
Ware et al., 2014) 
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1.1.2 Worldwide prevalence of overweight and obesity 

The latest WHO estimates are that obesity has approximately tripled since 1975 (WHO, 2015). 

Global prevalence of overweight and obesity in adults is 39% and 13%, respectively (WHO, 2015). 

In 2016, more than 1.9 billion adults had BMI > 25kg/m2, and 650 million were obese. A global 

survey of 200 countries from 1975 to 2014 (19.2 million people) reported a high mean BMI in men 

and women in northern and southern Africa (Di Cesare et al., 2016). If recent trends continue, by 

2030, up to 57.8% of the world’s adult population will be classified either as overweight or obese 

(Kelly et al., 2008), and not only will the world not meet the global obesity target, but severe 

obesity will also surpass underweight in women by 2025 (Di Cesare et al., 2016). The recent 

increase in the prevalence of overweight and obesity in almost every country in the world 

(Finucane et al., 2011; Ng et al., 2014; Di Cesare et al., 2016; Abarca-Gómez et al., 2017) led to 

obesity becoming a global public health concern (Di Cesare et al., 2016). Obesity is associated 

with adverse health consequences throughout the lifecycle and more deaths globally than 

underweight (WHO, 2015; Berrington de Gonzalez et al., 2010).  

1.1.3 Obesity in South Africa 

Obesity and its co-morbidities negatively affect the lives of many South Africans and the 

consequent burden of disease contributes to the increasing cost of healthcare, both at a state 

level and in the private sector (Bradshaw et al., 2003). According to the South African National 

Health and Nutrition Examination Survey in 2014, the prevalence of overweight and obesity in 

women and men increased from the Demographic and Health Survey (DHS) 2003. The most 

recent DHS (2016) reported a prevalence of overweight and obesity in women at 68%, while the 

prevalence remained the same for men at 31% (National Department of Health, 2017). Urgent 

leadership is needed in order to aid countries to plan and execute successful interventions to curb 

the obesity epidemic (Ng et al., 2014). 

1.1.4 Metabolic syndrome in South Africa 

The prevalence of MetS in South Africa is increasing due to the high incidence of obesity and 

poor dietary habits, which are now prevalent in rural areas (Vorster et al., 2014). Based on the 

available data of various South African studies, the overall crude prevalence of MetS in rural black 

South Africans in KwaZulu-Natal was 26.5%, with a higher prevalence in women (30%) than in 

men (12%) (Motala et al., 2011). In the Western Cape Province, a study carried out in the rural 

wine farms showed a prevalence of 29.3% in men and 46.3% in women (Kruger & Nell, 2017), 



 

32 
 

whereas, in the Free State Province, the prevalence of MetS was 52.2% and 39.7% for rural and 

urban areas, respectively (Van Zyl et al., 2012). 

1.1.5 Fat intake in South Africa  

Many African diets are low in fat but are currently changing because of the nutrition transition 

(Steyn & Mchiza, 2014; Vorster et al., 2011). Due to these changes, people are consuming more 

fat in their diets, and therefore there is an emerging need for the adjustment of national 

recommendations. Due to changes in nutrition transition, many countries, with the exception of a 

few, have experienced an increase in fat supply and therefore the availability of cheap vegetable 

oils and other fats has influenced the increased consumption in many populations in Africa (Steyn 

& Mchiza, 2014).  

The South African food-based dietary guidelines (FBDG) recommended fat intake of <30% of the 

total percentage of energy (%E) consumed (Smuts & Wolmarans, 2013). The quantitative dietary 

goals always recommended on the reduced intake of saturated fatty acids (SFA), in favour of 

monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFAs). The focus of the 

current guidelines is more on the type of fatty acids (FA) rather than on the total amount of fat 

consumed (Smuts & Wolmarans, 2013). This is based on the new understanding of the impact of 

different individual FA on health and disease (Diekman et al., 2009; Smuts & Wolmarans, 2013). 

Therefore, blood levels of specific FAs are evolving as modifiable biomarkers for risk of major 

chronic diseases (Jackson & Harris, 2018). The conventional sources of SFA among South 

Africans include oils (coconut, palm kernel and palm oils) fats (animal and dairy fat, including 

butter, cheese), and processed products made with these fats and oils (Smuts & Wolmarans, 

2013). Similarly, MUFA intake is derived mainly from meat, and vegetable oils including canola, 

olive, sunflower, soy and nuts, peanut butter and avocados (Smuts & Wolmarans, 2013). 

A review of fat consumption between 1975 and 1996 up to 2005 in South Africa showed that the 

total fat consumption increased from 21% to 30% of energy in urban African women and from 

15.5% to 21% of energy in rural African women (Vorster et al., 2011). Increased intake of energy 

from total fat was observed in the urban areas, with figures approaching or already at the upper 

dietary goal of 30%. However, the percentage of energy from total fat was still low, at 21% of 

energy in the rural areas in 2005 (Vorster et al., 2011). Recent publication findings show that 

dietary fat intake in South Africa is significantly higher in urban than in rural areas and women 

consume more energy from fat compared to men. Absolute intake of total fat, SFA, MUFA, PUFA, 

linoleic acid (LA, C18:2n-6) and α-linolenic acid (ALA, C18:3n-3) did not differ significantly 

between black men and women in the North West Province. However, when calculated as %E 
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intake, additional to the significant urbanisation effects, women had significantly higher intakes 

than men (Richter et al., 2014). The South African white and black obese women, consumed 

more total fat, SFAs and n–6 PUFA as well as individual dietary FAs, LA, arachidonic acid (AA, 

C20:4n-6) eicosapentaenoic acid (EPA, C22:5n-3), and docosahexaenoic acid (DHA, C22:6n-3) 

expressed as %E than the normal-weight groups (Joffe et al., 2014). 

1.2 The current state of the research in the field of dietary and circulating fatty acids  

Recent research suggests that there is a need to consider the quality as well as the quantity of 

fat in the diets of a population (Smuts & Wolmarans, 2013; Micha et al., 2014; Simopoulos, 

2016b). The field of FA research has developed, and knowledge on the metabolism of FAs and 

their effects on health has been studied and documented in different parts of the world. Few 

studies have investigated the prospective association between dietary and plasma phospholipid 

FAs with obesity and MetS and such information is scarce in Africa. It is therefore imperative that 

we investigate the association of dietary FAs and plasma phospholipid FAs with obesity and MetS,  

to provide data and to shed light on its relationship with obesity and MetS.  

Current knowledge on the association of dietary and circulating FA with obesity and MetS indicate 

the following:  

1. For a long time, diets high in SFA were reported to be associated with obesity, insulin 

resistance and progression to MetS and even mortality in large prospective studies. However, 

well-designed observational studies do not support a robust association of saturated fats with 

all-cause mortality, ischemic stroke, or diabetes in healthy individuals; but the choice of 

comparison nutrient (n–6 and/or n–3 PUFA, MUFA, refined or high-quality carbohydrate) must 

be carefully considered (Bjermo et al., 2012; de Souza et al., 2015; Fretts et al., 2016). On 

the other hand, plasma SFAs, myristic acid (MA, C14:0), palmitic acid (PA, C16:0) and stearic 

acid (SA, C18:0) have been associated with obesity and MetS (Mayneris-Perxachs et al., 

2013; Pickens et al., 2015; Yammine et al., 2018). 

2. Evidence from a limited number of in vivo studies in animals supports the potential for long-

chain (LC)-MUFA-rich diets in the prevention of MetS, type 2 diabetes mellitus (T2DM), and 

atherosclerosis (Qian, 2016; Yang et al., 2016). Furthermore, human studies suggested a 

possible link between LC-MUFA-rich diet and CVD risk protection (Yang et al., 2016) and 

lower prevalence of MetS (Qian, 2016). On the contrary, MUFAs in plasma, e.g. palmitoleic 

acid (POA, C16:1n-7), have been associated with obesity (Aglago, 2017; Paillard et al., 2008; 
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Pickens et al., 2015) and metabolic risk factors (Mayneris-Perxachs et al., 2014; Mozaffarian 

D et al., 2010).  

3. Dietary n–3 PUFA intake has mostly been associated with less weight gain in some cohort 

studies (Albracht-Schulte et al., 2018). Modest inverse association between n−3 LC-PUFA 

intake and risk of MetS has been observed in prospective cohort studies (Kim et al., 2015). 

Similarly, plasma and erythrocyte n–3 PUFAs have been associated with a lower prevalence 

of obesity and MetS (Micallef, 2009; Kim et al., 2013; Dai et al., 2016).  

4. The global increase in n–6 PUFA intake, and a decrease in n–3 PUFA intake increase the 

ratio of n–6/n–3 PUFA, and are associated with obesity and could enhance inflammatory 

processes and subsequently inflammatory diseases (Patterson, 2012; Simopoulos, 2016a; 

Torres-Castillo et al., 2018). High dietary n–6/n–3 PUFA ratio is positively associated with 

measures of adiposity such as WC. In addition, subjects with higher dietary n–6/n–3 PUFA 

ratio had worse metabolic profiles, specifically regarding insulin and HOMA-IR values (Torres-

Castillo et al., 2018). In addition, specific n–6 PUFAs in plasma and serum have been 

positively associated with obesity and MetS (Huang et al., 2010; Vanhala et al., 2012; Howe, 

2014; Ni et al., 2015; Wang, 2016).  

However, studies in different populations have reported mixed results of FA as biomarkers for 

specific health conditions, thereby creating reservations in their application. Furthermore, most of 

these outcomes are based on studies done outside of Africa and therefore cannot necessarily be 

used to draw conclusions from for recommendations in people of African descent.  

Only recently, the first studies that investigated associations between dietary FA intake and blood 

lipid profiles in South Africans recorded the following findings; 1) dietary ALA intake was positively 

associated with total cholesterol (TC) and triglyceride in men, but not in women; 2) different dietary 

FAs and lifestyle characteristics were associated with adverse blood lipids profiles [(TC, 

triglycerides and low-density lipoproteins cholesterol (LDL-C) and high-density lipoprotein 

cholesterol (HDL-C)], in both sexes (Richter et al., 2014). Furthermore, a study that investigated 

the interactions between interleukin-6 (IL-6) polymorphisms and dietary fat intake on obesity and 

serum lipids in black and white South African women reported that an increased n–6/n–3 ratio 

was associated with increasing BMI in white women. On the contrary, elevated measures of 

adiposity in black women was associated with increasing dietary fat intake, rather than the quality 

of specific FAs, even though n–6/n–3 ratios was higher in the black women as compared to white 

women, (26.4:1 vs 16.1:1) respectively (Joffe et al., 2014). 
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There is a great need to understand the association of dietary FA intake and plasma phospholipid 

FA with obesity and MetS in black South Africans. Consequently, investigating obesity and related 

risk factors and outcomes related to fat intake and endogenous metabolism will go a long way in 

supporting recommendations to develop policies that will have a significant impact in its 

prevention of obesity and MetS (Mokdad et al., 2003).  

Increasing obesity prevalence and associated obesity-related outcomes negatively affect the lives 

of many South Africans, together with the growing cost of healthcare. Current recommendations 

from international public health bodies, including the WHO and Centres for Disease Control on 

body weight/fat loss, are based on increasing physical activity and eating a healthy balanced diet. 

However, some meta-analysis showed that almost half of the initial weight loss achieved through 

diet or exercise is regained after one year and intervention programmes require rigorous 

strategies that are sustainable and not only applicable to small groups of people (Curioni, 2005; 

Greaves et al., 2011). Therefore, as the prevalence of obesity continues to rise, more acceptable 

and sustainable strategies to reduce body fat must be found.  

1.3 Problem statement 

Investigating the relationship between dietary patterns and risk factors for disease can lead to a 

new understanding, which is essential for the development of dietary guidelines. Pattern analysis 

using principal component analysis (PCA) has become a popular method to study the total dietary 

intake or nutrients in a population and its association with health and disease. Although there are 

several dietary pattern studies, there is scarcity of data on dietary FAs and circulating FA pattern 

studies globally, and there are none that have been investigated in the black South African 

population. We attempted to address this key gap in the existing literature by investigating 

associations of dietary and plasma phospholipid FAs and subsequent patterns in obesity and 

related parameters (weight, BMI, WC and WHtR) and risk factors in black South African Adults.  

The primary goal of the proposed study is to explore the associations of dietary and plasma 

phospholipid FAs and resulting patterns with obesity and MetS in black South African adults. The 

findings of this study may complement the data in the field and further supplement the knowledge 

and importance of FA status as potential novel biomarkers of obesity-related health outcomes. In 

addition to public health importance, the new knowledge may benefit policies that will direct 

nutrition intervention to recommend modulation of current FA intake guidelines within the black 

South African population. Furthermore, results from this PhD study may generate new hypotheses 

for future studies that may investigate various phases of FAs metabolism, specifically in the black 

South African population, as well as black Africans.  
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1.4 Research questions 

The following research questions were formulated: 

1. Are dietary FA intake and plasma phospholipid FAs associated with obesity-related 

parameters (adiposity) and risk factors in the black South African population? 

2. What is the plasma phospholipid FAs profile of black South Africans in relation to obesity 

related parameters and MetS? 

3. Are one or more distinctive dietary and plasma phospholipid FAs patterns protective of 

metabolically healthy and unhealthy phenotypes in the black South Africa population? 

1.5 Aims and objectives  

1.5.1 Aim 

The PhD study aimed to investigate the association of dietary FAs and plasma phospholipid FAs 

and FA patterns with obesity and MetS, as well as comparison of dietary FAs and plasma 

phospholipid FAs in metabolically healthy and unhealthy phenotypes in a selected group of black 

South Africans. This study forms part of the South African arm of the international Prospective 

Urban and Rural Epidemiological (PURE) study. 

1.5.2 Objectives 

1. To compare the composition of dietary FAs and plasma phospholipid FAs of metabolically 

healthy and unhealthy phenotypes classified according to Joint Interim Statement (JIS) of the 

International Diabetes Federation Task Force, (Alberti et al., 2009) MetS criteria and BMI 

categories in a group of black South African adults. 

2. To investigate cross-sectional associations between dietary and plasma phospholipid FA 

patterns with obesity-related parameters and MetS, in black South Africans.  

3. To investigate the associations between individual plasma phospholipid FAs and derived FA 

patterns with a 10-year change in obesity-related parameters, among a selected group of 

black South African adults.     
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1.5.3 Hypothesis 

Hypotheses were not formulated because the objectives of this study were to identify distinctive 

dietary and plasma phospholipid FA patterns in this group of black South African adults and the 

composition of these FA patterns were unknown prior to the study. Associations between these 

dietary and plasma phospholipid FA patterns with measures of adiposity and MetS were 

investigated. However, based on studies investigating circulating FA patterns and individual FA 

profiles/proportions in plasma, we hypothesised that plasma phospholipid FAs patterns derived 

at baseline may be associated with 10-year changes in anthropometric indices. To test our 

hypothesis, we prospectively explored the associations of plasma phospholipid FA patterns 

derived at baseline with 10-year changes in anthropometric indices of adiposity among a sub-

cohort of black South Africans participating in the Prospective Urban and Rural Epidemiology 

(PURE) study. This hypothesis was only formulated for the 2nd manuscript in Chapter 5 of this 

PhD thesis. 

1.6 Ethical approval  

Ethical approval for the original PURE study was obtained from the Ethics Committee of the North-

West University (NWU) for the period January 2005 to December 2009 (ethics number 04M10) 

(see Addendum 12.1.3), as well as for the period 2010 (ethical no NWU-0016-10-A1), January 

2015 (ethical number NWU-0016-10-A1). An extension of the current ethical approval was 

obtained from the Human Research Ethics Committee (HREC) of the Faculty of Health Sciences 

from the North-West University until December 2020 (ethics number NWU-00016-10-A1). 

Additional ethical approval for this affiliated study of the PURE study was obtained from the HREC 

of the North-West University (NWU-00346-16-S1). HREC is registered at the National Health 

Research Ethics Council of South Africa. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Obesity and its associated risk factors for non-communicable diseases 

2.1.1 Obesity and co-morbidities   

Obesity is connected to several co-morbidities, including T2DM, CVD and other NCDs (Ezzati & 

Riboli, 2012), which are major health challenges of the 21st century (Mendis et al., 2015). NCDs, 

including cancer, CVD, T2DM, and chronic respiratory diseases, are responsible for 

approximately two-thirds of deaths worldwide, with nearly 80% in low- and middle-income 

countries (LMICs) (Echouffo-Tcheugui et al., 2018). A substantial amount of the worldwide NCD 

burden is attributable to behavioural, dietary, environmental and metabolic risk factors (Di Cesare 

et al., 2013). In Africa, obesity-related diseases are projected to exceed communicable, maternal, 

perinatal, and nutritional diseases as the most common causes of death by 2030 (WHO, 2011). 

If these obesity trends continue, the possibility of meeting the global obesity target will not be 

possible (Di Cesare et al., 2016).  

The biggest risk factor for obesity and other chronic diseases is diet (Micha et al., 2014). Many 

forms of dietary intake have been implicated in the prevalence of obesity, including total energy 

intake, excess starch, refined starch, fat and added sugar (Vorster et al., 2014; Wentzel-Viljoen 

et al., 2018). In recent years, innumerable studies have shown that obesity may cause CVD via 

multiple disease mechanisms such as subclinical inflammation, endothelial dysfunction, 

increased sympathetic tone, atherogenic lipid profiles, and enhanced thrombogenic factors and 

also through obstructive sleep apnoea (López-Jiménez & Cortés-Bergoderi, 2011) as outlined in 

Figure 2-1. Obese individuals have a poor quality of life (QOL) and work-related-QOL, including 

physical functioning, public distress, sexual functioning, self-esteem, as well as shorter life 

expectancy than their normal-weight counterparts (Baskurt et al., 2018; Kolotkin et alet al., 2006; 

Manaf, 2018). In extreme cases, obesity was found to be associated with a high risk of mortality 

(Kitahara et al., 2014; Zheng et al., 2011). 
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Figure 2-1 Pathophysiology of obesity, modified from López-Jiménez & Cortés-

Bergoderi (2011) 

South Africa is experiencing a quadruple burden of disease, a combination of poverty-related 

infectious disease, lifestyle-related NCDs, violence-related trauma and human immunodeficiency 

virus/acquired immune deficiency syndrome epidemic (Coovadia et al., 2009; Mayosi et al., 2012; 

National Department of Health, 2017). Recently, a condition (multi-morbidity), classified as the 

co-existence of two or more chronic diseases in an individual, has also been associated with 

obesity and is a growing problem with prevalence at 4% in South Africa (Alaba & Chola, 2013). 

Over 70% of adults with multi-morbidity were women (Alaba & Chola, 2013). Studies that 

evaluated the extent of this problem in primary healthcare settings in Europe and Australia found 

that half of the patients with NCD had multi-morbidity (Britt et al., 2008; Fortin et al., 2005). In 
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Europe, the prevalence of multi-morbidity was at 3.5% to 98.5% in primary care settings and 13% 

to 72% nationally (Fortin et al., 2012), even though definitions of multi-morbidity may vary from 

country to country (Johnston et al., 2018). As much as the prevalence was not as high as in high-

income countries, rates of comorbidity ranged from 65.2% in diabetes, and these persons also 

were likely to have hypertension (Lalkhen & Mash, 2015). Multi-morbidity is, therefore, becoming 

an increasing challenge and a burden to primary healthcare in South Africa (Folb et al., 2015). 

Evidently, those with multi-morbidity should essentially be targeted for health interventions 

(Waterhouse et al., 2017). Furthermore, the consequent burden of disease contributes to the 

increasing cost of healthcare, both at a state level and in the private sector (Bradshaw et al., 2003; 

Mayosi et al., 2009). A body mass index (BMI) between 30 and 35 kg/m2 and a BMI greater than 

35 kg/m2 are associated with an 11% and 23% increase in healthcare expenditures respectively 

in South Africa (Sturm et al., 2013). 

The epidemiological transition seen in South Africa is characterised by increases in overweight, 

obesity and several risk factors for NCDs (Vorster et al., 2007), including tobacco use, physical 

inactivity and unhealthy diets (Mayosi et al., 2009; Mchiza et al., 2015). The freedom of movement 

of the black South African population and an increase in exposure to the global market economy 

have led to a shift from nutritious traditional meals low in fat and high in fibre, towards meat and 

dairy products containing high levels of SFA and more highly refined and energy dense foods 

(Bourne et al., 2002; MacIntyre et al., 2002; Vorster et al., 2014; Wentzel-Viljoen et al., 2018). Fat 

intake has increased from 16.4% to 26.2%, and carbohydrate intake has decreased from 69.3% 

to 61.7% over the past 50 years (Bourne et al., 2002); in addition, sugar intake has also 

significantly increased even in rural areas (Vorster et al., 2014).  

2.1.2 Adiposity  

Adipose tissue is a structural term for loose connective tissue composed of adipocytes or fat cells. 

Obesity is a condition in which the number and size of fat cells increase with an additional increase 

in weight or total fat mass (Jo et al., 2009). Obesity is not dependent on the body weight, but on 

the amount of body fat, specifically within adipose tissue (Lee et al., 2013). Fat distribution is 

determined by many factors, but especially sex and ageing (de Mutsert et al., 2018; Geer & Shen, 

2009). Women have higher fat mass as compared to men, but men tend to present with truncal 

obesity while women present with higher gluteo-femoral fat mass (fat in the lower body) (de 

Mutsert et al., 2018; Geer & Shen, 2009). On the other hand, ageing increases the accumulation 

of both abdominal and visceral fat (Kuk et al., 2009; Pérez et al., 2016).  



 

48 
 

In a medical setting, obesity is frequently defined by a BMI above 30 kg/m2 and is a useful indicator 

of general adiposity (Okorodudu et al., 2010). However, WC is an easily obtainable and an 

imprecise measure of abdominal adiposity, because it is an outcome of both the subcutaneous 

adipose tissue (SAT) and visceral adipose tissue (VAT) compartments  

(Figure 2-2) (Shuster et al., 2012). The metabolic risks associated with obesity depend on overall 

adiposity as measured by BMI, but also vary according to different regional fat accumulation. It is 

well known that VAT is more closely associated with obesity-related metabolic diseases and CVD 

than SAT (Hwang et al., 2015; Lopes et al., 2016; Tu et al., 2017; Wildman et al., 2008). Both 

visceral and abdominal obesity is associated with a number of important metabolic and 

cardiovascular abnormalities, including ectopic fat accumulation, insulin resistance, low-grade 

inflammation and increased oxidative stress, impaired glucose homeostasis, 

hypertriglyceridemia, low HDL-C levels, and hypertension, all contributing to the increased risk of 

T2DM, CVD and and MetS (Despres, 2006; Genske et al., 2018; Grundy, 2015; Lopes et al., 

2016). In summary, adipose tissue is no longer viewed as a passive organ for triglyceride storage, 

but adipocytes are recognised as active endocrine-secreting cells that release adipokines, 

including IL-6, and tumour necrosis factor-α (TNF-α) acting as inflammation mediators (Ding et 

al., 2015; Figueroa et al., 2016).  

 

Figure 2-2 Adipose tissue compartments, modified from Walker et al., (2014) 
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2.1.3 Metabolically healthy obesity  

Despite obesity being a risk factor for several conditions, recent clinical evidence indicates that 

not all obese subjects are at increased risk of cardiometabolic risk factors (Goncalves et al., 

2016). Regardless of a high-fat mass, some obese individuals may present with normal metabolic 

profiles (Guo & Garvey, 2016). Approximately one-third of obese adults do not present with 

metabolic disorders, nor deranged lipid profiles, hypertension or insulin resistance (Wildman et 

al., 2008). These obese persons without disorders are referred to as metabolically healthy 

obese/overweight (MHO) (Bell et al., 2014). Therefore, MHO is defined as or characterised by the 

absence of at least some of the increased risks for degenerative diseases that accompany typical 

adult obesity, such as metabolic disorders and CVD risk factors (Goncalves et al., 2016). In a 

study in Ireland, MHO and non-obese individuals presented with lower concentrations of 

complement component 3, C-reactive protein (CRP), TNF-α, IL-6, and plasminogen activator 

inhibitor-1; higher adiponectin levels; and reduced white blood cell count compared to their 

metabolically unhealthy counterparts (Phillips & Perry, 2013). Stefan and colleagues (2008) 

demonstrated that individuals with MHO exhibited 54% less fat accumulation in the liver than was 

measured in metabolically unhealthy obese (MUO) subjects. Furthermore, a recent study showed 

that the MHO phenotype in healthy obese postmenopausal women has a lower fatty liver index, 

and lower serum activities of hepatic enzymes, and this could be protective and may be 

associated with lower risk of development of T2DM, compared with MUO (Messier et al., 2010). 

Based on these conclusions, Messier and colleagues (2010) proposed that hepatic enzymes 

could be considered as simple markers to categorise MHO individuals. On the other hand, MUO 

phenotypes present with MetS and T2DM, increased risk of total mortality from cardiovascular 

events, as well as elevated blood pressure, inflammatory markers and deranged lipid profile (Guo 

& Garvey, 2016; Wang et al., 2017).  

Several classifications have been recommended for definitions of MHO and MUO. Meigs and 

colleagues (2006) conducted a longitudinal study in the USA that included 2 902 participants 

without T2DM. Their study aimed to assess the risk of diabetes and CVD stratified by BMI and 

presence or absence of MetS or insulin resistance. They recommended the use of up to three 

BMI categories, risk factor clustering and insulin resistance to classify MHO and MUO 

accordingly. The uses of homeostatic model assessment (HOMA), of insulin resistance and 

serum high-sensitivity-CRP are some of the characteristics recommended for use in the 

classification of MHO and MUO (Meigs et al., 2006; Phillips & Perry, 2013). 
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Cumulatively, this evidence strongly indicates that relative amounts of body fat, and the relative 

distribution of body fat between visceral and peripheral sites, and not BMI per se, are important 

in determining whether an individual’s metabolic profile may be favourable or unfavourable 

(Goncalves et al., 2016; Guo & Garvey, 2016). It remains uncertain whether adults who are 

metabolically healthy with normal weight (MHNW), but become obese later, are also exposed to 

an increased risk for T2DM over time given the increasing prevalence of obesity and associated 

metabolic risk factors (Guo & Garvey, 2016). However, sub-groups of overweight and obese 

individuals were documented to have normal metabolic profiles (Phillips & Perry, 2013), while a 

high risk of developing T2DM has been demonstrated in those who maintained MHO status over 

time, indicating the temporary nature of this condition (Appleton et al., 2013). The MHO status 

was significantly associated with disadvantaged socio-economic status, physical inactivity, 

smoking history and other lifestyle conditions (Appleton et al., 2013; Bradshaw et al., 2012). 

Furthermore, lower central adiposity, young age, physical activity, moderate alcohol intake and 

compliance with food pyramid recommendations increased the likelihood of MHO (Appleton et 

al., 2013; Phillips et al., 2013; Wildman et al., 2008). What is more, MHO was identified as 

associated with a lower risk of insulin resistance and atherosclerosis (Stefan et al., 2008).  

The identification of MHNW and MHO and those at risk of metabolic abnormalities in the South 

African population is of importance in further strengthening of the primary and secondary 

prevention strategies of obesity and related chronic diseases. Furthermore, generating evidence 

about which individuals are at higher risk for MetS, in the black South African population, could 

have implications for public health and clinical practice.  

2.1.4 Metabolic syndrome  

The MetS represents the clustering of risk factors, including dyslipidaemia, hypertension, and 

glucose metabolism disorders and is associated with accelerated arterial ageing (Alberti et al., 

2009; Scuteri et al., 2015). Furthermore, MetS is recognised as an important risk factor for CVD, 

which now represents the first cause of mortality in the world, even in LMICs (Grundy, 2007; 

Grundy, 2015; Motala et al., 2011). Non-diabetic MetS subjects have an up to five-fold higher risk 

of developing T2DM than those without MetS (Kaur, 2014). A report from the Framingham Heart 

Study indicated that a weight increase of ≥2.25 kg over a period of 16 years was associated with 

an up to 45% increased risk of progression to MetS in both men and women (Wilson et al., 1999). 

It is documented that each 11cm increase in WC is associated with an adjusted 80% increased 

risk of developing the syndrome within five years in a culturally diverse population (Palaniappan 

et al., 2004). Persons with MetS are also susceptible to other conditions including polycystic 
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ovarian syndrome (POS) (Kahal et al., 2018; Mortada & Williams, 2015), non-alcoholic fatty liver 

(Al Rifai et al., 2015; Asabamaka Onyekwere et al., 2016) and obstructive sleep apnoea, among 

other disorders (Drager et al., 2013; Pedrosa et al., 2018). 

There are various criteria to define MetS according to outputs from different international 

organisations. The National Cholesterol Education Program (NCEP) and Adult Treatment Panel 

III Report (ATP III) defined the condition of MetS as the presence of at least three of the following 

five factors: WC as a measure of abdominal obesity, elevated triglycerides, reduced high-density 

lipoprotein cholesterol (HDL-C), elevated blood pressure (BP), and elevated fasting plasma 

glucose, or T2DM. NCEP/ATPIII identified MetS as a multiplex risk factor for CVD and recognised 

CVD as a major outcome of MetS (NCEP Panel, 2002). The WHO and European Group for the 

Study of Insulin Resistance agreed to include either glucose intolerance or insulin resistance as 

an essential component for defining MetS (Balkau & Charles, 1999). The diagnosis of the 

syndrome, according to the WHO criteria, includes markers of insulin resistance, impaired glucose 

tolerance, or T2DM plus 2 additional risk factors out of the following; obesity, hypertension, high 

triglyceride level, reduced HDL-C level, or microalbuminuria (Alshehri, 2010). In 2009, an 

additional guideline of MetS was proposed as a Joint Interim Statement (JIS) of the International 

Diabetes Federation Task Force, an attempt to harmonise the definition of MetS (Alberti et al., 

2009). The new harmonised guidelines, for the diagnosis of MetS, recommend that sub-Saharan 

African populations should use the European WC cut-points (Alberti et al., 2009). The guidelines 

and cut-point values used to define each altered component are shown in Table 2-1. 

In sub-Saharan Africa, the exact definitions of MetS criteria and its cut-points, together with the 

molecular basis underlying the development of risk factors, are of crucial importance and will 

further allow better grouping of risk factors and fewer therapeutic misjudgements (Alberti & 

Zimmet, 1998). The available information on the prevalence of MetS in sub-Saharan Africa is 

mainly limited to epidemiological reports on west Africans in Cameroon (Fezeu et al., 2007), Benin 

(Ntandou et al., 2009), and Nigeria (Oladapo et al., 2010). In these West African countries, central 

obesity was reported as a key determinant in the prevalence of MetS in both urban and rural 

areas (Fezeu et al., 2007; Ntandou et al., 2009; Oladapo et al., 2010). These studies utilised the 

JIS classification-recommended MetS criteria for African descendants (Alberti et al., 2005). 

However, Fezeu and colleagues (2007) have stated that the MetS definitions might not be 

appropriate for populations of African descent.  

There have been attempts in South Africa to classify MetS in regional studies of rural and urban 

populations. A study done in a rural community of Zulu descent (n=947) reported the prevalence 
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of MetS was 26.5%, with a higher prevalence in women (30.2%) than in men (11.6%) using the 

2009 JIS criteria (Motala et al., 2011). The MetS prevalence in this population was lower (23.3%) 

with the IDF definition and even lower (18.5%) with the NCEP/ATPIII criteria (Motala et al., 2011). 

By using the 2009 JIS definition, a prevalence of 42.1% of MetS was reported in an urban 

population of middle-aged black women from Johannesburg (Crowther & Norris, 2012). 

Table 2-1 Criteria for clinical diagnosis of metabolic syndrome according to the Joint 

Interim Statement of the International Diabetes Federation Task Force1  

Measure Categorical points 

 Men  Women  

Elevated waist 
circumference* Population 
and country-specific 
definitions 

≥94 cm ≥80 cm 

Raised triglycerides (drug 
treatment for elevated 
triglycerides is an alternate 
indicator*) 

≥150 mg/dL (1.7 mmol/l) ≥150 mg/dL (1.7 mmol/l) 

Reduced HDL-C (drug 
treatment for reduced 
HDL-C is an alternate 
indicator*) 

≤40 mg/dL (1.0 mmol/l) ≤50 mg/dL (1.3 mmol/l) 

Raised blood pressure 
(antihypertensive drug 
treatment in a patient with 
a history of hypertension is 
an alternate indicator) 

Systolic blood pressure of 
≥130, and/or diastolic blood 
pressure of ≥85 mm Hg 

Systolic ≥130 and/or diastolic 
≥85 mm Hg 

Elevated fasting glucose# 
(drug treatment of elevated 
glucose is an alternate 
indicator) 

≥100 mg/dL (5.6 mmol/l) ≥100 mg/dL (5.6 mmol/l) 

Notes:  

*The most commonly used drugs for elevated triglycerides and reduced high-density lipoprotein 
cholesterol are fibrates and nicotinic acid. A patient taking one of these drugs can be presumed to 
have high triglycerides and low high-density lipoprotein cholesterol.  

# Patients with type-2 diabetes mellitus will be on drug treatment for elevated fasting glucose.  

 

The high prevalence of MetS in this cohort was largely driven by the high prevalence of abdominal 

obesity and low fasting HDL-C levels (Crowther & Norris, 2012). Kruger and Nell (2017) used the 

                                                

1  Adopted from "Table 11, Criteria for Clinical Diagnosis of the Metabolic "<https://www.ncbi.nlm.nih.gov/books/NBK305897/table/lipid_risk-mgt-hbc.table11cri>. (viewed; 

16 Oct. 2018) 
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IDF classification of MetS to investigate its prevalence in farm workers in the Winelands district 

of the Western Cape. The prevalence of MetS was higher in women (46.3%) than men (29.3%), 

and women were more at risk of developing MetS and had a higher prevalence of individual risk 

factors for MetS (Kruger & Nell, 2017). Crowther and colleagues recommended cut-off points for 

WC to be used for the diagnosis of MetS within the South African population and recommended 

further investigations for its use in sub-Saharan Africa. They recommended that a higher WC of 

91.5 cm should be used for women instead of 80 cm recommended for diagnosis of MetS, which 

is too low and may exaggerate the prevalence of adiposity among women in South Africa 

(Crowther & Norris, 2012). Furthermore, an ideal WC cut-point for identifying men and women at 

increased cardiometabolic risk is recommended at ⩾81.2 cm instead of the current guidelines 

⩾94.0 cm for use in sub-Saharan Africa (Ekoru et al., 2018). A different study focused on BMI as 

a major cardio-metabolic risk factor (Kruger et al., 2015). The study concluded that the WHO BMI 

obesity cut-point of 30 kg/m2 for black South African men and women might underestimate the 

risk of cardio-metabolic disease. The authors recommended a lower cut-point of 22 kg/m2 for men 

and BMI cut-point of 28 kg/m2 for women for the diagnosis of MetS (Kruger et al., 2015). 

MetS is becoming a global epidemic as well as a health issue in metabolically distinctive African 

populations in both rural and urban areas (Fezeu et al., 2007; Motala et al., 2011; Ntandou et al., 

2009). Therefore, there is a necessity to accurately determine the prevalence of MetS within the 

South African population, according to more recent proposed criteria for central obesity cut-points, 

as measured by WC, WHR, WHtR and BMI (Crowther & Norris, 2012; Ekoru et al., 2018; Kruger 

et al., 2015; Ware et al., 2014). The recommended new BMI, WC and WHtR cut-off points 

developed for the identification of persons at risk for MetS in black South Africans should be 

investigated for possible use in sub-Saharan Africa (Crowther & Norris, 2012; Ekoru et al., 2018; 

Kruger et al., 2015; Ware et al., 2014). 

2.1.5 Insulin resistance  

Insulin resistance is linked to a decreased number of insulin receptors on the insulin-sensitive cell 

membranes due to a number of possible causes (Flie, 1983). A major cause of insulin resistance 

is associated with decreased beta cell function (Cerf, 2013). As beta cell dysfunction and insulin 

resistance intensify, hyperglycaemia increases, leading to the progression of T2DM (Cerf, 2013; 

Eguchi et al., 2012). Although it is generally accepted that hyperinsulinaemia results from insulin 

resistance, studies also suggest that a high serum level of insulin may lead to insulin resistance, 

especially in the presence of free FAs (FFAs) in the plasma (Eguchi et al., 2012; Ye, 2007). In 

humans, an increase in plasma insulin occurs within hours after the elevation of FFA in the 
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circulation due to fat ingestion (Boden, 1997). Furthermore, prolonged exposure to high levels of 

plasma FFA results in impaired peripheral glucose utilisation and promotion of hepatic glucose 

overproduction, leading to T2DM (Boden, 1997). Palmitic acid induces beta cell dysfunction in 

vivo by activating inflammatory processes within islets (Eguchi et al., 2012). In addition, earlier 

studies have reported that PA, the most abundant SFA in blood, inhibits insulin signalling in liver, 

muscle, and fat cells in vitro (Nakamura et al., 2009).  

Insulin resistance increases with increasing BMI, WC and, in particular, WHR (Després, 1998; 

Aronne & Segal, 2002). However, abdominal obesity particularly associated is with resistance to 

the effects of insulin, peripheral glucose and FFA utilisation, often leading to T2DM and MetS 

(Boden, 2011). A relatively new study in sub-Saharan Africa reported that insulin resistance was 

related to higher BMI and WC, and a key determinant in impaired fasting blood glucose (Meeks 

et al., 2017). The insulin resistance seen in obesity is believed to involve primarily muscle and 

liver, with increased adipocyte-derived FFA promoting triglyceride accumulation in these tissues 

(Perseghin et al., 2003). Insulin resistance has repeatedly been associated with increased 

adipose tissue mass (de Mutsert et al., 2018).  

2.1.6 Inflammation  

Inflammation is a physiological reaction of an organism to harmful, biological, chemical or physical 

stimuli (Kotas & Medzhitov, 2015). The response sometimes restores normal function of 

homeostasis, otherwise the inflammatory process persists, and a state of chronic inflammation is 

induced (Kotas & Medzhitov, 2015). Circulating mediators of inflammation are secreted directly 

from adipocytes and adipose tissue-derived macrophages (Berg & Scherer, 2005). Some 

environmental factors, such as smoking (McEvoy et al., 2015) and obesity (Cottam et al., 2004; 

Esser et al., 2014) have long been recognised as promoters of inflammation and disease 

development. One common distinctive feature of obesity, T2DM and MetS, is excessive 

production of inflammatory mediators, including eicosanoids and cytokines (Bertoni et al., 2010; 

de Luca & Olefsky, 2008). A number of studies (Hak et al., 1999; Lasselin et al., 2013; Visser et 

al., 1999) have found that increased BMI and adipose tissue correlate with increases in systemic 

circulating levels of inflammatory proteins such as hs-CRP, IL-6 and TNF-α. Prolonged 

inflammatory states significantly influence the development T2DM, insulin resistance and MetS 

(Bertoni et al., 2010; de Luca & Olefsky, 2008; Donath & Shoelson, 2011; Esser et al., 2014). 

Raised hs-CRP has been associated with an increased risk of myocardial infarction (MI), 

cerebrovascular disease, peripheral arterial disease and coronary heart disease (CHD) death in 

apparently healthy men and women (Berg & Scherer, 2005; Wennberg et al., 2012). Therefore, 
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inflammatory markers such as hs-CRP and IL-6 plasma levels may be of prognostic value to 

explain the effect of obesity on MetS, T2DM and CVD risk (Esser et al., 2014; Guarner & Rubio-

Ruiz, 2015).  

2.2 Non-modifiable and behavioural risk factors for obesity 

2.2.1 Early life programming and genetics 

Early life programming is the developmental origins to disease and health, especially NCDs in 

later life (Barker & Fall, 1993; Cooper et al., 1994; Crowther et al., 1998; Levitt et al., 2000). Early 

epidemiological studies, steered by Barker (1989), verified a relationship between birth-weight 

and risk of death due to ischemic heart disease in adulthood. This led to the “Barker hypothesis”. 

The hypothesis postulates that adverse environmental exposure during prenatal life induces 

developmental adaptations that result in the increased risk of glucose intolerance, hypertension, 

T2DM, insulin resistance, and obesity in middle and old age (Barker, 1990; Hales et al., 1991; 

Phillips et al., 1994; Ravelli et al., 1999). The environment also predisposes epigenetic processes 

of gene expressions, which play a key role in the developmental programming of disease 

conditions in adulthood (Dolinoy, 2007). 

Research on early life programming and genetics by Bouchard and colleagues (1991) reported 

that approximately 75% of the variation in percentage adipose tissue and total fat mass are 

determined by culture and lifestyle, whereas 25% can be attributed to genetic factors (Bouchard, 

1991; Bouchard et al., 1990). There are other estimates that indicate that up to 80% of the 

variation could be attributable to genetic influences (Faith et al., 1999). Single or multiple gene 

effects may directly cause overweight and obesity in some individuals, but this does not seem to 

be the crucial determinant in the majority of people. Genes involved in weight gain probably 

increase the susceptibility of an individual to the development of obesity when exposed to an 

adverse environment (Grundy, 1998).  

Levitt and colleagues (2000) investigated the association between low birth weight and metabolic 

conditions in young, non-obese, urban South African adults with a high prevalence of both NCD 

and low birth weight. Authors found that small size at birth in full-term pregnancies was linked to 

the successive programming of the major features of the MetS, i.e. impaired glucose tolerance, 

increased blood pressure, dyslipidaemia and increased mortality from CVD. The link between low 

birth weight and adult glucose intolerance and blood pressure elevation occurs in young adults in 

a high risk, disadvantaged population despite a lack of full catch-up growth (Levitt et al., 2000). 

In a separate study, Levitt and colleagues (2005) followed up 20-year-olds among women of 
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mixed ancestry who had low birth weight and observed that “foetal origins” manifestation of the 

chronic diseases phenotype is not dependent on birth weight alone, but, also on its interaction 

with fat accumulation (Levitt et al., 2005). Despite great advancement in science regarding 

maternal nutritional status and infant health and disease risk, data are still lacking in Africa, and 

more research on the mechanisms behind “Barker hypothesis” and its relationship to chronic 

diseases in later life needs to be made clear.  

2.2.2 Dietary intake  

Poor diet is believed to be an important modifiable cause of poor health in the world (Di Cesare 

et al., 2013; Micha et al., 2014). By 2020, diet will likely contribute to approximately 75% of all 

deaths from heart disease, T2DM, obesity, and cancer (Micha et al., 2014). High intakes of 

energy-dense foods, carbohydrates and fat increase the risk of obesity (Crino et al., 2015; 

Dehghan, 2017; Fogelholm et al., 2012). Horton and colleagues (1995) studied the effect of fat 

and carbohydrate overfeeding in humans and different effects on energy storage. They concluded 

that excess dietary fat is stored with very high efficiency (Hill et al., 2000; Horton et al., 1995). 

Dehghan and colleagues (2017) recently investigated the association of fat and carbohydrate 

intake with CVD and mortality in 18 countries from five continents. In this study, a high 

carbohydrate intake (at least 60% of energy) especially from refined sources (such as white rice 

and white bread), was associated with an unfavourable effect on total mortality, especially in black 

Africans, whereas saturated and unsaturated FAs were related to lower risk of total mortality and 

stroke (Dehghan, 2017). Interestingly, they also reported that a high carbohydrate diet is typically 

accompanied with low fat intake (Dehghan, 2017). Black African diets, particularly in rural areas, 

are often very rich in unrefined carbohydrates and low in fat (Freese et al., 2015). 

A study of 1 950 black South African men and women in the North West Province reported that 

total dietary FA intakes were positively associated with higher BMI, TC, LDL-C, and triglyceride 

(Richter et al., 2014). Similarly, dietary intakes of total fat, SFA, n−6 PUFAs, LA, AA, EPA, and 

DHA expressed as percentage energy were associated with obesity in black and white women in 

South Africa in the greater Cape Town area (Joffe et al., 2014). The conventional sources of SFAs 

among South Africans include coconut, palm kernel, and palm oils, as well as animal and dairy 

fat, and processed products made with these fats and oils (Smuts & Wolmarans, 2013). Sources 

of PUFAs are mainly from sunflower and soybean oil, and products made from these oils (e.g. 

soft type margarines, mayonnaise and walnuts) MUFA intake is mainly derived from meat and 

vegetable oils (Smuts & Wolmarans, 2013). The increased consumption of sugar has been 

associated with an increased risk of NCDs in a group of black South Africans (Vorster et al., 
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2014). A recent review and meta-analysis concluded that free sugars and sugar-sweetened 

beverages were positively associated with increased body weight (Te Morenga et al., 2013). 

Unfortunately, sugar consumption has increased in South Africa, even reaching the inaccessible 

rural parts of the country (Vorster et al., 2014), increasing the prevalence of obesity. Generally, 

the change in the direction to higher energy intake of animal-based dietary products and fat at the 

expense of lower plant-based proteins and starchy foods as well as lower intake of fibre, may well 

intensify the risk of NCD in black South Africans (Wentzel-Viljoen et al., 2018). 

2.2.3 Physical activity   

Physical activity is documented and generally accepted as primary prevention of chronic diseases 

and lowered risk of all-cause mortality (Cavanagh et al., 1998; Kruk, 2007). It is also widely used 

as treatment and rehabilitation of patients (Thompson et al., 2003). Furthermore, physical activity 

has beneficial effects on a person’s psychological health and well-being (Fox, 1999; Gunnell et 

al., 2014).  

Regardless of the benefits of regular physical activity, the proportion of sedentary adults in the 

world is approximately 31% and increasing (Hallal et al., 2012). Physical inactivity has been 

documented as an epidemic (Kohl et al., 2012). It is identified as the fourth leading cause of death 

responsible for more than three million preventable deaths globally (Lee et al., 2012), as well as 

a risk factor for NCDs and reduced life expectancy (WHO, 2009). Physical inactivity is partly 

responsible for the global increase in obesity and NCDs (Church et al., 2011; Lee et al., 2012; Ng 

et al., 2014).  

In South Africa, there are indications of the protective role of physical activity in the development 

of obesity and associated co-morbidities (Kruger et al., 2003), and these are reported as a 

modifiable risk factor for the development of hypertension (Kolbe et al., 1999). On the other hand, 

physical inactivity in South Africa is reported as a growing problem in adults and even adolescents 

(Joubert et al., 2007; Micklesfield et al., 2014). The Transition and Health during Urbanization of 

South Africa study showed that physical inactivity was a principal determinant of obesity in adult 

black women of the North West Province (Bourne et al., 2002; Kruger et al., 2002). A study in a 

peri-urban community in the Western Cape also reported T2DM to be associated with physical 

inactivity (Levitt et al., 1993). Physical inactivity was also associated with some CVD risk factors 

in overweight women, including high mean SBP, TC and LDL-C in rural and urban communities 

(Kruger et al., 2003).  
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2.3 Circulating fatty acids  

2.3.1 Introduction  

Fatty acids are components of complex lipids and are found in the human diet, bloodstream, cells 

and tissues (FAO, 2008). They perform a number of key roles in metabolism and are essential 

structural components of all membranes, as well as gene expression regulators (Burdge & Calder, 

2015). The FAs absorbed from the diet act to influence cell and tissue metabolism, function and 

responsiveness to hormonal and other signals, finally influencing health and disease risk (Calder, 

2015).  

The quality of fat is generally quantified by the relative content of SFA, MUFA, and PUFA, 

including the proportion or amount of essential PUFA of the n−6 and n−3 families; that is, LA and 

ALA, as well as the proportion or amount of their LC-metabolites, AA, EPA and DHA (Das, 2006; 

FAO, 2008). The array of FAs that are universally present in the human diet is also found in 

human tissues.  

Some FAs such as high proportions of PA, POA, and dihomo-γ-linolenic acid (DGLA, C20:3n-6), 

and a low proportion of LA, AA, EPA and DHA, negatively impact metabolic diseases (Bhagat & 

Das, 2015) such as obesity, T2DM, hypertension and inflammatory diseases, insulin resistance, 

metabolic syndrome and CVDs (Chalut-Carpentier et al., 2015; Galli & Calder, 2009; Hodge et 

al., 2007; Lottenberg et al., 2012; Rasmussen et al., 2006). On the other hand, other FAs such 

as MUFAs are protective of MetS and CVD risk factors (Gillingham et al., 2011). Also, n–3 PUFAs 

have been shown to improve body composition and counteract obesity-related metabolic changes 

through mechanisms such as; lipid metabolism modulation; alleviation of adipose tissue 

inflammation and promotion of adipogenesis amongst other mechanism(Albracht-Schulte et al., 

2018).  

The longer-chain metabolites of ALA and LA are precursors for the formation of hormone-like 

substances known as lipid mediators or eicosanoids that influence and regulate key physiological 

functions including vasodilation and vasoconstriction, blood fluidity and platelet aggregation, 

inflammatory responses, cell proliferation and pain inhibition and transmission (Bagga et al., 

2003; Patterson, 2012). Very high intakes of n−6 PUFAs lead to increased synthesis of AA from 

LA and trigger the eicosanoid metabolic products from AA to contribute to the development of 

pro-inflammatory disorders, shifting the physiological state to that of pro-inflammatory (Fritsche, 

2008; Patterson, 2012). However, studies show that individuals consuming high levels of LA had 

the lowest inflammatory status. Also, recent findings suggest that LA and AA are involved in both 
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pro- and anti-inflammatory signalling pathways. Thus, the evidence does not support reducing LA 

intake below current consumption levels (Fritsche, 2008). 

The n−6 PUFAs may increase the risk of metabolic diseases because they may compete with 

n−3 PUFA for incorporation into target tissues and desaturation enzymes to produce inflammatory 

eicosanoids (Schmitz & Ecker, 2008; Simopoulos, 2002). The opposing effects of n−3 and n−6 

PUFAs have been shown to be a major influence on health, and impact the pro-inflammatory, 

thrombogenic and anti-inflammatory and anti-thrombotic state, respectively (Simopoulos, 1999; 

Schmitz & Ecker, 2008; Simopoulos, 2008). Furthermore, the function and numerous cellular 

processes such as cell death and survival are significantly influenced by the n−6/n−3 PUFA ratio 

content of cell and membranes (Schmitz & Ecker, 2008). 

Consumption of n–3 LC-PUFAs (DHA and EPA) and ALA is suggested to afford benefits for both 

primary and secondary prevention of cardiovascular disease (Adkins & Kelley, 2010). The n–3 

PUFAs, from diet and circulation, both act directly, by replacing arachidonic acid as an eicosanoid 

substrate, inhibiting arachidonic acid metabolism and increasing anti-inflammatory resolvins. 

Consequently, n–3 LC-PUFAs are useful anti-inflammatory agents and have benefits in patients 

at risk of various acute and chronic inflammatory disorders (Calder, 2006). 
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Figure 2-3 The n−3 and n−6 fatty acid metabolism pathways with desaturase and 
elongase (Tosi et al., 2014) (PUFA = polyunsaturated fatty acids). 

2.3.2 Biomarkers of fatty acids  

FA levels have been tested in blood and lipid fractions as well as tissues and are reflective of 

dietary intake (Hodson et al., 2008). Lipid pools most often described in the literature for the 

depiction of FAs include plasma phospholipids, plasma cholesteryl esters, plasma 

triacylglycerols, total plasma lipids, erythrocyte and platelet lipids, as well as subcutaneous 

adipose tissue from the abdomen or buttock (Hodson et al., 2008). Different studies have used 

different lipid pools, including erythrocytes (Dai et al., 2016; Wang, 2016; Knoll et al., 2011; 

Shearer et al., 2009), plasma phospholipids (Lauritzen & Hellgren, 2015; Lemaitre et al., 2015), 

cholesteryl esters (CE) (Kurotani et al., 2012; Van Woudenbergh et al., 2012), plasma (Kawabata 

et al., 2011; Stark et al., 2016), and adipose tissue (Cespedes et al., 2015; Dahm, 2011; 

Jakobsen, 2017) to investigate the association with various health and disease conditions.  
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Circulating FA levels reflect dietary intake, endogenous metabolism, including de novo 

lipogenesis (DNL) and FA desaturation as well as elongation (Baylin & Campos, 2006). The 

phospholipid and cholesteryl ester fractions of lipoprotein particles represent the dietary fat quality 

of shorter periods, i.e. few days and weeks, whereas FA levels in adipose tissue reflect long-term 

intake (Hodson et al., 2008). Fasting whole blood is recommended as a suitable biomarker of 

EFA status in epidemiological studies, since it is readily accessible, requires minimal sample 

processing time, and can predict intake more accurately compared to plasma (Baylin et al., 2005). 

Triglycerides and phospholipids are some of the different types of lipids found in the body. 

Triglycerides are esters, containing a single glycerol molecule which is attached to three FA 

molecules. Phospholipids are a derivative of triglycerides and are the main structural constituent 

of the cell membrane (Martini, 2010).  

 

Figure 2-4 Phospholipids are a derivative of triglycerides and are the main structural 

constituent of the cell membrane adopted from (Martini, 2010). 

Specific FAs have been used as dietary biomarkers. Its use as a biomarker is only possible when 

two conditions are satisfied. That is, when the food item is the primary source of the FA and if this 

specific FA is stable in the test food group or sampling medium. An example of such is 

pentadecanoic acid (15:0) and heptadecanoic acid (17:0), present in milk (Wolk et al., 1998), and 

the n–3 PUFAs, EPA and DHA conventionally derived from marine sources (Hjartåker et al., 1997; 
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Kobayashi et al., 2001). Nevertheless, they may not always accurately reflect absolute intake 

because FA concentration is transformed by endogenous metabolism (Arab, 2003). Certain FAs 

such as LA, EPA and DHA provide a better reflection of dietary intake, while SFA and MUFA 

provide a less sensitive estimate of dietary intake because of endogenous metabolism (Arab, 

2003; Hodson et al., 2008). However, the use of biomarkers may provide a more valid estimation 

of dietary intakes (Arab, 2003; Baylin & Campos, 2006) since traditional methods of dietary 

assessment such as QFFQ and 24hr recall are prone to errors as well as under- or over-reporting 

of energy intake (Markussen et al., 2016; Subar et al., 2015).  

2.3.3 Factors influencing fatty acids in circulation  

The pattern of FA consumption is affected by several factors, including climate, dietary patterns, 

season, ageing, geographical locations and availability, and cultural and religious practices. The 

quantities and quality of fat in the diet are further affected by processing, storage and cooking 

methods (Calder, 2015; Smuts & Malan, 2016). Black African diets, especially in rural areas, are 

often very rich in unrefined carbohydrates, vegetables and fruit, with high consumption of legumes 

and fruit and low in fat (Freese et al., 2015; Pretorius & Sliwa, 2011). In urban areas, the diets are 

replaced by highly refined carbohydrate sources, increased consumption of processed and 

convenience foods and the diet lacks the variety of essential nutrients (Govender et al., 2016; 

Pretorius & Sliwa, 2011). Very low intakes of dietary fat might compromise the sufficient intake of 

EFAs (Freese et al., 2015). On the other hand, increased consumption of high LA foods and oils, 

combined with reduced intakes of ALA, could lower the total n−3 LC-PUFA status. The latter FA 

dietary pattern is typical of rural black South Africans with generally low dietary fat intake (Richter 

et al., 2014).  

The proportions of n−3 and n−6 PUFA in tissues and cells are modified by the dietary intake, 

activities of the enzymes including desaturases and elongases that are needed for LC-PUFA 

synthesis, as well as the enzymes that incorporate FA into lipid particles (Hodson et al., 2008; 

Tosi et al., 2014). Blood and tissue levels of the EFAs (LA and ALA) in addition to their biologically 

active LC-PUFA derivatives, are influenced not only by diet, but to a large extent also by genetic 

variants common in European and Canadian populations. Consequently, relative to genetic 

variants, population sub-groups may differ in requirements of dietary PUFA or LC-PUFA intakes 

to achieve comparable biological effects. (Glaser et al., 2010; Smith et al., 2015). 

Circulating FAs reflect dietary intake; however, the associations of particularly circulating SFAs 

and MUFAs with dietary SFAs and MUFAs are weak (Volk et al., 2014). Nevertheless, most 

dietary FAs can be synthesized de novo; thus, their source of origin is inconclusive. Also, the 
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extent to which individual exogenous FAs reflect total dietary fat intake is unknown (King et al., 

2006). Carbohydrate diets have been shown to significantly influence plasma levels of SFAs, as 

opposed to dietary saturated fat intake (Forsythe et al., 2008; Volk et al., 2014). In a study that 

investigated an isocaloric carbohydrate restricted high saturated fat diet compared to a 

carbohydrate-restricted diet high in unsaturated fat on plasma SFAs, they reported that a low 

carbohydrate diet with a high SFA content failed to influence plasma SFA levels (Forsythe et al., 

2010). Also, Cassady et al. (2007), found that plasma PA and SA were not dependent on 

saturated fat content of a carbohydrate-reduced diet high in SFAs and PUFAs. Reduced plasma 

levels of SFA in response to diets that contained higher levels of SFAs and lower carbohydrate 

than standard intakes was observed in two controlled studies (King et al., 2006; Raatz et al., 

2001). Proportionally, POA is the most responsive FA to carbohydrate overfeeding (Aarsland & 

Wolfe, 1998) and it drops swiftly when carbohydrate is limited to less than 50 g/day (Forsythe et 

al., 2010; Forsythe et al., 2008). There is reliable evidence that plasma SFA correlates poorly with 

dietary saturated fat, but SFA levels in plasma is enhanced with a high carbohydrate diet (Volk et 

al., 2014). 

A randomised, controlled, dietary intervention trial study compared FA changes in red blood cells 

(RBC), plasma phospholipids, and cholesterol esters in response to a low-fat diet and a moderate-

fat diet and the baseline diets of women randomly assigned to both the controlled diets. The levels 

of individual and total FAs increased and decreased accordingly in relation to the FA pool. 

Saturated FAs, MUFA, n-6 LC-PUFAs, as well as exogenous FAs greatly differed in their 

response to the low-fat diet and a moderate-fat diet (King et al., 2006). Plasma phospholipid levels 

of PA, SA and total SFAs were not affected by both low and moderate fat diets, whereas the 

levels of behenic and lignoceric acids decreased in low-fat diet and increased in moderate fat diet 

accordingly. For MUFAs, only POA showed a marked increase as compared to all other MUFAs 

in the low-fat diet and decreased levels in moderate fat diet, while total MUFAs showed minimal 

change in levels (King et al., 2006). In addition, the consumption of a low-fat diet also promotes 

an increase in n-3 LC-PUFAs levels and a decrease in the total n-6 LC-PUFAs content of plasma 

phospholipid FAs (King et al., 2006; Raatz et al., 2001).  

Sex and ageing influence FAs concurrently. Certainly, dietary habits can be quite different 

according to age, ethnic origin and lifestyle (Centritto et al., 2009; Waijers et al., 2006). Ageing 

may influence circulating EFAs (LA and ALA) due to poor nutritional status impacted by changes 

in dietary intake experienced in this stage of life (Leslie & Hankey, 2015). The diet of the elderly 

is impacted by reduced energy expenditure, physiological changes, anorexia due to ageing and 

pathological changes (Leslie & Hankey, 2015). Mean serum LA, ALA, total n−6 EFA, as well as 
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delta 6 desaturase (D6D) function were shown to decrease in both elderly women and men due 

to ageing (Lohner, 2013; Sfar et al., 2010). Similarly, the sex differences in FA status can be 

explained by hormonal and physiological changes caused by ageing and dietary habits, which 

may influence the composition of plasma FAs (Lohner, 2013). Sex differences in the synthesis of 

n–3 LCPUFA from ALA may contribute to higher circulating levels of DHA seen in women than in 

men (Lohner, 2013). Other factors such as desaturase enzyme activity, health and disease 

conditions, and genetic features may alter the inter- and intra-individual biological variations of 

the actual FA measured in the plasma (Glaser et al., 2010; Smith et al., 2015; Tosi et al., 2014). 

Absolute amounts of FAs in circulation are also affected by other FAs in the same medium. This 

is because FAs are expressed as a percentage of total FAs; as levels of one FA increase, the 

levels of the other FAs are affected (Baylin & Campos, 2006). Other factors that affect the FAs in 

circulation are BMI, use of supplements such as fish oil capsules, micronutrient deficiencies, 

disease conditions such as malabsorption, liver cirrhosis, diabetes and laboratory procedures 

(Arab, 2003). Dietary intake and metabolism remain the principal contributors to plasma FAs 

status (Arab, 2003; Baylin & Campos, 2006). 

Hepatic DNLis an endogenous pathway for the synthesis of fat from excess carbohydrates and 

protein into SFAs and MUFAs (Chong et al., 2008). A high-carbohydrate feeding upregulates DNL 

and leads to unfavourable changes in metabolic traits in humans (Chong et al., 2008; Hellerstein, 

1999). The key saturated and monounsaturated FAs products of DNL synthesis include PA and 

SA, POA, oleic acid (OA, C18:1n-9), cis-vaccenic acid (C18:1n-7), MA and 7-hexadecenoic acid 

(C16:1n-9), as shown in Figure 2-4 (Wu et al., 2011). Even though these FAs are also consumed 

in the diet, endogenous synthesis appears to contribute considerably to their circulating levels 

(King et al., 2006; Raatz et al., 2001; Siler et al., 1999). In addition, higher carbohydrate and 

protein intake and alcohol use were independently associated with higher levels of PA, POA and 

cis-vaccenic acid in free-living adults (Wu et al., 2011). Circulating levels of FAs in the DNL 

pathway have been linked to the risk of several major CVD cardiometabolic conditions, including 

T2DM (Hodge et al., 2007; Wang et al., 2003), CHD (Simon et al., 1995; Warensjö et al., 2008; 

Wu et al., 2011) and hypertensive heart failure (Yamagishi et al., 2008).  
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Figure 2-5  De novo fatty acid synthesis, modified from Wu et al., (2011).  

2.3.4 Fatty acids in association with obesity    

Obesity is a major risk factor for several conditions, including liver, cardiac, pulmonary, endocrine 

and reproductive system, and the development of obesity-related disorders is associated with 

lipid abnormalities (Mika & Sledzinski, 2017). Recent trials suggest that certain types of fats are 

associated with abdominal obesity (Alsharari et al., 2017). SFAs are largely reflected as harmful 

to health. However, the literature on SFAs being a risk factor for various CVD is mixed, with many 

studies showing no clear effects, emphasising a need for further investigation of these outcomes 

(Micha & Mozaffarian, 2010). Perreault et al. (2014) documented that serum SFAs and TFAs are 

associated with obesity, and the presence of MA and SA predominantly predisposes to 

concomitant inflammation; however, odd-chain FAs (OCFAs) may exert beneficial biological 

effects on health (Perreault et al., 2014). A study that investigated the association of serum 

phospholipids with adiposity reported positive correlations of total SFAs with BMI in men 

(Yammine et al., 2018). Also, plasma levels of total SFAs, MA and PA were higher in obese as 

compared to normal weight counterparts in a selected group of Turkish participants (Yerlikaya et 

al., 2011). A recent study examined the relationship between BMI and plasma phospholipid FA 

composition in men aged between 48 and 65 years and reported higher levels of PA and SA in 
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obese Caucasians in the USA (Pickens et al., 2015). Other studies have also reported the positive 

association of SA with obesity (Patel et al., 2010; Zong et al., 2013), and PA in both cholesterol 

esters and phospholipids was positively associated with specific adipose tissue content (Rosqvist 

et al., 2017). Furthermore, plasma concentrations of SA were positively associated with risk of 

total mortality in men and women in a prospective study in the USA (Fretts et al., 2016).  

Several studies have investigated the association of short and medium chain FAs with obesity. 

However, recently, VLC-SFAs are gaining interest in association with obesity and related risk 

factors. Lemaitre and colleagues (Lemaitre et al., 2018) described plasma levels of circulating 

sphingolipids with VLC-SFA in association with type 2 diabetes in American Indians with normal 

BMI followed for up to 5.4 years. Higher levels of stearic, arachidic, behenic and lignoceric acids 

were prospectively associated with lower fasting insulin in participants with normal BMI; however, 

at very high BMI status, higher concentrations of these FAs were associated with higher insulin 

levels (Lemaitre et al., 2018). The association of stearic, arachidic, behenic and lignoceric acids 

with insulin in this population was highly dependent on BMI categories (Lemaitre et al., 2018). In 

an earlier study, Leimatre and colleagues (Lemaitre et al., 2015) reported the association of 

arachidic, behenic and lignoceric acids in plasma phospholipids with the risk of diabetes in older 

adults. In analyses classified by three classes of BMI, the association of these FAs indicated a 

markedly lower risk of diabetes among participants with normal BMI (Lemaitre et al., 2015). Fretts 

and colleagues (Fretts et al., 2016) described a lower risk of the cause of mortality with stearic, 

behenic and lignoceric acids in plasma phospholipids in older adults. However, they lacked 

evidence of association of behenic, lignoceric as well as PA and SA with BMI (Fretts et al., 2016). 

Mika et al. (2016) conducted a comprehensive study of SFAs in serum. Lower levels of stearic, 

arachidic, behenic and lignoceric acids were recorded in participants with excess weight, whereas 

levels of MA and PA were lower compared to the controls (Mika et al., 2016). In a study in the 

USA, VLC-SFAs in plasma were correlated with favourable profiles of CVD risk markers and 

significantly associated with a lower risk of CHD incidence in men and women in the USA after 

adjustment for age, smoking, alcohol use, BMI, and dietary intake (Malik et al., 2015). Further 

research is recommended to explain the mechanisms fundamental to the observed results (Malik 

et al., 2015). 

Warensjo et al. (2006) reported positive correlations of proportions of POA in serum cholesteryl 

esters with markers of obesity in men and women. Higher plasma levels of POA were associated 

with higher WC in healthy men in France and were therefore considered a marker of abdominal 

obesity (Paillard et al., 2008). A positive correlation of POA with BMI was reported in Lebanese 

adults (Yammine et al., 2018) and higher plasma levels of POA were observed in obese 
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participants (Yerlikaya et al., 2011). Furthermore, POA in plasma phospholipids was positively 

associated with BMI in men and women in different geographical locations (Aglago, 2017; Pickens 

et al., 2015). A study that investigated POA in phospholipids with the risk of metabolic 

abnormalities reported independent associations of higher levels of POA with higher BMI and 

greater WC in men and women followed up between 1992 and 2006 (Mozaffarian D et al., 2010). 

Gong et al. (2011) also observed a positive association between the adipose tissue concentration 

of POA and BMI in 1 926 adults from Costa-Rica. POA is nearly absent in typical dietary intake 

but is the main product of desaturation from PA through the stearoyl-CoA desaturase-1 (SCD-1) 

activity in the liver and adipose tissue (Paillard et al., 2008). Furthermore, OA can also be 

synthesised de novo in the liver by SCD-1 activity and has been shown to influence utilisation and 

storage of fat in mouse models (Burhans et al., 2015). Cis-vaccenic acid in serum phospholipid 

has been inversely associated with obesity (Aglago, 2017).  

Omega−3 and n−6 FAs may prompt opposing effects (Schmitz & Ecker, 2008). Specifically, 

linoleic acid (LA, C18:2n6) competes for the same metabolic enzymes as ALA, and increased 

dietary intake of main n–3 PUFAs, including ALA may be a worthy approach to decrease 

elongation of n–6 FAs leading to reduced plasma AA (Barceló-Coblijn & Murphy, 2009). DHA 

must be acquired in the diet, but can also be synthesised within the body from ALA (Domenichiello 

et al., 2015). Another observational study that considered total plasma n–3 PUFAs, in free-living 

men and women in Australia, reported that BMI, WC and hip circumference were inversely 

correlated with plasma levels of total n–3 PUFA, as well as EPA and DHA in the obese group. In 

addition, obese individuals had significantly lower plasma concentrations of total n–3 PUFA 

compared to normal-weight individuals (Micallef, 2009). Furthermore, both DHA and n–3 index 

(EPA + DHA) in erythrocytes correlated inversely with BMI, WC and body fat in women, and 

docosapentaenoic acid (DPAn–3, C22:5n-3) correlated inversely with body fat in men in a cross-

sectional study (Howe, 2014). A study investigating the association of abdominal obesity in older 

women reported inverse associations of ALA and LA in serum cholesteryl esters with abdominal 

obesity in a recent cross-sectional study of 60-year-old men and women (Alsharari et al., 2017). 

However, EPA was not associated with abdominal obesity as expected in this same study 

(Alsharari et al., 2017). A recent study showed that LA in plasma was inversely associated with 

WC and body fat (Li et al., 2018) from the Irish National Adult Nutrition Survey, while total n–6 

and n–3 PUFAs, also in plasma, were inversely associated with body fat in elderly men and 

women in Oslo, Norway (Vinknes, 2013). A 10-year longitudinal study in the USA involving older 

adult men and women reported inverse associations between plasma phospholipid levels of total 

n–3 PUFAs and baseline BMI (Hastert, 2018). In the Women’s Health Study, baseline erythrocyte 
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n−3 FAs were inversely associated with weight gain over 10.4 years in healthy normal-weight 

women (Wang, 2016).   

Obesity studies also propose that an increased intake of n−3 LC-PUFAs, ALA, EPA, and DHA, 

could reduce the risk of CVD, and could have potential anti-obesity properties (Abete et al., 2011; 

Mozaffarian & Wu, 2011). Thorsdittor and colleagues (2007) reported more than 1kg of weight 

loss after supplementation of n−3 PUFAs from seafood and fish oils in 20- to 40-year-old adults 

from Spain and Ireland. Within four weeks, there was more weight loss in the group that had the 

fish oil supplement compared to a similar diet without seafood or supplement of marine origin 

(Thorsdottir, 2007). Similarly, Parra and colleagues (2008) also reported successful weight loss 

with a diet high in n−3 LC-PUFAs. The n−3 LC-PUFAs intake modulated postprandial satiety in 

overweight and obese volunteers, thus improving weight loss. Similarly, weight loss was achieved 

in obese females who received a three-week controlled inpatient treatment with n−3 LC-PUFAs 

and very low calorie diet as compared to the control group that had only very low calorie diet 

(Kunesova, 2006). However, the number of participants was very low (n=27). Krebs et al. (2006) 

reported successful weight loss of up to 10%; however, very high doses of n−3 LC-PUFAs were 

used, and this is not achievable through typical dietary intake. All these studies concluded that 

n−3 FA supplementation (EPA+DHA) reduced body weight in lean, overweight and obese 

individuals (Krebs, 2006; Kunesova, 2006; Parra, 2008; Thorsdottir, 2007). However, all these 

studies reported restricted energy intake, which may also significantly influence weight loss (de 

Souza et al., 2012; Harvie et al., 2013). Nevertheless, there is very little information regarding the 

effects of n−3 LC-PUFA on body composition (Buckley, 2010). Further research on the 

association between n−3 LC-PUFA and body composition is recommended. 

In contrast, Warensjo et al. (2006) reported a positive association of EPA in serum lipids with 

obesity in the Swedish Longitudinal Study of Adult Men. A very recent study that investigated the 

association of serum cholesteryl esters and phospholipids in association with visceral and 

subcutaneous adipose tissue content in elderly persons also reported positive associations of 

EPA and DHA with an accumulation of body fat (Rosqvist et al., 2017). These discrepancies in 

results may be due to the convergent properties of n−3 and n−6 FAs (Simopoulos, 2016b). 

Nevertheless, a high intake of LA has been shown to increase the endogenous synthesis of AA, 

which, in turn, reduces the endogenous synthesis of LC-PUFAs from ALA (Patterson, 2012; 

Simopoulos, 2016b). High intakes of LA were reported in this same study (Warensjo, 2006). 

Pickens et al. (2015) reported higher plasma phospholipid levels of DGLA in overweight and 

obese individuals. Furthermore, positive associations of serum phospholipid DGLA with BMI, as 
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well as total n–6 PUFAs with waist-hip ratio were also documented in a study of Mexican women 

(Aglago, 2017). The examination of serum cholesteryl ester FAs with obesity in Swedish men and 

women reported positive associations of DGLA, AA, and γ-linolenic (GLA, C18:3n-6), and inverse 

associations of LA with markers of obesity, including WC, BMI and sagittal abdominal diameter 

(Warensjo, 2006). However, when they adjusted for BMI in the sex-specific analysis, a positive 

association between LA and sagittal abdominal diameter was found in men (Warensjo, 2006). 

Furthermore, total n–6 PUFAs in plasma were inversely associated with body fat in elderly men 

and women (Vinknes, 2013). LA in both cholesterol esters and phospholipids was inversely 

associated with all body fats, whereas PA was associated with specific adipose tissue content 

(Rosqvist et al., 2017). In a prospective study, significant positive associations of total n−6 PUFAs 

as well as DGLA, LA, and GLA with weight gain were recorded at 10.4 years follow-up (Wang, 

2016). Similarly, a longitudinal study reported positive associations of total n–6 PUFAs in plasma 

phospholipids with baseline BMI, as well as of total n–6 PUFAs with an increased change in BMI 

over time (Hastert, 2018). 

Furthermore, animal studies report that a high intake of n−6 and n−6/n−3 PUFAs ratio promotes 

fat accumulation in white adipose tissue, abdominal obesity as well as chronic inflammation, 

which are distinctive features of obesity whereas, n−3 PUFAs are protective of cardio-metabolic 

risk factors (Alarcon et al., 2016; Nuernberg et al., 2011).   

In summary, there is varied evidence for the perception that obesity is associated with dietary and 

circulating FAs in various lipid pools as well as the difference in geographical regions, different 

dietary patterns, creating some inconsistency in the literature. Plasma FA levels are a complex 

reflection of metabolism, influenced by dietary intake, climate and seasons affecting food supply, 

ageing and geographical locations, processing, storage and cooking methods and further 

influenced by cultural and religious dietary practice. Several factors play a role in aetiology of 

obesity. However, FA biomarkers is an emerging field with great potential in understanding 

biological characteristics of obesity. Obesity is associated with alterations of many specific lipid 

compounds, and these may serve as markers of obesity-related metabolic disorders. Further 

studies addressing all these issues are reasonable and may provide more information to support 

existsing policies and public helath strategies on fats and FA recommendations.  

2.3.5 Fatty acids in association with metabolic conditions  

The adverse metabolic effects of obesity may in part be facilitated by disorders of lipid metabolism 

(Kazdova, 2015).  
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The results from the Prevención con Dieta Mediterránea study reported higher plasma levels of 

the saturated FAs MA and PA in subjects presenting with MetS as compared to non-MetS 

participants (Mayneris-Perxachs et al., 2013). Women with MetS had higher plasma levels of MA 

than men with MetS (Mayneris-Perxachs et al., 2013). Another study that investigated the 

relationships between plasma phospholipids and MetS in Chinese subjects reported inverse 

associations of MA and PA with MetS in both men and women (Huang et al., 2010). In a different 

study, MA, PA and SA in plasma were positively associated with MetS, while longer-chain SFAs, 

arachidic acid, behenic acid and lignoceric acids were inversely associated in men and women 

from Taiwan (Yang et al., 2018). Another study also reported lower levels of plasma behenic and 

lignoceric in MetS participants (Yamazaki et al., 2014).   

Studies also showed associations between MUFAs and metabolic risk. Higher plasma levels of 

POA were associated with multiple metabolic risk factors in men and women (Mayneris-Perxachs 

et al., 2013; Mozaffarian D et al., 2010). In a study that investigated plasma FA composition in 

men with abdominal obesity or MetS showed that the MetS group had higher levels of POA and 

OA than the control (Kawashima et al., 2009). In a two-year intervention study, POA in serum 

FFAs was reported as predictor of MetS in a group of obese subjects (Ni et al., 2015). 

Furthermore, significantly reduced proportions of nervonic acid (C24:1n-9) in serum lipids were 

reported in MetS as compared to non-MetS subjects (Yamazaki et al., 2014). Huang et al. (2010) 

reported inverse associations of total n–3 PUFAs, n−6/n−3 ratios in plasma phospholipids, as well 

as DHA and EPA with MetS (Huang et al., 2010). Furthermore, the n–3 PUFAs in RBCs showed 

inverse associations with MetS in Chinese men and women (Dai et al., 2016). Higher 

concentrations of erythrocyte DHA were associated with lower odds of MetS, whereas higher 

concentrations of ALA were associated with increased odds among middle-aged and older 

Chinese adults (Zhang et al., 2012). Higher plasma levels of ALA were also observed in men with 

MetS (Kawashima et al., 2009). 

Kabagambe et al. (2008), on the other hand, reported no associations of n–3 PUFAs with MetS. 

Unfortunately, reports in the literature on the association between circulating n−3 PUFAs and the 

presence of MetS are not consistent. Some (Dai et al., 2016; Huang et al., 2010) report inverse 

associations, and Zhang et al. (2012) reported both inverse and positive associations of specific 

n–3 PUFAs, but Kabagambe et al. (2008) reported no association with n–3 PUFAs. The 

disparities in associations in these studies mentioned above may partly be explained by 

differences in sample sizes and low dietary intake possibly affecting circulating levels 

(Kabagambe et al., 2008) as well as the difference in FA medium used. Other confounding 

dynamics that may mask the associations of n–3 PUFAs in human studies include, the quantity 
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and source of n–3 PUFA, proportions of other fatty acids in the n–3 PUFA source, subject 

selection, genetic make-up, living conditions, quality and quantity of daily food intake and others, 

as outlined in this recent review (Huang, 2016). 

Omega−6 PUFAs may increase the risk of metabolic diseases because it may compete with n−3 

PUFAs in desaturation enzymes for incorporation into target tissues and desaturation enzymes 

to produce inflammatory eicosanoids (Simopoulos, 2002). A study in Spain reported higher 

quartiles of LA in plasma to be inversely associated with MetS, and decreased proportions of LA 

were associated with adverse profiles of several metabolic risk factors (Mayneris-Perxachs et al., 

2013). Kabagambe et al. (2008) reported inverse associations of total n–6 PUFAs in erythrocytes 

with MetS. In a prospective study, lower serum levels of n−6 PUFAs was associated with the 

incidence of MetS over 6.4 years in a cohort of Finnish descent (Vanhala et al., 2012). DGLA was 

reported as predictive of MetS in a group of obese subjects (Ni et al., 2015). Another study that 

investigated the association of FFA with the metabolic status of obesity reported higher levels of 

n−6 PUFAs in MUO as compared to the MHO and MHNW. Furthermore, FFAs have also been 

implicated in the pathogenesis of obesity-related insulin resistance, T2DM and CVD (Boden, 

2011).  

In contrast, higher plasma phospholipid levels of total circulating n−6 PUFAs were shown to be 

protective of risk factors for MetS, including both systolic and diastolic BP and plasma triglycerides 

in a multi-ethnic study (de Oliveira Otto et al., 2013). Furthermore, higher serum total n–6 PUFAs, 

LA and AA concentrations were associated with a lower risk of developing MetS after 11 years of 

follow-up in Finnish men (Yary et al., 2016). Kawashima et al. (2011) reported lower plasma levels 

of LA in the MetS group than the control, and Warensjo et al. (2005) reported lower serum LA 

levels at baseline, whereas and DGLA increased in persons who developed MetS after 20-year 

follow-up.   

Further research is recommended to understand the prospective role of n–6 and n–3 PUFAs in 

the development of obesity and MetS (Fekete, 2015), as well as the reason for the differences in 

results from different populations.   

In conclusion, fats and oils influence metabolic health. However, their effect may vary according 

to their precise FA compositions and molecular structures. Some FAs such as LA, PA, and oleic 

acids are consumed in comparatively large quantities; however, others, such as ALA and n-3 LC-

PUFAs (EPA and DHA) are consumed in small quantities yet have potent biologic effects. Also, 

obesity, in particular, abdominal obesity, alters the composition of plasma and tissue FAs, which 

contributes to inflammation and insulin resistance, leading to MetS. Several studies investigating 
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associations of FAs with MetS used different classifications of MetS including, JIS criteria, insulin 

levels, HOMA index and others used circulating levels of adiponectin or C-peptide concentrations 

which currently have no clinically defined biological cut-offs. These differences in biochemical 

parameters used in investigating the association of FAs with MetS provide results that cannot be 

compared across all populations. Standardisation is therefore necessary to enable comparison of 

findings from different studies.  

2.3.6 Estimated desaturases, elongases and stearoyl-CoA-desaturase activity 

Desaturases are important enzymes for human FA metabolism and have been associated with 

dietary intake, metabolic health and obesity (Alsharari et al., 2017; Murakami et al., 2008; 

Vinknes, 2013). The commonly estimated desaturase activities include delta 9 desaturase, also 

known as SCD-1, D6D and delta 5 desaturase (D5D). Elongases are the products of the 

elongation-of-VLC-FAs (Elovl1-6) genes and work concurrently together with desaturases 

enzymes to form LC-FAs in the endoplasmic reticulum (Hodson & Fielding, 2013; Jakobsson et 

al., 2006). Stearoyl-CoA desaturase synthesises MUFAs, POA and OA from PA and SA, 

respectively. The estimated desaturase activities can be assessed as the ratio of FA product and 

precursor of circulating or adipose tissue FAs, according to the following formulas: SCD-16 

(POA/PA), SCD-18 (OA/SA), D6D (GLA/LA), and D5D (AA/DGLA) (Nakamura, 2004). A high 

estimated SCD-16 may both reflect a high intake of SFA, low PUFA and (or) metabolic disorders 

(Saadatian-Elahi et al., 2009). Additionally, D5D and D6D catalyse the synthesis of long-chain 

n−6 and n−3 PUFAs. Decreased D5D and increased D6D activities have been associated with 

the development of abdominal adiposity and increased the risk of diabetes and MetS (Kawashima 

et al., 2009; Warensjo, 2006).  

In obesity studies, D5D activity was negatively associated with abdominal obesity in Japanese 

men (Kawashima et al., 2009). In the Swedish study mentioned at the outset, the increased SCD-

16 and SCD-18 in men was also explained by higher abdominal obesity (Warensjo et al., 2005). 

Similarly, Alsharari and colleagues (2017) also reported the positive association of SCD-1 and 

D6D with abdominal obesity, and D5D was inversely associated with abdominal obesity. 

Kawashima et al. (2009) observed low D5D and high SCD-16 activity to be predictive of the 

development of abdominal obesity compared to controls. SCD-16 and SCD-18 have been 

documented as a marker of abdominal obesity in healthy men (Paillard et al., 2008) and have 

been associated with increased body fat in elderly men and women (Vinknes et al., 2013). 

Furthermore, another study by Warensjo and colleagues (2006) investigating the association of 
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circulating FAs with BMI, WC and sagittal abdominal diameter in obese men and women reported 

positive associations of SCD-16 and D5D with markers of obesity. 

A cross-sectional study that investigated the association of phospholipid FAs with MetS in 50- to 

79-year-old Korean men reported increased SCD-16 and SCD-18 and decreased D5D activities 

in participants with MetS (Kim et al., 2013). Mayneris-Perxachs et al. (2013) reported higher 

estimated activities of SCD-1, and D6D; and decreased activities of D5D were associated with 

adverse profiles of several metabolic risk factors. Strong differences were observed in the 

proportions of several FAs and estimated desaturase activities in adverse profiles of MetS risk 

factors. Women with MetS had higher levels of SCD-16 and D6D, and lower levels of SCD-18 

and D5D than men with MetS (Mayneris-Perxachs et al., 2013). In other prior studies, estimated 

SCD-18 activity did not differ between subjects with and without MetS (Kawashima et al., 2009). 

However, the estimated SCD-16 activity was a predictive factor to develop metabolic syndrome 

from abdominal obesity in Japanese men (Kawashima et al., 2009). Also, in a Swedish cohort, 

the prognostic value of SCD-18 was not significant for MetS in Swedish people (Warensjo et al., 

2005). A Swedish study that followed up men for 20 years found that both SCD-16 and D6D were 

directly associated with the incidence of MetS, and increased D5D activity predicted lower 

incidence even after adjustment for BMI and other lifestyle factors (Warensjo et al., 2005). In 

addition, a longitudinal study that investigated the association of serum FFA ratios with metabolic 

abnormalities in healthy young obese individuals reported that baseline levels of SCD-18 were 

positive predictors, whereas SA/PA ratios and D5D were negative predictors of metabolic 

abnormalities in MHO subjects even after adjusting for age, sex and BMI (Zhao et al., 2016). 

D5D and D6D are well recognised as the main predictors of PUFA variability influencing several 

biological mechanisms (Martinelli et al., 2009). However, the complex and diverse effects of 

desaturase activities and their influence from PUFA intake make it challenging to utilise these 

enzymes fully in translational research (Tosi et al., 2014). Data are completely lacking in 

populations of Africa. Therefore, there is great need to investigate these enzyme activities in these 

populations.  

All these results prompt to hypothesize that desaturase activity plays a role in the pathogenesis 

of MetS and may influence the individual susceptibility to diabetes. Taking into account the 

pleiotropic effects of PUFA, it appears biologically that different desaturase activities can have an 

impact on several pathological conditions. Therefore, although the mechanisms by which 

desaturase activity and PUFA concentration influence health remain largely unknown, studies 
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analysing PUFAs play a crucial role in understanding these desaturase activities and their 

influence in health.  

2.4 Dietary fatty acids  

The World Health Organization recommends that total fat should not exceed 30% of energy intake 

(WHO, 2015). Most important dietary sources of FAs are vegetable oils, dairy products, meat 

products, and fatty fish or fish oils (Saini & Keum, 2018; Smuts & Wolmarans, 2013) as well as 

seeds (Smuts & Malan, 2016). PA is the most common SFA in animals, plants and micro-

organisms (Rustan & Drevon, 2005). SA is a major FA in animals and some fungi, and a minor 

component in most plants. MA is present in many foods, while shorter-chain SFA with 8 to 10 

carbon atoms is found in milk and coconut triglycerides. The sources of circulating VLC-SFAs 

may be both dietary and metabolic (Lemaitre et al., 2015). In a study investigating association of 

plasma phospholipid FAs with T2DM of communities in the USA, higher levels of behenic and 

lignoceric acids were associated with a greater peanut intake (Lemaitre et al., 2015). In addition, 

these VLC-SFAs are found in some foods, including peanuts, macadamia nuts and canola oil 

(USDA, 2013). SFAs are derived not only from the diet, but also from hepatic DNL catalysed by 

a high intake of refined carbohydrates (Mozaffarian, 2014). Nevertheless, it is generally 

unspecified whether these circulating VLC-SFAs are more heavily influenced by diet or 

endogenous production (Fretts et al., 2016).  

MUFAs include OA and POA. OA is the most common monoenoic FA in plants and animals. 

Benefits relating to dietary OA, the principal dietary fat of MUFA, are attributable to components 

of a diet rich in olive oil, which comprises phenolic composites, which have antioxidant and anti-

inflammatory properties (Covas et al., 2009). In the South African population, MUFAs are derived 

largely from meat (Smuts & Wolmarans, 2013). A study that investigated the level of OA in human 

plasma and its association with olive oil consumption showed minor differences in plasma OA 

between the high and low olive oil consumers (Buckland et al., 2017). POA also occurs widely in 

animals, plants and microorganisms, and is a major component in some seed oils; however, it is 

virtually absent from standard dietary intake in humans, but is a major product of desaturation 

from PA through the SCD-1 activity in liver and adipose tissue (Liu et al., 2013; Paillard et al., 

2008). Other MUFAs include cis-vaccenic and gondoic acids. Cis-vaccenic acid is derived from 

chain elongation of POA and has been used as a marker of elongase activity (Lankinen et al., 

2015; Yee et al., 2012). Gondoic acid is found in wild fruits (Ouoba et al., 2018), mustard and 

rapeseed in small quantities (Chowdhury et al., 2007); although it is found in large amounts in 
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some marine fish, it can also be formed by de novo synthesis through the elongation of OA and 

converted to other FAs (Yang et al., 2016b). 

The principal longer-chain n−3 PUFAs are derived from ALA, an EFA. ALA is found in higher 

plants, green leaves, soybean oil, rapeseed oil, seeds and nuts (Burdge & Calder, 2005). EPA 

and DHA, derivatives of ALA, are the major FAs of marine algae, fatty fish and fish oils (Abedi & 

Sahari, 2014).  

The major n−6 PUFAs are derived from LA, which is also an EFA as it cannot be synthesied by 

mammals, and is found in a variety of nuts, seeds and vegetable oils (Abedi & Sahari, 2014). 

Arachidonic acid is obtained from food such as poultry, animal organs and meat, fish, seafood, 

and eggs as well as by means of desaturation and chain elongation of the plant-rich essential FA 

LA (Taber et al., 1998; Tallima & El Ridi, 2018). Higher plasma proportions of AA have been 

documented among people with a high intake of red and white meat (Sfar et al., 2010). 

Eicosadienoic acid (C20:2n-6) is a rare, naturally occurring n−6 PUFA, and is widely distributed 

in animal tissues. It is elongated from LA and can also be metabolised to DGLA and AA (Huang 

et al., 2011).  

Global changes in dietary intake of n−3 PUFAs have reduced while n−6 PUFAs have increased 

showing n–6/n–3 ratios of ∼15:1, and this has created a public health concern (Patterson, 2012). 

In the USA, this ratio is almost 12:1, while in the Swedish diet it is 5:1 (Råd, 2005; Wijendran & 

Hayes, 2004). This change in an imbalance of dietary n−6 and n−3 PUFAs may be parallel to the 

startling increase in the prevalence of overweight and obesity (Ailhaud, 2006). These imbalances 

of n−6 and n−3 PUFAs have also been associated with inflammatory processes (Simopoulos, 

2008) and MetS. A recent cross-sectional study concluded that high dietary n–6/n–3 PUFA ratio 

was positively associated with measures of adiposity such as WC. In addition, subjects with higher 

dietary n–6/n–3 PUFA ratio had worse metabolic profiles, especially insulin and HOMA-IR values 

(Torres-Castillo et al., 2018). 

2.4.1 Diet and obesity     

General dietary intake is a major risk factor associated with the rising prevalence of obesity and 

MetS (Echouffo-Tcheugui et al., 2018; Lim et al., 2013; Micha et al., 2014). Although the type of 

fat and FA composition in diet has a specific, substantial impact on health, and consequently 

plays an important role in the development of overweight, obesity, MetS and NCDs, specific 

dietary and lifestyle factors are individually associated with long-term weight gain (Mozaffarian et 

al., 2011). For obesity prevention, the WHO recommends less than 30% of energy intake from 



 

76 
 

the total fat, while limiting SFAs to less than 10% of energy intake by replacing them with 

unsaturated fatty acids reduces the risk of NCDs (WHO, 2015). However, recently, several meta-

analyses of prospective cohort studies mainly investigated in European and North American 

countries presented either a lack of relationship or a lower risk between SFAs intake with total 

mortality and CVD events (de Souza et al., 2015; Hooper et al., 2015; Siri-Tarino et al., 2010). 

More data are needed to elucidate whether CVD risks are likely to be influenced by the specific 

nutrients used to replace saturated fat. Also, further consideration of results of clinical trials as 

well as information regarding the effects of saturated fat on underlying disease mechanisms, are 

necessary to confirm the trends observed (Siri-Tarino et al., 2010). A recent prospective cohort 

study investigating the association of fats and carbohydrate intake with cardiovascular disease 

and mortality in 18 countries reported that higher intake of total fat and individual types of fat such 

as SFAs, among others, was each associated with lower total mortality risk (Dehghan, 2017). 

However, evidence on the association of SFAs with weight gain and increased WC in several 

studies compiled in a systematic review were inconsistent (Fogelholm et al., 2012). In a South 

African study, total dietary fat intakes expressed as percentage energy (%E) were associated with 

obesity in black and white women (Joffe et al., 2014). Furthermore, the availability of cheap fats 

due to the nutrition transition experienced in sub-Saharan Africa is associated with an increase in 

obesity (Steyn & Mchiza, 2014). A strong and positive association between SFA intake and 

sagittal abdominal diameter, WC and BMI was documented in Swedish men and women 

(Warensjo, 2006). Today, industrialised societies are characterised by an increase in SFAs, n–6 

PUFA, and trans fatty acid intake, and a decrease in n-3 PUFA intake (Simopoulos, 2011), and 

these changes are associated with the prevalence of obesity (Simopoulos, 2016a) and other 

serious health conditions (Patterson, 2012). On the other hand, dietary n–3 PUFAs intake has 

mostly been associated with less weight gain in cohort studies, but results are not consistent as 

outlined in this current review (Albracht-Schulte et al., 2018). Development of reliable and valid 

methods of assessing FA intakes in sizeable longitudinal cohort studies with sufficient follow-up 

to observe clinical events and deaths must remain a priority to improve the quality of the evidence 

on which dietary recommendations are based (de Souza et al., 2015). 

On the contrary, higher refined carbohydrate intake was associated with a higher risk of total 

mortality (Dehghan, 2017), positively associated with atherosclerotic progression in 

postmenopausal women (Mozaffarian et al., 2004a), but also starches or refined carbohydrates 

have been positively associated with weight gain (Mozaffarian et al., 2011). In addition, a high 

intake of refined grains as well as and sweets and desserts was associated with predicting more 

weight gain, and for refined (white) bread and high energy density in predicting larger increases 
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in WC (Fogelholm et al., 2012). It is documented that high carbohydrate feeding increases the 

DNL production of circulating FAs such as MA, PA, SA and POA, which have been associated 

with weight gain (Paillard et al., 2008; Pickens et al., 2015; Yerlikaya et al., 2011). Therefore, as 

much as higher dietary fat intake is associated with an increase in obesity and MetS, the high 

consumption of carbohydrates should be a concern and dietary guidelines should recommend a 

reduction of refined carbohydrate intake. 

Obesity/overweight-associated inflammation is mainly facilitated by the increased fat mass; but, 

it may be modulated by prolonged or acute exposure to dietary fat (Telle-Hansen et al., 2017). 

Prior studies have shown that “healthy dietary patterns”, characterised by replacement of SFAs 

with PUFAs, are associated with reduced chronic low-grade inflammation, in particular, the low 

level of TNFa and IL-6 (Calder et al., 2011). A study that compared a butter meal (14 %E from 

SFA) and a margarine meal (8.7 %E from PUFA of which 8.0 %E was LA) reported that the PUFA 

meal decreased several inflammatory markers including IL-6, TNFα, sTNFR1 and sTNFR2, and 

sVCAM as compared to the SFA meal (Masson & Mensink, 2011). In a cross-over study, men 

consumed three high-fat shakes containing SFA, MUFA or n-3 PUFAs. The MUFA and n-3 PUFA 

challenge, compared to the SFA challenge, induced higher plasma concentrations of IL-1β. Also, 

the TNFα level was lower after the intervention in lean compared with obese and obese diabetic 

subjects (van Dijk et al., 2012). Moreover, Bjermo et al. (2012) investigated the effects of a high-

PUFA diet and a high-SFA diet (mostly from butter) on systemic inflammation, and metabolic 

disorders in a randomized study. The IL1Ra, and sTNFR2 were lower in the PUFA group as 

compared to the SFA group at the end of a 10-week the study. Interestingly, no group difference 

was found for plasma levels of CRP, IL-1β, IL-6, and IL-10 (Bjermo et al., 2012). In a different 

randomized study of overweight and obese women with dyslipidemia, the CRP levels decreased 

after 3 weeks with a high-PUFA diet compared to a high-SFA diet (Lesna et al., 2013). Lesna and 

colleagues (2013) concluded that the substantial change of dietary FA composition may influence 

the pro-inflammatory effect in addition to traditional cardiovascular risk factors. Thus, it is 

acceptable to conclude that a healthy FA composition (high-PUFA and low-SFA) as part of a 

healthy dietary pattern may be of importance in reducing systemic low-grade inflammation when 

overweight or obese (Telle-Hansen et al., 2017). 

Some studies examined the relationship between consuming a healthy dietary pattern and 

markers of low-grade inflammation. In the Nurses’ Health Study, a “prudent pattern” was 

categorised by higher intakes of fruit, vegetables, legumes, fish, poultry and whole grains, and a 

“Western-type pattern” was characterised by higher intakes of red and processed meats, sweets, 

desserts, French fries and refined grains (Lopez-Garcia et al., 2004). The prudent pattern was 



 

78 
 

inversely associated with plasma concentrations of CRP, whereas the Western type pattern 

showed a positive relationship with CRP, IL-6, sE-selectin, sICAM-1 and sVCAM-1 (Lopez-Garcia 

et al., 2004). Using data from the Nurses’ Health Study, Schulze et al. (2005) identified a dietary 

pattern that was significantly associated with increased concentrations of CRP, IL-6, sTNFR2, 

sE-selectin, sICAM-1 and sVCAM-1. This pattern was high in sugar-sweetened soft drinks, refined 

grains, diet soft drinks and processed meat but low in wine, coffee, cruciferous vegetables and 

yellow vegetables, and was also associated with an increased risk of diabetes (Schulze et al., 

2005). Hoebeeck and colleagues (2011) evaluated the relationship between adherence to food-

based dietary guidelines and inflammatory markers among healthy Belgian men and women aged 

35–55 years. The dietary index consisted of dietary quality, diversity and equilibrium, according 

to adherence to the Flemish food-based dietary guidelines. Higher dietary scores were inversely 

associated with IL-6 concentration in the bloodstream. Calder and colleagues compiled a 

comprehensive review on dietary factors and low-grade inflammation and overweight and obesity. 

They concluded that key protective features in the diet consist of whole grains and fibre, fruits and 

vegetables, fish and PUFA, and especially n-3 PUFA, vitamin C, vitamin E, and carotenoids 

(Calder et al., 2011). They further established that the Mediterranean diet, classified as a healthy 

dietary pattern, is associated with decreased low-grade inflammation in both healthy and obese 

individuals (Calder et al., 2011).  

2.4.2 Diet and metabolic conditions  

Diet and lifestyle play an important role in the development of MetS, and nutritional modulation 

may modify the development of MetS (Ilanne-Parikka et al., 2008; Bo et al., 2007;Oh et al., 2010; 

Orchard let al., 2005). Total fat and type of dietary fats consumed have been associated with 

MetS (Risérus et al., 2009; Rodriguez-Monforte et al., 2017). The dietary FA composition of 

patients with MetS is typically characterised by high intakes of SFA and low intakes of PUFA 

(Warensjo et al., 2006b), with adverse health effects (Ebbesson et al., 2007). High SFA diets, 

with physical inactivity, adversely affect insulin sensitivity (Stettler et al., 2005). Diets high in total 

fat and SFAs have been shown to exacerbate the chronic inflammatory state of MetS (Mozaffarian 

et al., 2004b). Saturated FA intake was positively associated with MetS through their effect on 

adiposity, serum lipids, insulin, and BP (Kabagambe et al., 2008).  

Although the mechanisms accountable for the development of MetS have not been fully 

documented, nutritional modulation, such as increasing the intake of n−3 PUFAs, may be 

beneficial in decreasing the storage of triglyceride and body fat, lowering BP, and improving 

insulin resistance (Abete et al., 2011; Poudyal et al., 2011). Several reviews (Carpentier et al., 
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2006; Lottenberg et al., 2012; Poudyal et al., 2011) have summarised the effects and probable 

underlying mechanisms of action of marine-derived n−3 FA intake on the multiple risk factors for 

MetS. This evidence suggests that individual n−3 PUFAs may exert differential effects on some 

risk factors for MetS, including improving the lipid profile, BP, insulin sensitivity, and inflammation 

status (Carpentier et al., 2006; Lee et al., 2008b; Poudyal et al., 2011). Increasing the proportion 

of n−3 LC-PUFAs intake is protective of obesity-related insulin resistance and inflammation, 

particularly when combined with a reduction in n−6 FAs in experimental animals (González-Périz 

et al., 2009; White et al., 2010). A recent meta-analysis concluded that a modest inverse 

association between fish consumption or n−3 LC-PUFA intake and risk of MetS has been 

observed when combining available data from prospective cohort studies, but not from cross-

sectional studies (Kim et al., 2015). Favourable associations between fish or marine-derived n−3 

PUFAs and MetS were also found in several cross-sectional studies (Huang et al., 2010; Noel et 

al., 2010; Zhang et al., 2012). Similar results were observed in 1 689 Korean men during a four-

year follow-up (Choi et al., 2013).  

2.5 Pattern analysis in dietary exposure  

Dimension reduction techniques such as principal component analysis (PCA) and clusters have 

been used extensively in nutrition epidemiology to define dietary exposure (Newby & Tucker, 

2004). Principal component analysis, also referred to as factor analysis, decreases data into 

patterns based upon inter-correlations between identified dietary items/food groups referred to as 

patterns or factors, whereas cluster analysis condenses data into patterns based upon individual 

differences in defined mean intakes (Newby & Tucker, 2004). The factor loadings, also called 

component loadings in principal component analysis, are the correlation coefficients between the 

variables and factors. Many patterns are named according to the input variable with the highest 

factor loading (i.e., quantitatively) (Newby & Tucker, 2004). If a pattern is classified as SFAs 

pattern, it means that there are more loadings of individual SFAs within the pattern as compared 

to other single FAs.  

Treelet transform is another dimension reduction technique developed and recommended by Lee 

and colleagues (2008a). It integrates the quantitative pattern extraction abilities of PCA with the 

interpretability advantages of cluster analysis (Gorst-Rasmussen et al., 2011). Appreciation of the 

complex interaction of single nutrients and other food components has led to the frequent use of 

methods assessing complete dietary intake of nutrients in relation to disease and health (Tucker, 

2010).  
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2.5.1 Dietary patterns  

Dietary patterns mostly describe dietary behaviour and also explain the relationship of diet to 

health outcomes (Moeller et al., 2007). Dietary pattern analysis describes the overall diet; 

individual foods, food groups, and diverse nutrients; their combination and variety; and the 

regularity and quantities with which they are customarily consumed (Hu, 2002). Nutritional 

epidemiologists give the following reasons for investigating dietary patterns: (1) people eat meals 

with composite of nutrients that are likely to be interactive or synergistic, (2) several nutrients are 

highly interrelated, making it difficult to examine their isolated effects, (3) the effect of an individual 

nutrient may be insufficient to detect, but the collective effects of various nutrients incorporated in 

a dietary pattern may be adequate to detect, and (4) analyses of individual nutrients may be 

confounded by the effect of dietary patterns (Kant, 2004; Michels & Schulze, 2005; Newby & 

Tucker, 2004).  

The most popular dietary patterns based on population studies and randomised control trials 

include the Mediterranean diet and the Dietary Strategies to Stop Hypertension (DASH), 

respectively (Appel et al., 1997; Bach-Faig et al., 2011). The DASH diet is a dietary pattern rich 

in fruits and vegetables and low-fat dairy products (Appel et al., 1997). The Mediterranean dietary 

pattern is high in fruits, vegetables, nuts, seeds, legumes and cereals as well as fish, but is limited 

in meat and dairy products (Bach-Faig et al., 2011). Both these dietary patterns have been shown 

to reduce the risk of chronic disease and lower hypertension (Appel et al., 1997; Bach-Faig et al., 

2011). Furthermore, the Mediterranean dietary pattern has been shown to lower the risk of chronic 

diseases in both observational studies and randomised control trials (Appel et al., 1997; Estruch 

et al., 2013; Sofi et al., 2014). 

Other dietary patterns are exploratory and are specific to the population being investigated. 

Dietary intakes are assessed by means of the use of validated FFQ (Maghsoudi et al., 2016), 24-

hour dietary recall (Wagner et al., 2012), three-day records (Leite & Nicolosi, 2009) and sum of 

24-hour and three-day dietary recall (Kimokoti et al., 2012). Dietary data are then extracted and 

analysed into dietary patterns using the statistical models mentioned at the outset. Several studies 

have investigated associations of dietary patterns with obesity (Machado Arruda et al., 2016; Naja 

et al., 2011) and MetS (Mazidi et al., 2017; Xia et al., 2016) as well as components of MetS 

(Ndanuko et al., 2017; Weber et al., 2016), to mention a few. The outcomes of these studies 

suggest that healthy dietary patterns are generally high in fruits, vegetables, fish and seafood, 

legumes and whole grains, nuts and seeds, poultry, as well as fat-free and low-fat dairy products. 

On the other hand, unhealthy dietary patterns (Western) are characterised by high meat intake, 
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processed meats, refined grains, sweets, desserts, fast food, snack foods, sodas, sweetened 

beverages and high salt foods (Naja et al., 2011; Rodriguez-Monforte et al., 2017; Xu et al., 2016). 

The healthy dietary patterns are associated with favourable effects on metabolic abnormalities 

(Duffey et al., 2012; Panagiotakos et al., 2007; Xia et al., 2016), and lowered T2DM risk by up to 

14% (Maghsoudi et al., 2016). On the contrary, unhealthy dietary patterns, characterised by high-

fat foods, were associated with obesity (Kimokoti et al., 2012; Naja et al., 2011) and metabolic 

abnormalities (Duffey et al., 2012; Panagiotakos et al., 2007; Xia et al., 2016; Xu et al., 2016).  

As research in dietary patterns are advancing and the indication for public health importance is 

reinforced, the benefits that dietary patterns offer as an approach for informing public health 

recommendations are increasingly being recognized (Cespedes & Hu, 2015).  

2.5.2 Circulating fatty acid patterns  

A few studies have applied dimension reduction statistical techniques mentioned in section 2.5 

to study FA biomarkers in obesity (Dahm, 2011), metabolic health (Li et al., 2016; Warensjo et 

al., 2006), blood pressure (Yang et al., 2016a) and cardiovascular disease (Imamura et al., 2012; 

Skidmore et al., 2010), and identified various patterns characterised as SFA, MUFA, and n−3 and 

n−6 LC-PUFA pattern.  

To the best of our knowledge, only two studies have investigated the association between FA 

patterns and metabolic health in adults (Li et al., 2016; Warensjo et al., 2006). Patterns derived 

by Warensjo and colleagues (2006) included a low-LA pattern (with positive loadings of POA and 

OA, SCD-16 and D6D), dietary SFA patterns (positively loaded with PA, SA, SCD-18) and factor 

3 pattern (positively loaded with SA, DGLA, EPA and DHA, SCD-18, and D5D). Higher scores of 

low-LA and lower scores of factor 3 significantly predicted the development of MetS over 20 years 

of follow-up, independent of lifestyle factors (Warensjo et al., 2006). Clusters 3 (consisted of 

arachidic, behenic, lignoceric acid and others) and 2 (consisted of EPA, DPAn–3 and DHA), 

identified by Li and colleagues (2016), were cross-sectionally associated with the healthy 

metabolic phenotypes. On the other hand, cluster 4 (consisting of GLA and DGLA and low in LA 

and other FAs) was positively associated with a higher risk of MetS in Irish adults (Li et al., 2016). 

There were differences between these two studies. Firstly, these two studies identified different 

FA patterns. Secondly, Warensjo and colleagues (2006)derived their patterns from serum FA, 

while Li and colleagues (2016) used plasma FAs. Thirdly, Warensjo and colleagues (2006) used 

11 FAs and also included estimated desaturase activities to identify patterns, while Li and his 

colleagues ( 2016) used 26 FAs and included odd-chain FAs. Lastly, they both identified a 

different number of FA patterns and used different statistical methods to define their patterns. 
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Both studies, however, defined the MetS according to the NCEP/ATPIII criteria for MetS 2001 

(NCEP Panel, 2002). 

Dahm et al. (2011), on the other hand, investigated the association of adipose tissue FA patterns 

with five-year changes in anthropometric indices. FA patterns with high levels of trans-FAs were 

inclined to be positively associated with 5-year changes in weight and WC for men and women. 

On the other hand, patterns with high levels of n−6 LC-PUFA tended to be protective against 

increases in weight and WC in men, and deleterious in women. Patterns with high loadings of 

MUFAs were negatively associated with linear change in WCBMI in women, defined as residual 

values from equations of BMI and WC (Dahm, 2011). Patterns with high levels of trans-FAs could 

be linked to weight gain, but patterns with high n−3 LC-PUFA were not associated with changes 

in weight gain. These adipose tissue patterns were obtained for men and women separately and 

used a total of 34 FAs including trans-FAs (Dahm, 2011).  

An analysis of circulating FA patterns (indicating recent diet) may explain the combined effects of 

multiple FAs acting simultaneously in the body (Baylin & Campos, 2006), which is not possible 

with studies of single FAs.  

2.6 Summary of the literature review 

This review of cross-sectional and longitudinal studies provided information about dietary and 

circulating FAs, in association with obesity and MetS. Evidence from FA research is, however, 

very advanced in Europe, Asia and the USA. Available data on research on dietary and circulating 

FAs in Africa are limited to levels of individual FAs in various conditions, but very limited pertaining 

to obesity and MetS.  

Specific FAs, both in diet and circulation, have been associated either positively or negatively with 

obesity and MetS. MA, PA and SA were positively associated with obesity, MetS and CVDS, in 

most of the studies, while studies on VLC-SFAs have reported inverse associations with CVD risk 

factors. This shows that different SFAs work in opposing directions, which provides clear evidence 

that SFAs are not a solitary homogeneous group. MA, PA and SA have been studied extensively 

in both obesity and MetS, but VLC-SFAs have mostly been investigated in T2DM and CVDs. 

Further research is needed to understand their association with obesity, but especially in 

populations of Africa.It is apparent that dietary n–3 PUFAs are generally protective of obesity and 

MetS, while some studies indicate that particular dietary n–6 PUFAs are deleterious. This is 

consistent with circulating n–3 and n–6 PUFAs, but with some conflicting results in the literature. 

Results from various studies show that not all n–6 PUFAs are equal. For example, LA was 
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inversely associated with obesity and MetS in most of the studies, but a longitudinal study showed 

otherwise. On the other hand, DGLA and GLA were mostly positively associated with both obesity 

and MetS. The differences in outcomes in n–3 and n–6 PUFAs may be attributed to several 

factors, including geographical regions influencing dietary patterns, sample sizes, and FAs 

medium and also errors associated with dietary intake assessment. Consequently, better 

designed longitudinal studies are recommended to ascertain these differences. 

Another area of research where there is a gap in the literature is FA pattern analyses both in diet 

and plasma. This methodology is especially useful because foods contain a combination of FAs. 

Research on the cumulative effect of various foods may be more useful in setting priorities to 

change dietary patterns in populations through public health initiatives. Dietary pattern study 

outcomes may be especially useful in providing evidence towards the development of national 

food-based dietary guidelines. 

Despite advanced research in FA and health, a lack of data in black Africans presents a challenge 

in making recommendations to support policies that are targeted at the prevention of obesity and 

related risk factors in our population. Further high-quality research inclusive of pattern analysis of 

dietary and circulating FAs, as well as estimated desaturases activity, is required to better 

understand the potential role of SFAs, MUFAs, n–3 and n–6 PUFAs in the development and 

consequences of obesity and MetS specific to black Africans. The evidence from these studies 

may support policies that exist on fat recommendations or provide a new direction to prevent 

obesity and related risk factors.  
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CHAPTER 3 RESEARCH METHODOLOGY 

3.1 Introduction  

This PhD study is an affiliated study under a larger study. This is because data from the South 

African leg of the PURE study were used in this affiliated study. This chapter on research 

methodology describes (1) the PURE research methodology, and (2) the PhD study research 

methodology. 

3.2 SECTION 1: RESEARCH METHODOLOGY OF THE PURE STUDY  

3.2.1 Study design 

The PURE study is a large-scale multi-national cohort study, coordinated by the Population Health 

Research Institute (PHRI) in Ontario, Canada. It is aimed at addressing the general health 

implications of nutritional transitions in 17 developing and developed countries worldwide (Teo et 

al., 2009; Dehghan, 2017). In the current analysis, the data collected at baseline (2005), as well 

as the ten-year follow-up collections (2015), were used to examine the dietary intake, dietary FA 

and plasma phospholipid FA status in association with obesity-related outcomes in black South 

Africans in the North West Province. The information discussed in the methodology section of this 

protocol was limited to the parameters that were used for the proposed PhD study titled “Dietary 

and plasma fatty acids in association with obesity in black South Africans”. The data has 

been collected and analyses performed. 

3.2.2 Study setting  

The South African leg of the PURE study is set in rural and urban African communities in the 

North West Province of South Africa. The participants were recruited accordingly: urban 

households were selected from two communities in Ikageng, Potchefstroom, and rural 

households were selected from two communities in the Ganyesa District. Maps of all communities 

were used to divide the communities into wards and a local fieldworker was allocated to each 

ward to select a number of households in proportion to the number of houses in the community. 

All measurements of the urban participants during 2005, 2010 and 2015 were performed at the 

metabolic unit of the North-West University, Potchefstroom with excellent infrastructure to draw 

blood, perform interviews and measure body composition. Measurements of the rural participants 

were done in a field laboratory in Ganyesa in rural North West Province. 
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3.2.3 PURE study population and sampling 

3.2.3.1 Participant recruitment: 2005 

Recruitment was performed by stratified random selection of 6000 houses from maps of the four 

communities by trained fieldworkers. Specific eligibility criteria were used to make a paper 

selection from the data obtained from the 6000 households. One thousand participants from each 

community were selected, resulting in 2000 participants from the rural community and 2 000 from 

the urban community, totalling to 4000 participants. In 2005, from the 4000 identified individuals, 

a total of 2010 (1006 rural and 1004 urban) apparently healthy participants turned up for 

measurements, provided informed consent and were enrolled for participation in the study.  

3.2.3.1.1 Eligibility criteria 

From the data obtained from the census, a paper-based selection of possible subjects was made 

based on the following inclusion and exclusion criteria: For inclusion in the study, participants had 

to reside in the approached households, be apparently healthy volunteers of either sex and be 

older than 30 years. 

Inclusion criteria:  

 ≥ 30 years of age  

 ≤ 70 years of age  

 Males and females  

 No reported diseases of lifestyle, acute TB or HIV  

 Not using any chronic medication  

 Eligible participants have to reside in the households  

 Consented  

Exclusion criteria:  

 < 30 years of age  

 > 70 years of age  
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 Using chronic medication (except hypertension and T2DM) 

 Existing known chronic conditions (except hypertension and T2DM) 

 Did not sign the informed consent 

 Pregnant or lactating 

 Known tuberculosis and confirmed HIV infection. The non-consenters were included and their 

status was indicated as unknown, but this was a small number of participants (n=11).  

The South African PURE study was planned to run over a period of 10 years, and all participants 

who planned to move away from the study area in the near future were also excluded. 

3.2.3.2 Role of the mediators   

The fieldworkers acted as the mediators between the research team and the participants and the 

life within the communities involved in the study. They fulfilled an important role; not only did they 

track the participants enrolled in the study, but they also acted as advisors and offered support to 

the participants regarding basic health issues and health education.  

3.2.3.3 Goodwill permission  

The principal investigator (PI) of the PURE study made appointments with the mayors of both 

Potchefstroom and Ganyesa. During the meetings, the PI fully informed them about the aims of 

the study and the possible outcomes and benefits of the study. The research procedures were 

also explained, and permission was granted to proceed with the planned study.  

After permission was obtained from the mayors, the Inkosis (tribal chief) of the rural communities 

in Ganyesa and the community leaders in the urban areas (acting as the gatekeepers for each 

community) were approached. Verbal permission was obtained from the gatekeepers to perform 

the study within their communities. This was done again prior to the 2015 follow-up study as an 

act of respect. 

3.2.4 PURE study population  

In 2005, a total of 2792 were recruited to participate in the study. Participants were excluded due 

to unavailability during blood collections despite previously indicating that they would be available, 

and acute illness on the day of assessments, such as a cold. The final number of 2010, apparently 
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healthy participants were enrolled and participated in the study. They were 1260 women and 750 

men from both rural (n=1006) and urban (n=1004) communities. The first follow-up measurements 

of the PURE study were done in 2010. There were 1284 (440 men and 844 women). The 

decrease in the number of participants from 2005 to 2010 was due to various reasons: 1) 

participants’ death, 2) participants moved away outside the study area, 3) participants refused to 

participate or have a blood sample taken, 4) participants failed to show up on the day of blood 

collection, 5) participants withdrew from the study, and 6) participants were lost to follow-up. In 

2015, there were 924 participants.  

3.2.5 Study procedures  

3.2.5.1 The process of obtaining informed consent for PURE participants 

Fieldworkers were recruited from the communities being researched. They were systematically 

trained to perform well-outlined tasks such as: completing questionnaires and consent forms and 

assisting with the recruitment of the participants. They were supervised by the research team. 

The fieldworkers spoke the languages of the participants, namely Afrikaans, Setswana and 

English. All questionnaires were translated into these languages. The fieldworkers performed 

house visits to every participant, at least three months before the commencement of the study. 

Participants gave pre-consent; then, they signed the main consent form. Consent was confirmed 

upon arrival at the study site for the data collection. Additional informed consent was obtained 

prior to testing for HIV. The fieldworkers ensured that the participant knew and understood that 

he/she was not to consume food or drink (except water) from 22.00pm on the evening prior to 

his/her appointment for the data collection and therefore arrive at the study site in a fasting state.  

3.2.5.1.1 HIV consent and testing  

HIV testing was performed if the participants consented. Pre-test counselling was offered in 

groups of 10, and during the process of obtaining written informed consent for the HIV test from 

the participant, the participant was asked whether or not they would like their status to be 

disclosed to them. Individual participants who chose to know their HIV status received individual 

post-test counselling upon receiving their results. If a subject tested positive, the test result was 

confirmed with follow-up tests. Feedback on results including HIV status was given by trained 

counsellors during individual sessions. Participants with a positive HIV test were given a referral 

letter to their nearest clinic for a confirmation CD4 test and treatment. The non-consenters were 

included in the study, and their status was indicated as unknown, but this was a small number of 

participants. Participants were not excluded if HIV positive because they could be stigmatised. 
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Their status was recorded in the database despite initial exclusion criteria. The total exclusion of 

apparently healthy HIV positive people would result in a non-representative sample because 

around 12% of the SA adult population was HIV positive in 2005. 

The HIV status was also checked at follow-up and recorded. They were included in the data base 

in order to be more representative of the SA adult population. 

3.2.5.2 The process of data collection from PURE participants 

All of the measurements were performed, and questionnaires were administered by experienced 

members of the research team. 

During each data collection, consent was reconfirmed and the fact that the participant was 

participating entirely voluntary and could withdraw from the study at any time, without being 

penalised in any way, was emphasised. As soon as written informed consent was confirmed, the 

tympanic temperature (ear temperature) was measured and each participant gave a blood sample 

(33ml). The same measurements were repeated in 2015.  

Thereafter, a light breakfast was served followed by data collection at the following stations (in no 

specific order):  

 Cardiovascular measurements 

 Blood pressure – a non-invasive technique 

 Physical measurements 

  Anthropometry – Height, weight, waist circumference  

Validated questionnaires and time necessary to complete: 

 Household questionnaire: 30 min 

 Adult participant questionnaire: 60 min  

 Physical Activity Index (PAI) questionnaire: 10 min 

 International Physical Activity Questionnaire (IPAQ): 10 min 

 Quantitative Food Frequency Questionnaire (QFFQ): 45 min 

 Patient Health Questionnaire (PHQ-9) 5 min 

 Information regarding medication usage: 5 min 
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3.2.5.3 Precautions to ensure the participants were comfortable: 

(i) Participants were provided with breakfast and lunch. Clean and safe drinking water and 

juice were also available in dispensers in the data collection area where participants 

accessed it freely at any time they needed, but after blood collection. 

(ii) Research assistants were available to show the participants around and guide them through 

the data collection points.  

(iii) Clean toilets and bathrooms were clearly marked and running water, soap and tissue paper 

were provided for their use.  

(iv) At the point where they had their blood taken, all precautions were taken to ensure the 

safety of both the researcher and the participants. The participants were informed about the 

procedure before they gave their permission for the blood to be drawn. 

3.2.6 Research tools  

Trained fieldworkers administered all questionnaires. To ensure that the administration of all 

questionnaires was standardised, the fieldworkers were trained extensively by a group of experts. 

The adult questionnaire was completed by the trained fieldworkers who were also responsible for 

tracking the participants, conducting the house visits and obtaining informed consent. The QFFQ 

was completed by fieldworkers from the participating communities in Potchefstroom and 

Ganyesa, who were specifically trained to administer dietary questionnaires. 

3.2.6.1 Adult questionnaire 

An extensive standardised interviewer-administered adult questionnaire was completed for each 

participant in his/her preferred language (Afrikaans, Setswana or English). Fieldworkers received 

instructions on how to administer and complete the questionnaires. The first part of the 

questionnaire was set to obtain information about gender, ethnicity, age, marital status, the level 

of education, occupation and employment status. The next set of questions investigated the socio-

economic status and background, lifestyle practices, physiological health and support of the 

participants. In 2015, data collection questions regarding the current habits (such as the use of 

tobacco, alcohol and medication) and current physical activity and health status (particularly 

occurrence of new illnesses since 2005) were included. 
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3.2.6.2 Dietary questionnaire 

Dietary data were collected using a culture-sensitive QFFQ (135 food items with additional 

elaboration of preparation details and different varieties where appropriate for each; e.g, for 

carrots, there were 13 additional sub-questions related to different ways carrots were prepared in 

these different communities), which was developed and validated for the population in the 

Transition, Health and Urbanization in South Africa (THUSA) project (MacIntyre et al., 2001b) and 

for which reproducibility was proven (MacIntyre et al., 2001a). The QFFQ recorded foods eaten 

over the previous 30 days (Wentzel-Viljoen et al., 2011). A photograph book specifically 

developed for use in the African population in the North West Province was used to estimate 

portion sizes (Venter et al., 2000) and reported using household measures. Thereafter, standard 

tables were used to convert dietary information to weights (Langenhoven, 1991). Nutrient intakes 

were calculated using the South African Food Composition Database System of the South African 

Medical Research Council (SA-MRC) (Wolmarans et al., 2010). It was analysed to obtain the 

nutritional intake of the participants in 2005. Quality control of the QFFQs was done by a 

registered dietician during the data collection at the research facility to ensure that all QFFQs 

were administered correctly, thereby ensuring the quality of the data gathered. 

3.2.6.3 Physical activity questionnaire  

A validated physical activity questionnaire developed specifically for use in this South African 

population was used to determine physical activity levels of the Setswana-speaking people of the 

North West Province (Kruger et al., 2000; Kruger et al., 2002). The questionnaire reported 

physical activity in the form of commuting, stair climbing, sports participation, occupational activity 

and leisure time activity and the total physical activity index was calculated by combining the 

indices mentioned above. A physical activity index score of 1 to 3.33 was classified as low, 3.34 

to 6-67 as moderate and >6.67 as high (Kruger et al., 2002). Trained Biokinetics students 

collected the physical activity data in the participant’s local language. 

3.2.7 Anthropometric, blood pressure and biochemical measurements  

3.2.7.1 Anthropometric measurements 

All measurements were done by trained postgraduate Biokinetics or Nutrition students with the 

participants in minimum clothing in private rooms. Measurements were done according to 

standard as prescribed by the International Society for the Advancement of Kinanthropometry 

methods (Marfell-Jones et al., 2012). For this affiliated PhD study, the following anthropometric 
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measurements were used: weight, height, hip circumference, WC and body fat percentage. The 

BMI, WHR and WHtR were calculated. 

BMI was calculated using (Wt (kg)/ht (m2)) 

Waist: hip ratio was calculated by (WC (cm)/Hip circumference (cm)) 

Waist: height ratio was calculated by (Waist (cm) /height (cm)) 

3.2.7.1.1 Weight 

A portable electronic scale (Precision health scale, A&D Company, Tokyo, Japan) was used to 

measure the weight of the participants in kilogrammes. Before taking each measurement, the 

scale was secured in a stable horizontal position on the floor and reading “0” (zero). Standard 

10kg weights were used to calibrate the scales on a daily basis. Measurements were taken 

barefoot, with arms hanging freely at the sides and with minimal clothing. 

3.2.7.1.2 Height 

Height was measured using a calibrated stadiometer (Seca, Humburg, Germany) with the 

participants standing in an upright position, arms hanging freely at the sides, relaxed shoulders, 

legs straight and knees together. Participants were barefoot, standing with their feet flat and heels 

together. The following body parts were in contact with the stadiometer: shoulder blades, buttocks 

and heels. The participant faced forward with their head held in the horizontal Frankfort plane. 

Height was recorded to the nearest 0.1 cm after the participant inhaled fully and maintained the 

erect position without altering the load on the heels. Weight and height were used to calculate the 

BMI of participants (BMI= weight (in kg) divided by height2 (in m)). 

3.2.7.1.3 Waist circumference 

Waist and hip circumferences were measured using steel tapes (Lufkin, Apex, NC, USA) attached 

to a spring balance exerting a force of 750g. Participants were required to stand upright with both 

arms at the sides, and the abdomen relaxed. The measurement was taken over an unclothed 

abdomen at the smallest diameter between the iliac crest (the hip) and the costal margin, with the 

tape kept in a horizontal line. Measurements were recorded to the closest 0.1 cm at the end of 

normal expiration. 
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3.2.7.2 Blood pressure  

Blood pressure measurements were taken by members of the Hypertension in Africa research 

team of the Potchefstroom Campus of the North-West University, using the Omron automatic 

digital pressure monitor (Omron HEM-757, Kyoto, Japan). All participants had to sit for at least 

five minutes before the commencement of BP measurements. Additionally, they should not have 

smoked or eaten at least 30 minutes and should not have climbed stairs at least 15 to 30 minutes 

prior to the measurements being taken. All participants were seated upright and relaxed with 

his/her arm supported at heart level using the brachial artery. Both systolic and diastolic BP 

readings were recorded twice. This same procedure was repeated during the 2015 data 

collection.  

3.2.7.3 Biochemical tests and analysis 

The biochemical analysis discussed in this section is limited to be parameters that were used 

specifically for this affiliated study. All blood samples for 2005 and 2015 have been analysed. The 

same biochemical analysis procedures were used in 2005 and 2015. All safety precautions were 

taken as described in the PURE protocol and the Centre of Excellence for Nutrition laboratory 

manual. 

3.2.7.3.1 Plasma sampling and storage  

Fasting blood samples, with minimal stasis, were collected by a registered nurse with a sterile 

winged infusion set from the antecubital vein and finally stored at -80ºC. Blood samples were 

immediately stored in ice-filled insulated containers and centrifuged, aliquoted and stored at -

20°C within two hours of collection. Samples were then transferred to centralised long-term 

storage at -80 ºC. In the rural areas, samples were rapidly frozen and stored at -18 ºC (no longer 

than 5 days) until they could be transported to the laboratory facility and then stored at -80 ºC. 

Each collection tube was filled to maximum capacity to ensure optimal blood: anticoagulant ratio 

and gently inverted five times to ensure thorough mixing of contents. Blood intended for 

investigating the serum lipid profile was collected in tubes without anticoagulants and was allowed 

to clot at room temperature. Fluoride tubes were used to collect blood intended to determine 

plasma glucose, samples for glycated haemoglobin test, commonly referred to as HbA1C, were 

collected in ethylene diamine tetra-acetic acid (EDTA) tubes, and for insulin, CRP and IL-6 were 

collected in serum tubes. Between blood collection and processing, the tubes were stored on ice, 

while serum tubes without anticoagulant were left to clot for 30 minutes at room temperature. 
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Blood was centrifuged at 2 000g for 15 minutes at 10 °C. These same methodologies were used 

for the 2005 and 2015 samples.  

3.2.7.3.2 Measurement of serum cholesterol fractions 

The analysis of TC, HDL-C and triglycerides was performed at the North-West University, 

Potchefstroom. Quantitative determination of HDL-C, triglycerides and TC was performed using 

Sequential Multiple Analyser Computer (SMAC), using the KonelabTM auto analyser (Thermo 

Fisher Scientific Oy, Vantaa, Finland) (Pieters et al., 2011), a clinical chemistry analyser for 

colorimetric, immuno turbid metric and ion-selective electrode methods. Low-density lipoprotein 

cholesterol was calculated using the Friedewald equation (Friedewald et al., 1972). Calculation 

using the formula is a good estimation if the participant is fasted and their triglycerides are below 

(400 mg.dL-1):  

Equation: HDL=C-L-kT where: 

H  = HDL-C  

L = LDL 

C = TC 

k  = 0.20 (if H, C, L and T are measured in mg/dL-1) 

  0.45 (if H, C, L and T are measured in mmol/L-1) 

T = triglycerides 

3.2.7.3.3 Fasting plasma glucose 

Plasma glucose concentration was determined by the hexokinase method using the Synchron® 

System (Beckman Coulter Co., Fullerton, CA, USA) and reagents. Samples and reagents were 

divided into cuvettes with a ratio of one-part sample to 100 parts reagent. Change in absorbance 

was relative to the glucose concentration of the reagent in the sample, monitored at 340 nm. 

Plasma glucose concentration was calculated and expressed using the change in absorbance. 

3.2.7.3.4 Serum liver function tests  

All serum liver function test concentrations were measured on a sequential multiple analyser 

computer (SMAC), using particle-enhanced immunoturbidimetric assay tests and were analysed 

using two sequential multiple analysers (Konelab 20i, Thermo Scientific, Vantaa, Finland in 2005; 

and Cobas Integra 400 Plus, Roche, Switzerland in 2010). Methods for specific liver enzymes are 

outlined below. 
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3.2.7.3.5 Alanine aminotransferase and aspartate aminotransferase 

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured 

according to the International Federation of Clinical Chemistry, without pyridoxal-5'-phosphate 

(Bergmeyer HU et al., 1986; ECCLS, 1989).  

3.2.7.3.6 γ-Glutamyltransferase  

γ-Glutamyltransferase (GGT) was measured using enzymatic colorimetric assay (Bergmeyer HU 

et al., 1986).  

3.2.7.3.7 Kidney function 

The creatinine clearance was analysed by means of the measurement of serum creatinine. This 

enzymatic colorimetric assay of serum creatinine is performed using the COBAS INTEGRA 400 

plus analyser. Creatinine clearance is calculated using the Cockroft-Gault formula: = [(140-

age)*(weight in kg)*(0.85 if female)] / (72*creatinine in mol/ℓ). 

3.2.7.3.8 HIV test  

HIV status was determined according to the protocol of the South African Department of Health 

by using the First Response rapid HIV card test (PMC Limited, Daman, India).  

After pre-test counselling, registered nurses performed the rapid HIV test, using the First 

Response HIV card test (PMC Medical, India). If tested positive, the test result was confirmed 

with the SD Bioline HIV 1/2 3.0 card test (Standard Diagnostics, INC, Korea). Counsellors 

provided individual counselling on the HIV results, and HIV-positive men and women were 

referred for a confirmation CD4 test and treatment. 

3.2.8 Data entry and management  

Data entry was done by qualified data entry clerks/capturers in 2005. Data were coded before 

entry to ensure uniformity. The data clerk was trained on how to enter data. The research team 

checked entered data to ensure uniformity between the data entry clerks. The different sections 

of the data, e.g. anthropometric measurements and dietary intake data, were coded and entered 

by one person. Quality control of the QFFQs was done by a registered dietician during the data 

collection at the research facility as mentioned earlier. 

All data entry was done in Microsoft Excel 2010, cleaned and exported to SPSS (version 23.0).  
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3.2.8.1 Access and management of data  

Hard copies of all the data collected are locked in the PURE study office, and electronic data is 

archived in a password protected computer and backed up on an external hard drive. 

3.2.9 Ethical considerations 

3.2.9.1 Ethical approval  

Ethical approval for the original PURE study was obtained from the Ethics Committee of the North-

West University for the period January 2005 to December 2009 (ethics number 04M10) as well 

as for the period 2010 (ethical no NWU-0016-10-A1), January 2015 (ethics number NWU-0016-

10-A1). These three ethical approval certificates are included in the annexures. An extension of 

the current ethics approval was obtained from the Health Research Ethics Committee (HREC) of 

the Faculty of Health Sciences from the North-West University until December 2020 (ethics 

number NWU-00016-10-A1). This HREC is registered at the National Health Research Ethics 

Council (NHREC) of South Africa.  

3.2.9.2 Goodwill permission 

The principal investigator (PI) of PURE made appointments with the mayors of both 

Potchefstroom and Ganyesa. During the meetings, the PI fully informed them about the aims of 

the study and the possible outcomes and benefits of the study. The research procedures were 

also explained, and permission was obtained to proceed with the planned study. After permission 

was obtained from the mayors, the Inkosis (tribal chief) of the rural communities in Ganyesa and 

the community leaders in the urban areas (acting as the gatekeepers for each community) were 

approached. Verbal permission was obtained from the gatekeepers to perform the study within 

their communities. This was done again prior to the 2015 follow-up study as an act of respect.  

3.2.9.3 Participants’ written informed consent 

It is a legal obligation to attain written informed consent from participants before participating in 

any research. Since this is a longitudinal study and research is on-going, the fieldworkers obtained 

re-consent from all current active participants prior to the follow-up study visit. The fieldworkers 

(mediators) performed house visits to each individual, at least three (3) months prior to the start 

of the study. During these visits, they informed the participants about the next follow-up study. All 

of the procedures/measurements that were performed on the study day were discussed and 

explained in full to each individual. The participant was also given an opportunity to ask questions. 
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This process was done in the participant’s preferred language (Setswana, English or Afrikaans). 

A repeat visit was done one month prior to the start of the study. During this visit, the fieldworkers 

fully informed the participant about the study and gave them another opportunity to ask questions. 

The participants were given one week to consider further participation in the study. After a week, 

the fieldworker went back to the participant, and if the participant agreed to participate in the 

study, the re-consent was confirmed and finally signed at the study site. In the case where a 

participant was illiterate, the right thumbprint was taken as a substitute for a signature.  

The subjects were reminded that participation is completely voluntary and that they could 

withdraw from the study at any point before data analyses without any consequences or being 

penalised in any way. The fieldworkers scheduled an appointment, which suited the participant, 

and logistical arrangements were made. The day before the participant was scheduled to arrive 

at the research facility, the fieldworker performed one last house visit, to make final arrangements 

with the participants regarding pick-up time and to remind and explain to them to bring along all 

necessary documentation. The fieldworkers were once more reminded that the participants were 

to be in a fasting state and have to ensure that they understood that this entailed that they should 

not eat or drink anything from 22:00 pm onwards, except water.  

On the day of the study, upon arrival at the study site, a senior researcher collected the signed 

written informed consent forms and again reminded the participants that participation is 

completely voluntary and that they could withdraw at any time (up to data analyses) without any 

consequences. The fieldworker, as well as the researcher, made sure that the participant 

understood everything before they confirmed and signed the written informed consent.  

In the case where a participant refused in the past to further participate or in the event where a 

participant moved out of the community and recently returned, these participants were also visited 

again to re-invite them back to the study. If they were willing to participate/return to the study, they 

were fully briefed about the upcoming study and re-consent was obtained by the fieldworker. 

3.2.9.4 Expertise, skills and legal competencies 

All of the researchers and assistants (nurses, anthropometrists, counsellors, students) who are 

part of this study are experienced in their fields. Data collection and completion of questionnaires 

of all staff members were standardised prior to the study. Physical and anthropometric measures 

were gathered by staff using standardised protocols. Key staff (principal investigator, coordinator, 

and nutritionists) attended initial training. They, in turn, trained local staff. These staff were trained 

and tested on ‘mock’ participants in order to ensure that measured values between interviewer 
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and a local certified ‘expert’ (supervisor) were within an acceptable range. If differences between 

interviewer and supervisor variation were unacceptable, the staff member was re-trained. The 

fieldworkers were re-trained intensively every time prior to any form of data collection, among 

other things, all the procedures of the study, in order to give the participants a comprehensive 

overview of what was expected of them on the day of the study. The fieldworkers were also 

responsible for completing the following questionnaires associated specifically with this affiliated 

study on the data collection days: 1) Household questionnaire, 2) Adult questionnaire, and 3) 

Physical activity questionnaire. They were intensively trained beforehand on how to complete 

these questionnaires.  

The anthropometric measurements were performed by Nutrition and Biokinetics students. They 

were trained on how to take different measurements including, but not limited to weight, height, 

waist circumference and skin folds. They also learned how to use the scales, height metre, 

skinfold callipers and how to standardise them to ensure reporting of correct results. Blood 

samples were collected by professional registered nurses, with experience in collecting blood 

samples for research purposes, minimising risk/harm to the participants and themselves.  

3.2.9.5 Privacy of participants  

Privacy of the participants was ensured by using private rooms and dedicated areas that were 

closed off from the general research area. In the case where a measurement required the 

participant to partially undress, it was ensured that there were two people present (researcher 

and an assistant) in the room or dedicated area. The researcher and assistant made sure that the 

participant was comfortable with the gender of the person taking the measurements. During the 

completion of questionnaires, only the fieldworker and/or assistant were present. Any other 

members of the research team or participants were not allowed within these dedicated areas. 

Privacy was guaranteed by ensuring that the conversation took place only between the HIV 

participant and trained counsellor. 

3.2.9.6 Confidentiality 

Confidentiality pertains to how information is treated after it has been disclosed to the researcher, 

whether it is verbal information or physical information. Each participant was assigned a unique 

participant number during the initial baseline data collection in 2005. This unique number was 

used in all stages of data gathering up to 2015. Upon arrival on the day of the study, the participant 

was to produce his/her South African identity document, in order to verify the identification number 

against his/her unique participant number. This was done only by the project coordinators. No 
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other researcher and/or assistant had access to this information or were involved in this process. 

Participants were not required to provide their personal information to the project coordinators, 

except in some cases where the date of birth was required for input into research apparatus. All 

of the data captured used the unique participant number. The data that were electronically 

captured were handed to the PI of the study, and he/she matched the new data with existing data 

in the master dataset.  

3.2.10 Research facilities  

3.2.10.1 Urban facilities 

Participants were collected on a pre-arranged date at a central point within the community by a 

taxi and brought to the Metabolic Unit at the North-West University. The Metabolic Unit has 

several private rooms where all the stations were set up for measurements. Some of the 

measurements were performed at the Campus’ Healthcare Centre as well as at the Hypertension 

Clinic, all with available private rooms.  

3.2.10.2 Rural facilities 

Participants were collected on a pre-arranged date at a central point within the community by a 

taxi and brought to the research facility situated at Setlhare Lodge, which is located within the 

rural community. Tents and gazebos were erected on the premises of Setlhare Lodge and served 

as the research facility. Each researcher received a dedicated area, which was closed off and 

privately set up to perform measurements.  

Sensitive measurements that required participants to remove the top layers of clothing, such as 

anthropometry, body composition, ECG, and pulse wave velocity were performed within 

dedicated closed-off areas in the lodge’s seminar room, which was closed off to ensure privacy.  

The HIV counsellors also had a private room that was secluded from the rest of the research area 

to ensure complete privacy for pre- and post-counselling.  

3.2.11 Benefits 

3.2.11.1 Direct benefits 

Participants taking part in the study directly benefited from feedback, which was given to them, 

regarding results that were immediately available. This included:  
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 Blood pressure  

 Blood glucose levels  

 HIV status (performed by professional counsellors)  

 Anthropometry  

Any abnormalities that were observed during the measurements were communicated to the 

participants through the lead researcher. These participants were provided with a referral letter 

that they presented to the nearest hospital or local clinic for medical attention. The PI visited the 

local hospital and clinics prior to the follow-up study and informed them to make pre-arrangements 

for possible referrals from the study participants.  

3.2.11.2 Indirect benefits 

Through participating in the PURE study, the participants help to provide the government of South 

Africa with a direct estimate of the health/disease burden attributable to established and emerging 

risk factors for obesity, diabetes and CVD.  

Recent research suggests that there is a need to consider the quality as well as the quantity of 

fat in the diets of a population (Smuts & Wolmarans, 2013). Understanding obesity and related 

risk factors and outcomes related to fat intake will be useful in making recommendations to 

develop policies that significantly contribute to outcomes in its prevention, especially in South 

Africa. 

3.2.12 Dangers/risks/discomforts and precautions 

3.2.12.1 The risks associated with the PURE study 

As with any research involving human participants, there is always some form of risk involved. 

Although most of the techniques and procedures that were used during the PURE study are non-

invasive, there are some discomforts that might have been experienced during some of the 

measurements:  

(i) Participants were asked to give a blood sample (which is an invasive procedure), which 

might cause some discomfort or anxiety. As a precaution to the latter mentioned and to 

minimise risks of possible injuries to the participants as well as staff members, we made 

use of professional and registered nurses to collect blood samples. The nurse explained 

every step of the blood collection procedure to the participant as they went along, in order 

to put them at ease.  
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(ii) During some of the measurements (anthropometry, body composition, ECG, and pulse 

wave velocity), the participants were requested to remove the top layer of their clothes 

(remaining only in their underwear or light clothing) in order for the researcher to conduct 

the necessary measurements. This made the participant feel uncomfortable. In order to 

minimise any discomfort, the areas dedicated to these measurements were closed off and 

private, and only the researchers and/or assistant were present.  

(iii) Participants arrived at the research facility in a fasting state for blood samples to be 

collected. Being in a fasting state might make the participant feel uncomfortable or perhaps 

light-headed. A light breakfast was provided to them as soon as the blood sample was 

collected to relieve their fasting state.  

(iv) All of the measurements were to take approximately a whole day, which might have been 

very exhaustive for some participants. In order to minimise their discomfort, participants 

were provided with lunch as well as tea/coffee/juice/water throughout the duration of the 

day at the seating/waiting area.  

(v) After finishing at a measurement station, research assistants helped the participants along 

to the next station to avoid them getting lost or not knowing where to go and consequently 

wasting their time and energy.  

HIV testing was performed on the day of the study (with the participant’s consent). Being 

newly diagnosed with a chronic disease such as HIV might cause some anxiety within some 

participants. Participants might also refuse to have their status disclosed to them due to 

them being in denial. As precautionary steps, a registered HIV counsellor performed pre-

counselling on the participants as a group. Professional counsellors were to perform the 

testing. After each testing, regardless of the outcome, post-counselling was also performed 

on an individual level. During the post-counselling session, the counsellor provided 

necessary information regarding HIV/AIDS and support to each participant. In the event 

where participants agree to have their status disclosed to them, they also received a referral 

letter to their nearest clinic or hospital for further treatment. The non-consenters were 

included in the study and those who tested HIV positive were not excluded from the study 

because they could be stigmatised. The HIV status was also checked at follow-up and the 

same procedures of pre and post-test counselling and referrals was repeated. 
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3.2.12.2 Incentive and reimbursement for PURE participants  

Participants were convened by transport provided by the research study (North-West University), 

and therefore no travel expenses were incurred by them.  

Participants were required to arrive in a fasting state (at least 10 hours) at the research facility in 

order to provide a fasting blood sample. After the blood sample was collected, a breakfast was 

provided to the participants. Furthermore, in order to complete all of the measurements and 

questionnaires, participants spent approximately the whole day at the research facility. Lunch was 

provided, and tea/coffee/juice and water were available for their consumption throughout the day.  

Participants were also financially compensated to the amount of R100.00 for any expenses or 

loss of income incurred due to their participation in the study. They were also provided with funds 

if they were referred to the local hospital/clinic.  

If a participant was in full-time employment, their employer was contacted, and employment was 

confirmed. Daily remuneration was also confirmed with the employer, and the participant was 

compensated for the loss of income for their attendance at the study. Only one day was 

compensated.  

3.2.13 Access to privileged data/information 

Participants were asked to bring any medication that they were using for any chronic or non-

chronic conditions as well as their clinic books and/or any other medical records within their 

possession to confirm any reported medical/health events (such as heart attack, stroke, asthma 

attack, injury etc.) with them when they came to the study site. Participants provided written 

informed consent in order for researchers to access this privileged information. Furthermore, in 

the case of HIV-infected participants, access to hospital records/patient files was also requested 

to obtain information regarding the history of the type of antiretroviral therapy (ART) used, year of 

diagnosis, years since diagnosis, history of CD4 counts, viral load and history of renal function. 

This because, participants who tested HIV positive post- recruitment, were included in the data 

base and hence the need for confidentiality.  

Prior to access to this privileged information, written informed consent was obtained from the 

participant, and additional permission from the hospitals and/or clinics’ supervisors was obtained.  
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There is a possibility of risk associated with loss of confidentiality if someone is able to access 

the database. The precautions that are in place to overcome this are that all data in the database 

are linked to a participant number only, with no identifying information, such as name or address. 

3.2.14 Announcements of results 

Measurements that are immediately available on the day of the study were reported back, verbally 

and individually. This took place privately, and they were given a copy of their results, which 

included the following:  

 Blood pressure  

 Pulse wave velocity  

 ECG 

 Intima-media thickness  

 HIV status  

 Anthropometry  

The information was discussed and explained to them by the lead researcher of the day. If any 

abnormalities were present, it was discussed with the participant, and they were referred to the 

nearest hospital or local clinic. Feedback was also given to the North West Department of Health 

in the form of an official report regarding the disease burden within these communities.  

Results of the proposed study are published in a PhD thesis; thereafter, the results are published 

in peer-reviewed academic journals, conference proceedings and health reports.  

3.2.15 Storage and archiving of data  

3.2.15.1 Hard copy data  

All hard copies are stored in a locked office within the Africa Unit for Transdisciplinary Health 

Research at the North-West University (Potchefstroom Campus). Since the hard copies contained 

identifiable data (personal information) of each participant, strict control over the hard copies was 

applied. Therefore, only the PI and the co-research team had access to the hard copies. The hard 

copies are securely stored for up to five years after the study is completed. All hard copies of the 

questionnaires were destroyed according to the North-West University’s rules and regulations for 

data /record management. The PhD student for this proposed affiliated study did not handle the 

hard copies of files. 
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3.2.15.2 Electronic data  

Electronically captured data are stored on a central computer and password protected. The 

dataset is only accessible by the PI. For research and dissemination purposes, data are made 

available to other team members (researchers) via the PI upon request after proof of ethics 

approval is submitted. Data provided to the PhD student contained no personal information 

regarding the participants (de-identified dataset), and therefore researchers are not able to 

identify any participants based on the data received.  

All electronic data are backed up on an external hard drive, which is locked up in a cupboard 

within a locked office at AUTHeR at the North-West University.  

It is important to note that this is an international study, which includes 17 countries. PURE is 

supervised by the PHRI, Hamilton, Canada, under the administration and supervision of Prof 

Salim Yusuf. The PURE South Africa study PI/team is under contractual agreement to send data 

to PHRI on an annual basis. As a research institute, PHRI complies and accords to all research 

ethics to ensure data are handled privately, securely and confidentially.  

Furthermore, no data were accessed by any person unless permission was granted by the 

PI/project leader, and even then only the necessary data are provided.  

3.2.15.3 Sample storage and analyses  

Blood and urine samples collected up to 31 December 2015 were stored for further analyses. 

These analyses only took place as financial funding became available. Samples were sent to 

laboratories outside of South Africa for analyses if expertise and/or equipment were not locally 

available. This is, however, done with HREC approval as well as the relevant permits from the 

Department of Health and only if the participants had indicated on their written informed consent 

form that their samples may be sent overseas. Samples are stored for an unspecified period of 

time. To ensure the integrity of the samples while in storage, blood and urine samples are stored 

at -80ºC in a secure lockable bio-freezer until the determination of the variables examined for the 

PURE study. Access to these bio-freezers was limited to key personnel. These bio-freezers are 

monitored via a cellular-based monitoring system. Sample integrity is furthermore maintained via 

the connection of the freezers to uninterrupted power supplies and centralised power generators.  
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3.2.15.4 Declaration  

It was declared that no participant was to be re-approached after 31 December 2015 to collect 

new additional data under the newly extended ethical approval. Only data collected up to 31 

December 2015 were used for primary and secondary analyses. Primary and secondary analyses 

for this application were in line with the original scope and aims of the PURE study as stipulated 

within the affiliated study application.  

3.2.16 Financial resources 

The budget for major data collection of the PURE 2015 was sponsored by South Africa Sugar 

Association. The training of the fieldworkers and QFFQ data collection and coding, 

accommodation for the file research assistants collecting QFFQ data and plasma phospholipid 

FA profile tests were sponsored by Unilever. Contracts were signed between CEN and the two 

entities mentioned above. 
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3.3 SECTION 2: RESEARCH METHODOLOGY OF THE AFFILIATED STUDY 

3.3.1 Title of the study  

Dietary and plasma fatty acids in association with obesity in black South Africans 

3.3.2 Study design  

This study had three publications with different designs: 

First manuscript: Cross-sectional study (2005) 

Second manuscript: Prospective study (2005-2015) 

Third manuscript: Cross-sectional study (2005)  

3.3.3 Study population and sampling   

A random sample of 711 participants was selected from the original 2010 volunteers with both 

dietary and plasm phospholipid FAs after exclusion of 305 participants with human 

immunodeficiency virus controls due to previous use of plasma for analysis. The number of 

participants was randomly selected from stratified groups (rural male, rural female, urban male, 

and urban female. The sample included 125 rural men, 148 urban men, 218 rural women and 220  

urban women. Random sampling was necessary to select a smaller sample, because plasma 

phospholipid FA analysis is expensive, and we did not have sufficient funding to analyse all 

samples.  

The required sample size for these research questions was not based on power calculations, but 

a review of similar studies showed that although some national studies included 3 000 to 6 000 

participants, smaller regional studies included 343 to 775 participants (Rey‐López et al., 2014), 

and this was sufficient to answer the research question. The sample size limited us from carrying 

out specific sex-specific analysis to determine the association of the studied FAs and patterns in 

association with obesity-related parameters and MetS. 

3.3.4 Data procedure 

Two different datasets from the PURE study were used in the proposed PhD study. Secondary 

data analysis was performed on the baseline data collected in 2005 and at ten-year follow-up 

(2015) data. 



 

144 
 

3.3.5 Research tools 

Research tools used in this study are described in the section 1 of the PURE research 

methodology under section 6.2.4. 

3.3.6 Ethical considerations 

3.3.6.1 Ethical approval  

Ethics approval for this affiliated study of the PURE study was obtained from the Human Research 

Ethics Committee of the North-West University (NWU 00346-16-A1). A copy of the ethics form is 

included in the annexures. 

3.3.6.2 Participants written informed consent form 

No additional participants’ consent was required for this affiliated study. 

3.3.6.3 Permission to use PURE data  

Permission to use both the secondary data collected in 2005 and data collected in 2015 (where 

the PhD student participated) was obtained from the PI. A formal request was sent to the PI after 

the proposal for this affiliated study was approved by the HREC of North-West University. Formal 

permission was granted, and this document is included in the annexures.  

This study was considered of ‘minimal risk’. Safety precautions in the laboratory, as outlined by 

CEN laboratory regulations, were strictly adhered to. 

3.3.7 Benefits of the affiliated study  

3.3.7.1 Direct benefit  

Participants partaking in the data collection in 2015 directly benefited from the day’s 

measurements. They received feedback regarding results that were immediately available. These 

included:  

 Blood pressure  

 Blood glucose levels  

 Anthropometry  
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In cases of any abnormalities that were picked up on any of the measurements, the lead 

researcher for the day provided the participant with a referral letter that they presented at the 

nearest hospital or local clinic. The principal investigator visited the local hospital and clinics to 

inform them about the upcoming follow-up study and to make pre-arrangements for possible 

referrals. 

3.3.7.2 Indirect benefits  

The association of dietary and plasma FA with obesity-related outcomes including the MetS and 

associated risk is not well established in the black South African population. The major goal of 

the proposed study is to explore the associations of dietary and plasma FA biomarkers and 

resulting patterns with obesity and metabolic features, and its development over time. The 

findings of this study may complement the data in the field and further supplement the knowledge 

and importance of FA status as potential novel biomarkers of obesity-related health outcomes. In 

addition, the new knowledge will be used to support policies that direct nutrition intervention to 

recommend modulation of current FA intake guidelines in South African population, as well as 

general public health importance. Furthermore, the student will obtain a doctoral degree. 

3.3.7.3 Incentive and reimbursement for this proposed study  

Participants were financially compensated to the amount of R100.00 per day in 2005 and 2015 

for any expenses or loss of income incurred due to their participation in the study. They were also 

provided with funds if they were referred to the local hospital/clinic and compensated for a day’s 

income if they missed work due to data collection. No additional compensation was required in 

relation to this affiliated study.  

3.3.8 The risk associated with the research to be conducted within the proposed study 

The proposed research included comprehensive statistical analysis of existing PURE data and 

data collected in 2015, in order to fulfil the proposed aims and objectives of the affiliated study. In 

addition, further laboratory analysis was performed from the already sampled human plasma 

samples available from 2015. No additional analysis involving re-consenting and further sampling 

of biological human species was included in the research proposed herein. Furthermore, the data 

and results obtained from the proposed study are not of immediate clinical relevance, but of broad 

epidemiological significance. Therefore, the research conducted within this PhD project is of 

minimal risk.  
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3.3.9 Data access and management  

The PhD student for this proposed study received coded data in an electronic format after an 

official request from the PURE study PI. Together with her supervisors and statistician, the data 

were stored in a password protected computer and backed up on an external hard drive. All the 

data in possession of the PhD student will be re-possessed.  

3.3.10 Research methodologies specific to PhD study  

3.3.10.1 Summary of laboratory measurements  

Fasting blood samples were collected from the antecubital vein with a sterile winged infusion set 

with minimal stasis. The samples were collected by a registered nurse and stored at -80˚C in the 

urban areas. In rural areas, the samples were stored at -18˚C up to five days where after it was 

transported to the laboratory facility and stored at -80˚C until used. Fasting plasma glucose 

concentration was determined by the hexokinase method using the Synchron® system (Beckman 

Coulter Co., Fullerton, CA, USA). The Sequential Multiple Analyser Computer (SMAC), using the 

Konelab™ auto-analyser (Thermo Fisher Scientific Oy, Vantaa, Finland), performed quantitative 

determination of HDL-C, triglycerides and TC. LDL was calculated using the Friedewald equation 

(Friedewald et al., 1972).  

EDTA plasma samples were thawed and extracted with chloroform:methanol (2:1 v/v) according 

to the modified Folch method (Folch et al., 1957). The plasma phospholipid FA fraction was 

isolated by thin layer chromatography from the extracted lipids [33]. Subsequently, the 

phospholipid FA fraction was transmethylated to FA methyl esters and analysed by quadrupole 

gas chromatography electron ionisation mass spectrometry by Agilent Technologies 7890 A GC 

system, as described by Baumgartner et al. (2012). Thirty-two FAs were measured in fasted 

plasma samples from 711 participants. Six FAs, i.e. pentadecanoic acid (C15:0), margaric acid 

(C17:0), trans-vaccenic acid (C18:1n-7t), rumenic acid (C18:2n-7tt), stearidonic acid (C18:4n-3), 

and eicosatrienoic (C20:3n-3) were below the limit of quantification and therefore were not 

included. The remaining 26 plasma phospholipid FAs were quantified and expressed as a 

percentage of total FAs. Quality of data was assured with a separate calibration for each FA, 

monitoring of internal standard (1,2 – diheptadecanoyl – sn – glycerol – 3 phosphorylchloline, 

Matreya, Pennsylvania, USA) and Levey Jennings graphs for a pooled plasma control analysed 

with each batch. The coefficient of variation for the internal standards ranged between 4.76 and 

18.5%, with a coefficient of variation smaller than 10% for 14 of the 26 FAs. The plasma FA 

samples for 2005, were analysed in 2012, 2010 samples were analysed in 2013 and 2015 

https://en.wikipedia.org/wiki/Rumenic_acid
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samples were analysed in 2016. The samples were stored for a period of 8, 4, and 1 year, 

respectively. Plasma phospholipid FAs are very reliable when stored at -80 °C for up to 10 years 

and are suitable in establishing dietary fat-disease associations (Matthan et al., 2010). 

3.3.10.2 Estimation of desaturase activities 

The estimated desaturase activities were assessed as the ratio of FA product to the precursor of 

individual plasma phospholipid FAs (Warensjo, 2006) according to the following formulas: SCD-

16 activity was calculated as a ratio of POA to palmitic acid, SCD-18 activity was calculated as 

the ratio of oleic acid to stearic acid; D6D activity was calculated as the ratio of GLA to LA, and 

D5D activity was calculated as a ratio of AA to DGLA. 
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Table 3-1 List of plasma phospholipid fatty acids studied in the selected group of 

black South African adults  

Plasma phospholipid fatty acids studied in black South African adults  

Fatty acid name  
 Chemical 

notation 
 

Abbreviations  

Saturated  

Myristic acid   C14:0  MA 

Palmitic acid   C16:0  PA 

Stearic acid   C18:0  SA 

Arachidic acid  C20:0   

Behenic acid   C22:0   

Lignoceric acid   C24:0   

Monounsaturated  

Palmitoleic acid   C16:1n-7  POA 

Cis-vaccenic acid   18:1n-7   

Oleic acid   C18:1n-9  OA 

Gondoic acid  C20:1n-9   

Erucic acid   C22:1n-9   

Nervonic acid   C24:1n-9   

n−3 polyunsaturated  

α-linolenic acid   C18:3n-3  ALA 

Eicosapentaenoic acid   C20:5n-3  EPA 

Docosapentaenoic acid   C22:5n-3  DPA 

Docosahexaenoic acid   C22:6n-3  DHA 

n−6 polyunsaturated 

Linoleic acid   C18:2n-6  LA 

γ-linolenic acid   C18:3n-6  GLA 

Eicosadienoic   C20:2n-6   

Dihomo-γ-linolenic acid   C20:3n-6  DGLA 

Arachidonic acid   C20:4n-6  AA 

Docosadienoic acid   C22:2-n6   

Adrenic acid   C22:4n-6   

Osbond acid   C22:5n-6   

n−9 polyunsaturated     

Mead acid   C20:3n-9   

Trans fatty acid      

Elaidic acid   C18:1n9t   

 



 

149 
 

3.3.10.3 Definition of overweight/obesity and metabolic status   

For this specific study, underweight and healthy weight were defined as BMI < 25kg/m2 and 

overweight and obesity as BMI ≥ 25kg/m2, because a BMI above 25kg/m2 has been associated 

with increased cardiometabolic risk in this population (Kruger et al., 2015). MetS was defined 

according to the JIS recommendations (Alberti et al., 2009). The existence of three or more of the 

following: (i) fasting plasma glucose levels ≥ 5.6 mmol/l or the use of oral hypoglycaemic 

medication; (ii) serum triglycerides ≥ 1.7 mmol/l; (iii) serum HDL-C ≤ 1.0 mmol/l for men and ≤ 1.3 

mmol/l for women; (iv) BP ≥ 130/85 mmHg or the use of BP medication; and (v) WC of ≥ 94 cm 

for men and ≥ 80 cm for women (Alberti et al., 2009) was considered to meet the requirement for 

diagnosis of MetS.  

Table 3-2 Classification of metabolic syndrome (Alberti et al., 2009) 

Measure Categorical points 

Men  Women  

Elevated waist circumference* 
Population- and country-specific 
definitions 

≥94 cm ≥80 cm 

Elevated triglycerides (drug treatment 
for elevated triglycerides is an 
alternate indicator*) 

≥150 mg/dL (1.7 
mmol/L) 

≥150 mg/dL (1.7 mmol/L) 

Reduced HDL-C (drug treatment for 
reduced HDL-C is an alternate 
indicator*) 

≤40 mg/dL (1.0 mmol/L) ≤50 mg/dL (1.3 mmol/L) 

Elevated blood pressure 
(antihypertensive drug treatment in a 
patient with a history of hypertension 
is an alternate indicator) 

Systolic ≥130 and/or 
diastolic ≥85 mm Hg 

Systolic ≥130 and/or 
diastolic ≥85 mm Hg 

Elevated fasting glucose# (drug 
treatment of elevated glucose is an 
alternate indicator) 

≥100 mg/dL (5.6 
mmol/L) 

≥100 mg/dL (5.6 mmol/L) 

Notes: *The most commonly used drugs for elevated triglycerides and reduced HDL-C are 
fibrates and atorvastatin. A patient taking one of these drugs can be presumed to have high 
triglycerides and low HDL-C.  

# Patients with type 2 diabetes mellitus on drug treatment for elevated fasting glucose. 

 

3.3.10.4 Additional variables used in the study  

The variables used in all the three manuscripts are summarised in the table below. 
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Table 3-3 Variables used in the PhD study 

Variables 
used in 

the study  

First manuscript  Second manuscript Third manuscript  

Number of 
participants  

(n=711) (n=711) (n=412) 

Study 
design 

Cross-sectional 

(2005) 

Cross-sectional 
(2005) 

Prospective  

(2005-2015) 

Outcomes Metabolic status classified 
according to newly harmonized 
JIS criteria.  

Normal weight: Metabolically 
healthy normal weight and 
metabolically unhealthy with 
normal weight  

Overweight/obese: Metabolically 
healthy and overweight/obese 
and metabolically unhealthy and 
overweight/obese 

Baseline 

Body mass index, 

waist circumference, 

waist: height ratio,  

and metabolic 
syndrome 

10-year changes in 
weight, Body mass 
index, waist 
circumference, and  

waist: height ratio  

 

 Covariates used in the sequential 
regression models  

Age and 
sex  

 Age, men and 
women  

Age, men and 
women  

Lifestyle 
variables  

 Self-reported 
smoking (never 
smoked and current 
smokers), education 
(no school and 
formal education), 
and physical activity. 

Self-reported 
smoking (never 
smoked and current 
smokers), education 
(no school and formal 
education), and 
physical activity. 

Dietary 
variables 

 Alcohol intake, total 
fats, carbohydrates, 
dietary fibre and 
energy from added 
sugar.  

Alcohol intake, total 
fats, carbohydrates, 
dietary fibre and 
energy from added 
sugar. 

Exposures      

Diet-
related  

Dietary intake and individual 
dietary fatty acids  

Dietary patterns  None  

Plasma 
fatty acids  

Individual plasma phospholipid 
fatty acids 

Plasma phospholipid 
fatty acid patterns 
(n=711) 

Baseline plasma 
phospholipid fatty 
acid patterns(n=412) 

Number of 
fatty acids 
used  

26 26 25 
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3.3.11 Statistical analysis 

3.3.11.1 Planned statistical analysis 

The planned statistical analysis was based on the manuscripts published from the proposed PhD 

project. All statistical analyses were performed on the baseline randomly selected cohort (n=711). 

The exploratory output, including data cleaning, outlier testing and normality testing was applied 

to the dataset before it was used for analysis for each publication.  

A summary of statistical analysis, according to the expected publications is outlined below. All 

analyses were performed using SAS Version 9.4 (SAS Institute, Cary, NC, USA) (SAS, 2016) and 

p < 0.05 was considered significant. 

3.3.11.2 First manuscript    

Title: “Dietary and plasma phospholipid fatty acids are associated with metabolic health in black 

South Africans: PURE study”. 

Objective: To compare the levels of dietary and plasma phospholipid FAs of metabolically healthy 

and unhealthy phenotypes classified according to JIS criteria and BMI categories in a group of 

black South African adults.  

Statistical analysis: Medians and interquartile ranges were used to provide overall descriptions 

of variables in the groups, since our data had a skewed distribution. A Kruskal-Wallis test with 

Dunnett's post hoc analysis was conducted to compare demographic, anthropometric, 

biochemical, dietary intake, dietary FA, plasma phospholipid FA and estimated desaturase activity 

data between the identified metabolic status groups, with the MHNW group as the reference. The 

effect size of the differences between MHNW vs MUNW and MHO vs MUO groups was calculated 

using the Man-Whitney U-value and sample size of the groups (Pautz et al., 2018). We also 

performed an ANCOVA test and adjusted for age and total energy intake to compare dietary FAs, 

plasma phospholipid FAs and estimated desaturase activity data between the identified metabolic 

status groups.  

3.3.11.3 Second manuscript   

Title: “Plasma phospholipid fatty acid patterns are associated with adiposity and metabolic 

syndrome in black South Africans: A cross-sectional study.” 
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Objective: To investigate the associations between dietary FAs and plasma phospholipid FA 

patterns, respectively, with adiposity measures BMI, WC and WHtR, and MetS in a selected group 

of black South African adults. 

Statistical analysis: Non-normally distributed data were log transformed before inclusion in 

regression models. Participants’ characteristics were compared by sex and BMI categories using 

the Mann-Whitney U-test or chi-squared test for continuous and categorical variables, 

respectively. Differences between individual FAs and ratios by BMI and sex groups were tested 

by the Mann-Whitney test. The effect size of the differences between groups was calculated using 

the Man-Whitney U-value and sample size of the groups (Pautz et al., 2018). Principal-

component-based varimax factor analysis of the correlation matrix was used to define dietary FA 

(based on the QFFQ) and plasma phospholipid FA patterns. The number of factors to retain was 

established by the Kaiser criterion (eigenvalues > 1) and scree-plot visual inspection. Loadings 

with absolute values higher than 0.5 were considered as relevant for the contribution to each FA 

pattern. The associations between FA patterns and outcomes were evaluated by sequential 

regression models, logistic regression for the dichotomous outcome (MetS), and generalised 

linear models for continuous outcomes (WC, BMI and WHtR). The first step of the sequential 

modelling analyses was based on models that contained only dietary FAs or plasma phospholipid 

FA patterns and was referred to as a crude model. The crude model was then adjusted for sex 

and age (adjusted model1). This model was further adjusted for lifestyle confounders, including 

the level of education, physical activity, alcohol and total energy intake, and self-reported smoking 

status creating a fully adjusted model. 

3.3.11.4 Third manuscript   

Title: “Associations between plasma phospholipid fatty acid patterns and changes in 

anthropometric indices in black South African adults over ten years: a prospective cohort study.” 

Objective: To prospectively explore the associations of plasma phospholipid FA patterns derived 

at baseline with 10-year changes in anthropometric indices of adiposity among a sub-cohort of 

black South Africans participating in the PURE study. 

Statistical analysis: The characteristics of the participants at two time points (baseline and 10-

year follow-up) were assessed by Wilcoxon matched pairs test, and data are presented by sex. 

Differences between individual FAs and ratios by BMI and sex groups at 10-year follow-up were 

tested by means of the Mann-Whitney test. A BMI < 25 kg/m2 was considered as underweight 

and/or normal-weight or lean, whereas BMI ≥ 25 kg/m2 was considered overweight and/or obese. 
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The effect size of the differences between groups was calculated using the Man-Whitney U-value, 

and the sample size of the groups and effect size for differences at two time points were calculated 

by means of the Wilcoxon Signed Ranks Test Z-value and sample size (Pautz et al., 2018).  

Categorical variables were classified as follows: sex, self-reported smoking and education . 

Continuous variables included age, weighted physical activity index and total energy and alcohol 

intake, as well as 10-year changes in weight, BMI, WC and WHtR. Exposure variables included 

six plasma phospholipid FA patterns identified at baseline. 

To define the plasma phospholipid FA patterns at baseline, principal component analysis (PCA) 

based on the varimax rotation was conducted. We considered FA with an absolute factor loading 

of > 0.5 to make a significant contribution to the pattern. The same PCA procedure was repeated 

for the patterns derived at 10-year follow-up. Additionally, we divided the participants into quartiles 

of factor scores for each pattern and tested how many participants stayed in the same quartile or 

moved to the adjacent quartiles for the similar FA pattern after follow-up. The purpose of the 

analysis was to examine the reproducibility of baseline patterns with similar patterns at 10-year 

follow-up.  

We determined the correlation between scores of the different FA patterns, as well as plasma 

FAs, which were correlated with percentage energy (%E) intake from total fat, %E from total SFA, 

total fat and alcohol intake.  

The differences over ten years for all anthropometric indices (weight, BMI, WC, and WHtR) were 

included in the sequential adjusted linear regression models as continuous outcome variables. 

The association with FA pattern scores, with adjustment for covariates, was assessed in 

sequential models, starting with the crude model, which consisted of only plasma phospholipid 

FA patterns (exposure variables) and outcomes. In the first adjusted model, age and sex (men 

and women) were added as covariates, and finally, in the fully adjusted model, all lifestyle 

covariates, including self-reported smoking, education education, physical activity, alcohol and 

total energy intake, as well as the baseline anthropometric variable were added. Model goodness-

of-fit was evaluated using R-square statistics.  

3.3.12 Dissemination of research results  

The manuscript will be submitted for publication in peer-reviewed journals, and part of the 

research has been presented at conferences. The planned submissions are outlined below. 

First manuscript: Prostaglandins, Leukotrienes & Essential Fatty Acids  
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Second manuscript: Cardiovascular Journal of Africa  

Third manuscript: Nutrition Research  
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4.2 Abstract  

Background: Information regarding circulating fatty acids (FA) in association with metabolic 

health in black Africans is scarce, while the usefulness of circulating FAs as biomarkers of dietary 

fat intake and predictors for medical conditions is advancing globally.  

Objective: We compared the levels of eleven dietary and 26 plasma phospholipid FAs in 

metabolically healthy and unhealthy phenotypes in black South African adults.  

Methods: Adults from the South African arm of the Prospective Urban and Rural Epidemiology 

study baseline (n=711) were categorised into four groups, namely normal weight without 

metabolic syndrome (MetS) (MHNW), normal weight with MetS (MUNW), metabolically healthy 

overweight/obese (MHO) and metabolically unhealthy overweight/obese (MUO). Dietary and 

plasma phospholipid FAs were measured by a quantitative food frequency questionnaire and gas 

chromatography-tandem mass spectrometry, respectively. We compared dietary FAs, plasma 

phospholipid FAs and estimated desaturase activity between the metabolic status groups using 

ANCOVA adjusted for age and energy intake.  

Results: MetS was present in 35% of the participants. After adjustment for age and total energy 

intake, in comparison to the MHNW reference group, dietary saturated FAs (C14:0 to C18:0) and 

alpha-linolenic acid intakes were higher in both overweight/obese groups (MHO and MUO), while 
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linoleic acid intakes were higher in the MUO group only. Plasma levels of most saturated FAs 

(C18:0 to C22:0) and PUFAs were higher, whereas selected MUFAs, palmitic acid and estimated 

desaturase activities were lower in the overweight/obese groups.  

Conclusions: The overweight groups generally had higher fat intakes than normal weight groups, 

but lower plasma levels of de novo lipogenesis pathway FAs and estimated desaturase activities. 

Therefore, lower plasma levels of de novo lipogenesis pathway FAs and decreased estimated 

desaturase activities may be biomarkers of abnormal metabolic health in overweight/obese study 

participants.  
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Abbreviations  

AA, arachidonic acid; ALA, α-linolenic acid; BP, blood pressure; BMI, body mass index; CVD, 

cardiovascular disease; D5D, delta 5 desaturase; D6D, delta 6 desaturase; DNL, de novo 

lipogenesis; DGLA, dihomo-γ-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic 

acid; FA, fatty acids; FPG, fasting plasma glucose; GLA, γ-linolenic acid HDL, high-density 

lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; MetS, metabolic syndrome; 

MHNW, metabolically healthy with normal weight; MHO, metabolically healthy and 

overweight/obese; MUFA, monounsaturated fatty acid; MUNW, metabolically unhealthy with 

normal weight; MUO, metabolically unhealthy and overweight/obese; POA, palmitoleic acid; 

PUFA, polyunsaturated fatty acid; SCD, stearoyl-Co-A desaturase; SFA, saturated fatty acid; 

T2DM, type 2 diabetes mellitus; TG, Triglycerides; VLC-PUFA, very long-chain polyunsaturated 

fatty acid; VLC-SFA, very long-chain saturated fatty acid; WC, waist circumference; WHtR, waist: 

height ratio. 

4.3 Introduction  

The metabolic syndrome (MetS), characterised by a group of cardiovascular disease (CVD) risk 

factors including truncal obesity, hypertension, deranged lipid profiles, and abnormal glucose 

metabolism [1], is a significant risk factor for CVD and type 2 diabetes mellitus (T2DM) [2]. 

Obesity, a global epidemic, is a substantial risk factor for MetS [2]. The South African prevalence 

of overweight and obesity is exceptionally high, at 31% in men and 67% in women [3], and higher 

than that of the USA where 31.7% of men and 33.9% of women are overweight and obese [4]. 
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The prevalence of MetS in South Africa is increasing due to the high prevalence of obesity and 

poor dietary habits, which are now also reported in rural areas [5, 6]. Based on the available data 

of various South African studies, the overall crude prevalence of MetS in rural black South 

Africans in KwaZulu-Natal was 26.5% [7]. In the Western Cape Province, a study carried out in 

the rural wine farms showed a prevalence of 29.3% in men and 46.3% in women [8], whereas, in 

the rural and urban areas of Free State, the prevalences were 52.2% and 39.7%, respectively [9]. 

Earlier different criteria for defining MetS have been recommended by the National Cholesterol 

Education Program, the Adult Treatment Panel III Report [10] and the World Health Organization 

(WHO)[11]. More recently, the harmonised Joint Interim Statement (JIS) of six international 

associations includes waist circumference (WC) cut-points for the different ethnic groups and 

recommends that sub-Saharan African populations use the European WC cut-points [12]. The 

available information on the prevalence of MetS in sub-Saharan Africa, based on the classification 

of JIS [1, 12], is limited to epidemiological reports on West Africans in Benin [13], Cameroon [14] 

and Nigeria [15]. In these West African countries, central obesity was reported as a critical 

determinant in the prevalence of MetS in both urban and rural areas [13-15]. Fezeu and 

colleagues [14] recommended that the MetS definitions might not be appropriate for populations 

of African descent. However, different recommendations for WC [16] have been suggested for 

possible use in black Southern African adults for identification of cardio-metabolic risk, but these 

cut-points have not been accepted internationally.  

Certain dietary fatty acids (FA) have been associated with the risk of MetS, while others are 

considered to be protective. Dietary essential FAs, linoleic acid and α-linolenic acid (ALA) are 

converted to the longer chain FAs through endogenous metabolism [17]. Dietary n-3 FAs have 

been shown to be protective of MetS [18], while dietary intake of linoleic acid has been related to 

a lower risk of CVD in prospective observational studies [19]. On the other hand, an increased 

dietary ratio of n-6 polyunsaturated FAs (PUFA) to n-3 PUFAs has been positively associated 

with measures of adiposity and subjects with higher dietary n-6/n-3 PUFA ratio had worse 

metabolic profiles including insulin and HOMA-IR values [20], showing some inconsistencies in 

the literature. 

The associations between the proportion and ratios of individual FAs in plasma phospholipids 

with MetS and related risk factors have been investigated in several cross-sectional studies. 

Overall, these studies propose that high proportions of palmitic and stearic acid in plasma 

phospholipids are positively associated with MetS [21] and adverse metabolic risk [22]. On the 

other hand, very long chain (VLC)-SFAs with chain lengths ranging from C20:0 to C24:0 in plasma 
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were found to be inversely associated with MetS [21]; however, another study observed mixed 

findings with VLC-SFAs in participants with MetS [22]. Selected studies have also reported 

positive associations of POA with the risk of MetS [23, 24]. 

Evidence from studies that have evaluated the associations between n-3 PUFAs in plasma 

phospholipids and plasma FA proportions with MetS is limited and inconsistent. Huang et al. [25] 

reported an inverse association of total n-3 PUFAs in plasma phospholipids with MetS. A study 

in Tunisia documented higher plasma levels of ALA and lower levels of docosahexaenoic acid 

(DHA) and total n-3 PUFAs in patients with MetS [23], whereas another study reported lower 

plasma levels of eicosapentaenoic acid (EPA) in coronary patients with MetS [26]. A study in a 

Mediterranean population at high risk of CVD reported no association between plasma n-3 PUFAs 

and MetS [24]. Total PUFAs in plasma phospholipids were significantly lower in MetS participants 

as compared to healthy subjects in Chinese adults [25]. Sethom et al. [23] reported decreased 

total n-6 and total n-3 PUFAs in patients with MetS. Lower plasma levels of LA and higher levels 

of DGLA were reported in participants with MetS in Spain and Tunisia, respectively [23, 24].  

The stearoyl-Co-A desaturase (SCD)-1 is a rate-limiting enzyme in the synthesis of 

monounsaturated FAs (MUFAs). SCD-1 transforms the SFAs, palmitic and stearic acid into 

MUFAs, palmitoleic acid (POA) and oleic acid, respectively [27]. Delta 6 desaturase (D6D) and 

delta 5 desaturase (D5D) are the rate-limiting enzymes for PUFA conversion and are recognised 

as a main determining factor of levels of longer-chain PUFAs [28]. Alterations of D5D, D6D and 

SCD-1 activities have been associated with MetS [23, 27, 29, 30]. Higher estimated desaturase 

activities, SCD-16 (POA/palmitic acid) and SCD-18 (oleic acid/stearic acid) estimated in 

phospholipid fractions were recorded in participants with MetS [30]. Increased SCD-1 activity and 

decreased D5D activity were reported in adults with MetS [23]. In a longitudinal study, D5D activity 

was inversely associated with the risk of MetS, whereas D6D activity was directly associated with 

risk in men [29].  

Very little is known about the association of specific FAs and estimated desaturase activities with 

obesity and MetS in black Africans. We, therefore, aimed to compare the levels of dietary FAs 

and plasma phospholipid FA of metabolically healthy and unhealthy phenotypes classified 

according to JIS criteria and BMI categories in a group of black South African adults.  
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4.4 Research design and methods 

4.4.1 Study design  

This cross-sectional study utilised baseline (year 2005) data from black South African adults. 

They were participants of the Prospective Urban and Rural Epidemiology (PURE) multi-centre 

cohort study that tracks the impact of diet and lifestyle on the development of non-communicable 

diseases (NCDs) in urban and rural areas of low- and middle-income countries in transition [31].  

4.4.2 Study settings  

The South African leg of the PURE study is set in rural and urban African communities in the 

North West Province of South Africa. Urban participants were recruited from Tlokwe, and rural 

participants from the Ganyesa District. All measurements of the rural participants were performed 

in a field laboratory in Ganyesa. Evaluation of the urban participants was conducted in the 

metabolic unit based at the Centre of Excellence for Nutrition of the North-West University, 

Potchefstroom. Infrastructure and resources to draw blood, administer questionnaires and 

measure body composition were available at both sites [32, 33].  

4.4.3 Study population 

Recruitment was performed from 6000 randomly selected houses by trained fieldworkers, and a 

paper selection was completed according to specific eligibility criteria from the data obtained from 

these households. One thousand participants from both rural and urban communities were 

selected, resulting in 4000 participants, forming the South African arm of the international PURE 

study. In 2005, a total of 2010 (1006 rural and 1004 urban) apparently healthy recruited 

participants turned up for measurements and were enrolled for participation in the study. A sub-

cohort of 711 participants (273 men, 438 women) were selected randomly for this present study 

from the original 2010 volunteers with both dietary and plasma phospholipid FAs, after exclusion 

of 305 participants with human immunodeficiency virus infection. The number of participants was 

randomly selected from stratified groups (rural male, rural female, urban male, and urban female 

and included 125 rural men, 148 urban men, 218 rural women and 220 urban women. All 

participants (n=711) had complete data of anthropometric and metabolic parameters, and plasma 

phospholipid FAs. Also, complete dietary data set excluding under- and over-reporters of total 

energy intake. All the participants provided written informed consent at each follow-up. Ethical 

clearance for the South African PURE study was given by the Ethics Committee of the North-

West University (ethics number 04M10).  
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4.4.4 Anthropometric and blood pressure assessments   

Anthropometric measurements were performed by trained research assistants according to 

standards prescribed by the International Society for the Advancement of Kinanthropometry [34]. 

All equipment was standardised. A portable electronic scale (Precision Health Scale, A&D 

Company, Tokyo, Japan) was used to measure the weight of the participants. Standing height 

was measured using a calibrated stadiometer (Seca, Hamburg, Germany). WC was recorded 

using steel tapes (Lufkin, Apex, NC, USA). The BMI and waist: height ratio (WHtR) were 

calculated using weight (in kg) divided by height (m2) and WC (cm) divided by height (cm), 

respectively. Two blood pressure (BP) readings were assessed at a seated position, and the 

average used for analysis for this study. Further details of anthropometric measurements and BP 

have been published elsewhere [32, 35].  

4.4.5 Fatty acids and biochemical measurements  

Fasting blood samples were collected from the antecubital vein with a sterile winged infusion set 

with minimal stasis. The samples were collected by a registered nurse and stored at -80˚C in the 

urban areas. In rural areas, the samples were stored at -18˚C up to five days, where after they 

were transported to the laboratory facility and stored at -80˚C until analysed. Fasting plasma 

glucose concentration was determined by the hexokinase method using the Synchron® system 

(Beckman Coulter Co., Fullerton, CA, USA). The Sequential Multiple Analyser Computer (SMAC), 

using the Konelab™ auto-analyser (Thermo Fisher Scientific Oy, Vantaa, Finland), performed the 

quantitative determination of HDL, TG and total cholesterol (TC). Low-density lipoprotein 

cholesterol (LDL) was calculated using the Friedewald equation [36].  

EDTA plasma samples were thawed and lipids were extracted with chloroform:methanol (2:1 v/v) 

according to the modified Folch method [37]. The plasma phospholipid fatty acid fraction was 

isolated by means of thin layer chromatography from the extracted lipids [38]. Subsequently, the 

phospholipid fatty acid fraction was transmethylated to fatty acid methyl esters and analysed by 

gas chromatography electron ionisation mass spectrometry by means of an Agilent Technologies 

7890 A GC system, as described by Baumgartner et al. [38]. Thirty-two FAs were measured in 

fasted plasma samples from 711 participants. Six FAs, pentadecanoic acid (C15:0), margaric acid 

(C17:0), trans-vaccenic acid (C18:1n-7t), rumenic acid (C18:2n-7tt), stearidonic acid (C18:4n-3), 

and eicosatrienoic (C20:3n-3) were below the limit of quantification and therefore were not 

included. The remaining 26 plasma phospholipid FAs were quantified and expressed as a 

percentage of total FAs. Quality of data was assured with a separate calibration for each fatty 

acid, monitoring of internal standard (1,2 – diheptadecanoyl – sn – glycerol – 3 
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phosphorylchloline, Matreya, Pennsylvania, USA) and Levey Jennings graphs for a pooled 

plasma control analysed with each batch. 

4.4.6 Estimation of desaturase activities 

The estimated desaturase activities were assessed as the ratio of FA product to the precursor of 

individual plasma phospholipid FAs [27] according to the following formulas: SCD-16 activity was 

calculated as a ratio of POA to palmitic acid, SCD-18 activity was calculated as the ratio of oleic 

acid to stearic acid, and both SCD-16 and SCD-18 represent SCD-1 activity. The D6D activity 

was calculated as the ratio of DGLA to LA, and delta-5 desaturase (D5D) activity was calculated 

as a ratio of AA to DGLA. 

4.4.7 Definition of overweight/obesity and metabolic status   

For this specific study, underweight and healthy weight were defined as BMI < 25kg/m2 and 

overweight and obesity as BMI ≥ 25kg/m2, because a BMI above 25kg/m2 has been associated 

with increased cardiometabolic risk in this population [39]. MetS was defined according to the JIS 

recommendations [12]. The existence of three or more of the following: (i) FPG levels ≥ 5.6 mmol/l 

or the use of oral hypoglycaemic medication; (ii) serum TG ≥ 1.7 mmol/l; (iii) serum HDL ≤ 1.0 

mmol/l for men and ≤ 1.3 mmol/l for women; (iv) BP ≥ 130/85 mmHg or the use of BP medication; 

and (v) WC of ≥ 94 cm for men and ≥ 80 cm for women [12] was considered to meet the 

requirement for diagnosis of MetS.  

We categorised the study participants into four metabolic status groups, namely metabolically 

healthy with normal weight (MHNW), metabolically unhealthy with normal weight (MUNW), 

metabolically healthy and overweight/obese (MHO), metabolically unhealthy and 

overweight/obese (MUO). 

4.4.8 Estimation of dietary nutrients  

Dietary data were collected using a using a culturally sensitive quantified food frequency 

questionnaire (QFFQ) listing 135 food items with additional elaboration of different varieties and 

cooking methods [40], as described elsewhere [32]. Dietary macronutrients and FAs were 

calculated using the South African Medical Research Council food composition tables [41]. 

Twenty-eight dietary FAs were included initially, but FAs that had a daily median intake of less 

than 0.10 mg were excluded, leaving a total of 11 dietary FAs to be investigated in this study. 

Participants with reported total energy intakes ≥30,000 or ≤3000 KJ were excluded from the 

baseline as over-reporters and under-reporters, respectively. 
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4.4.9 Statistical analysis  

Medians and interquartile ranges were used to provide overall descriptions of variables in the 

groups, since our data had a skewed distribution. A Kruskal-Wallis test with Dunnett's post hoc 

analysis was conducted to compare demographic, anthropometric, biochemical, dietary intake, 

dietary FA, plasma phospholipid FA and estimated desaturase activity data between the identified 

metabolic status groups, with the MHNW group as the reference. The effect size of the differences 

between MHNW vs MUNW and MHO vs MUO groups was calculated using the Man-Whitney U-

value and sample size of the groups [42]. We also performed an ANCOVA test and adjusted for 

age and total energy intake to compare dietary FAs, plasma phospholipid FAs and estimated 

desaturase activity data between the identified metabolic status groups. Statistical analysis was 

performed using SAS version 9.4 [43]. A p-value of ≤ 0.05 was considered statistically significant. 

4.5 Results  

The percentage of participants with MetS was 35% (n=246) and 40% (n=287) were 

overweight/obese. Differences in demographic data and metabolic parameters between the four 

metabolic status groups are reported in Table 4-1. The MUO group was significantly older 

compared to all the other groups. All the anthropometric measurements, including weight, BMI, 

WC and WHtR were higher in the MHO, MUNW and MUO compared to the MHNW. As expected, 

the systolic and diastolic BP, as well as TC, TGs and FPG, were higher in the MetS groups 

(MUNW and MUO). On the other hand, LDL was higher for MHO, MUNW and MUO, while HDL 

was lower for both overweight/obese (MHO and MUO) groups than in the MHNW group.  

We also compared the differences between the two normal weight groups (MHNW and MUNW). 

Even though the two groups had normal BMI, the MUNW group had higher anthropometric 

measurements compared to the MHNW group. As expected, all the metabolic parameters were 

significantly higher in the MUNW group compared to the MHNW group. We furthermore compared 

the differences between both the overweight/obese groups (MHO and MUO). WC, WHtR, systolic 

and diastolic blood pressure, TC, LDL,TC and FPG were higher in the MUO group compared to 

the MHO group. Surprisingly, HDL was also higher in this group. The MHO group were more 

physically active as compared to the MUO group. 

Dietary intake and dietary FAs are indicated in Table 4-2. The MUO group had the lowest %E 

intake from carbohydrates, but highest %E intake from total fat compared to the MHNW group. 

Higher %E intake from PUFAs was observed in the MetS groups (MUNW and MUO) than in the 

MHNW group, while the MHO group had the highest %E intake from added sugar. The quantities 
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of most dietary FAs were highest in the MUO group, except POA,and ALA, which were higher in 

both the MUNW and MUO groups compared to the MHNW group. 

Furthermore, we compared dietary intake and dietary FAs in the normal weight groups (MHNW 

and MUNW) as well as overweight/obese groups (MHO and MUO). The MUNW group had 

significantly higher levels of energy intake from total protein and total fat compared to the MHNW 

group. The MUO group had higher total energy intake, as well as higher intakes of most dietary 

SFAs and MUFAs. The MUNW group had higher intakes of dietary ALA compared to the MHNW 

group. Interestingly, dietary POA and AA were higher in both MetS groups (MUNW and MUO) as 

compared to their healthier counterparts, MHNW and MHO, respectively. 

The composition of plasma phospholipid FAs and estimated desaturase activities according to 

metabolic status are outlined in Table 4-3. Proportions of most of the individual plasma 

phospholipid FAs from different FA classes (SFAs, MUFAs, n-3 and n-6 PUFAs) were significantly 

different in the overweight/obese (MHO and MUO) groups compared to the MHNW group. Plasma 

SFAs (C18:0 to C22:0), as well as n-3 and n-6 PUFAs (DHA, DGLA, AA) and total n-6 PUFAs 

were higher, whereas MUFAs, (POA and oleic acid) were lower for both the overweight/obese 

groups compared to the MHNW group. Total n-3 PUFA was higher in the MUO group compared 

to the MHNW group. Palmitic acid is the most abundant FA and was an exception among SFAs, 

because the proportion of palmitic acid was lower in the overweight/obese groups compared to 

the MHNW group. There were additional significant differences among groups for several FAs 

that were identified in very small proportions in the plasma phospholipids, for example EPA was 

lower in the MHO group compared to the MHNW group. The estimated desaturase activities, 

SCD-1, were lower in both the overweight/obese groups. Inconsistent differences were found for 

desaturase activities D6D and D5D. D6D was higher in the MUO group, while D5D was lower in 

the MUO group, compared to the MHNW group.  

Comparison of the differences between the two normal weight groups (MHNW and MUNW)- 

showed that the MHNW had higher plasma levels of VLC--SFAs, VLC-MUFAs and linoleic acid 

compared to the MUNW group (Table 4-3). Higher plasma levels of EPA (effect size 0.50), higher 

SCD-18 activity and lower D5D activity were observed in the MUNW group compared to the 

MHNW group. There were other significant differences recorded between FAs that occur in low 

proportions in these two groups that are not highlighted in the results. Furthermore, the effect 

sizes for the difference between the groups were generally low.  

We further present plasma phospholipid FA differences between the healthy and unhealthy 

overweight/obese groups (MHO and MUO) (Table 4-3). Plasma levels of palmitic acid, MUFAs 
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(POA, oleic acid), EPA, and SCD-1 activity, were higher in the MUO group compared to the MHO 

group, whereas plasma long-chain SFAs (C18:0 to C24:0), total n-6 PUFAs, and D5D activity 

were consistently higher in the MHO group compared to the MUO group. The effect sizes for the 

differences between the groups were low, ranging between 0.33 and 0.43.  

ANCOVA tests, controlled for age and total energy intake, show differences between the four 

metabolic status groups as outlined in Table 4-4. Whereas most FAs were higher in the MUO 

group only, after adjustment for age and total energy intake most dietary saturated FA and ALA 

intakes were higher in both overweight/obese groups (MHO and MUO). Linoleic acid intakes were 

higher in the MUO group only compared to MHNW. Most of the plasma phospholipid FAs, 

remained significantly different in overweight/obese groups as compared to the MHNW group, 

whereas all estimated desaturase activities were lower in the MUO group as compared to the 

MHNW after adjustments for age and total energy intake.  

4.6 Discussion 

This cross-sectional study of the South African arm of the international PURE study adds new 

information about dietary FAs and plasma phospholipid FAs in relation to metabolically healthy 

and unhealthy phenotypes in black Africans. To our knowledge, this is the first study to compare 

the levels of dietary and plasma phospholipid FAs, as well as anthropometric and metabolic 

parameters among metabolically healthy and unhealthy phenotypes in black Africans. After 

adjustments for age and total energy intake, and comparisons of dietary and plasma phospholipid 

FAs between the four metabolic status groups, dietary saturated FAs and ALA intake were higher 

in both the overweight/obese groups, while linoleic acid intakes were higher in the MUO group 

only. Lower plasma levels of most MUFAs, ALA and GLA, and lower estimated desaturase activity 

in the overweight/obese groups (MHO and MUO) persisted. The overweight/obese groups had 

higher VLC-SFAs, DHA, DGLA, total n-6 PUFAs compared to the MHNW group.  

Studies report that overweight or obese persons, characterised by an excessive visceral and 

ectopic fat, are at higher risk of developing metabolic complications categorised by 

hyperinsulinemia/glucose intolerance, hypertension, atherosclerosis, and adverse cardiac effects 

[44]. In line with our findings, older obese men and women with MetS have been reported to 

present with significantly higher abdominal visceral fat compared to non-MetS participants [45]. 

The MUO group had higher abdominal obesity as measured by WC and WHtR compared to the 

MHO group (Table 6-1). Over time, sub-groups of MHO individuals developed T2DM and other 

related CVD risk factors in an Australian longitudinal study, indicating the temporary nature of this 

condition [46]. Therefore, higher abdominal obesity measured by WC and WHtR observed in the 
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MUO group, compared to the MHO observed in our study participants, is consistent with what is 

reported in the literature [44, 45]. Indeed, an increase in WC predicts a shift to the MUO phenotype 

[46]. On the contrary, lower central adiposity, young age and physical activity increased the 

likelihood of MHO in adults [46]. These results are in support of our findings. The MHO group in 

our study participants were more physically active, had lower central adiposity and were younger 

as compared to the MUO group. 

Higher %E intake from total fat observed in the MUO group in this present study may explain the 

abdominal obesity and higher intakes of most dietary FAs seen in this group. A robust association 

between excessive caloric intake and ectopic fat accumulation has been documented [2]. 

Generally, unhealthy dietary patterns, characterised by higher energy intakes, animal source 

food-based diet, high-fat foods, and lower intake of dietary fibre, as well as increased consumption 

of added sugar (as also observed in the MHO group) have been associated with obesity and high 

risk of NCDs in the black South African population from the North West Province [5, 6]. In addition, 

higher levels of dietary SFAs (palmitic and stearic) were recorded in the overweight and obese 

groups (Table 4-4).  

Our study participants were high carbohydrate consumers (Table 4-2) and are therefore expected 

to have high plasma levels of the de novo lipogenesis (DNL) pathway FAs, including palmitic and 

stearic acids, which are caused by by high doses of ingested carbohydrates and fructose [47]. A 

high-carbohydrate diet upregulates DNL from excess carbohydrates and protein into SFAs and 

MUFAs associated with unfavourable changes in metabolic traits in humans [48], while a 

restricted carbohydrate diet generally improves the features of MetS [49]. In our participants, the 

levels of plasma stearic acid were higher in the overweight/obese groups (MHO and MUO), 

whereas palmitic acid was lower compared to the MHNW group. One possible explanation could 

be that the MUO group had significantly lower carbohydrate intakes as a percentage of energy 

than the MHNW group. Another study that documented the plasma FAs profile of patients with 

MetS in Tunisia observed the opposite, with higher plasma levels of palmitic acid and lower levels 

of stearic acid in their participants [23]. Furthermore, results from the Prevención con Dieta 

Mediterránea (PreDiMed) study indicate that higher plasma levels of palmitic acid were observed 

in subjects presenting with MetS [24]. Levels of stearic and palmitic acids, observed in our study 

participants, are comparable to levels in serum and plasma phospholipid fractions reported in 

Korean men [30], but higher than levels in plasma reported in the PreDiMed study in Spain [24]. 

These differences in plasma levels are attributed to different dietary patterns associated with 

diverse geographical regions [50, 51]. 
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In the present study, higher plasma levels of VLC-SFAs, (C18:0 to C22:0) were found in the 

overweight/obese groups (MHO and MUO) compared to the MHNW group, and persisted after 

adjustments for age and total energy intake. These VLC-SFAs have been associated with a lower 

risk of MetS [21] and a lower risk of diabetes in older adults [52]. Furthermore, Fretts and 

colleagues [53] described a lower risk of total mortality associated with higher VLC-SFAs in 

plasma phospholipids in older adults. The VLC-SFAs are a minor FA component in human tissues 

and blood [50] and represented less than 3% of the plasma phospholipid FAs in the adults in this 

study. Circulating concentrations of FAs have been shown only to function as biomarkers of 

dietary intake for the non-endogenously synthesised FAs [54], but circulating VLC-SFAs are not 

considered to be suitable markers of dietary intakes of these FAs. Therefore, the higher plasma 

levels of VLC-SFAs observed in the overweight/obese groups in our participants could be due to 

the underlying metabolic impairment compounded by an overall unhealthy lifestyle, rather than 

from intake of VLC-SFAs [52]. Although higher plasma levels of VLC-SFAs (C18:0 to C22:0) were 

found in both overweight/obese groups compared to the MHNW group, it was interesting to note 

that higher plasma levels of VLC-SFAs were found in the MHO group compared to the MUO 

group after adjustment for age and total energy intake. This finding confirms that behenic and 

lignoceric acids may be associated with a lower risk of MetS among the overweight and obese 

participants in our study, as reported in a study in China [22]. Further studies are needed in 

populations of black Africans to determine the sources of plasma VLC-SFAs and long-term 

association with metabolic health. 

Palmitoleic acid in plasma has also been associated with poor metabolic health and increased 

risk of MetS in participants from different geographical locations [23, 24]. On the other hand, 

dietary oleic acid has been reported to prevent palmitate-induced metabolic impairment [55]. In 

this present study, lower plasma levels of cis-vaccenic and gondoic acids were observed in the 

MUO participants, and lower POA and oleic acid acids were observed in both overweight/obese 

groups (MHO and MUO) (Table 64-4). A study in the USA observed plasma and erythrocyte 

levels of cis-vaccenic and gondoic acids to be inversely associated with the odds of diabetes in 

men and women [56]; furthermore, cis-vaccenic acid in plasma phospholipids was also associated 

with lower diabetes risk [57]. Our study provides data to support current evidence from cross-

sectional studies that low proportions of DNL FAs such as cis-vaccenic and gondoic acid 

observed in the MUO group as compared to the MHNW group are associated with an elevated 

risk of metabolic disorders, and might play a significant role in metabolic regulation and influence 

the pathogenesis of T2DM [56, 57]. MUFAs (POA, cis-vaccenic, and oleic acid) can all be derived 
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from palmitic acid through the DNL pathway, and play a role in metabolic abnormalities [58], but 

more prospective studies are required, especially among populations of African descent. 

Higher SCD-1 and lower D5D activities in participants with MetS have been reported in diverse 

populations [23, 30, 59]. In our study, lower SCD-1 was observed in the overweight/obese groups 

(MHO and MUO) (Table 4-4). Higher D6D and lower D5D activity were recorded in the MUO 

group. The lower SCD-1 activity is supported by the lower plasma POA and OA observed in 

overweight/obese participants as compared to the MHNW after adjustments for age and total 

energy intake. Reduced D5D activity in overweight subjects with a high visceral fat distribution 

may result in a disturbed FA metabolism [60]. Moreover, variations in FA composition and 

desaturase activities may appear long before the onset of MetS [27]. These changes may be 

influenced by age, sex (hormonal), and even genetic factors [27, 61]. In our study, the MUO group 

was the oldest and had the lowest D5D activity, but the difference persisted after adjustment for 

age and total energy intake. Lower D5D activity was also reported in 71 year old patients with 

hepatic steatosis, a feature of MetS [62]. Sethom et al. [23] also reported lower D5D activity in 

MetS participants who were generally older as compared to their healthier counterparts. 

Results of plasma levels of specific n-3 PUFAs in association with MetS have been inconsistent 

in the literature. In the present study, we observed higher plasma levels of total n-3 PUFAs in the 

MUO group, which persisted after adjustment for age and total energy intake (Table 4-4). We 

also observed higher plasma levels of EPA in the MUNW group (effect size 0.50) after comparison 

with the MHNW group. Contrary to our findings, lower plasma levels of total n-3 PUFAs were 

reported in patients with MetS in Tunisia [23] and in China [25]. In a different study in Canada, 

lower levels of EPA in plasma FA profiles were observed in participants with MetS [26], while 

some cross-sectional and prospective studies in diverse populations (Europe and USA) did not 

observe any associations of MetS with plasma n-3 PUFAs [24, 63]. These disparities in 

associations between n-3 PUFAs and metabolic health could conceivably be due to differences 

in sample size, dietary intake associated with geographical regions [50, 51], FA related metabolic 

processes and different tissues/lipid medium used in the extraction of these FAs. In randomised 

controlled trials, supplementation with n-3 LC-PUFAs could possibly improve some obesity-

related MetS features, such as insulin resistance and others as outlined in a review [64]. However, 

considering that EPA and DHA are important nutrients and the intake of total n-3 PUFAs in our 

participants was lower than WHO and Food and Agricultural Organization of the United Nations 

recommendations [65], plasma n-3 PUFAs may not be sensitive metabolic health indicators for 

our participants as the status may be more reflective of endogenous metabolic pathways. This 

may be substantiated by the fact that dietary intake of ALA was higher in both overweight/obese 
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groups (MHO and MUO), but plasma phospholipids of ALA were lower, while levels of DHA were 

higher in both groups. This may indicate some form of up-regulation for converting dietary ALA to 

n-3 LC-PUFAs in our selected group of black South Africans. This endogenous response could 

be a result of metabolical adaptation to this health condition. Consequently, further research 

specifically in the black African population is required in this regard. 

Total n-6 PUFAs in plasma phospholipid FAs have been associated with MetS in Asia [25] while 

decreased n-6 PUFAs were observed in the patients with MetS in Africa [23]. In our participants, 

total n-6 PUFAs were higher in both the overweight/obese (MHO and MUO) groups than in normal 

weight groups (MHNW and MUNW) when adjusted for age and total energy intake (Table 4-4). 

In addition, higher plasma levels of DGLA and AA were observed in both the overweight/obese 

groups when all the groups were compared (Table 4-3). This finding confirms results of a previous 

study that investigated African American, Chinese, Hispanic, and white adults found that obese 

individuals had significantly higher plasma levels of DGLA and AA compared to their healthy 

weight counterparts [66]. Furthermore, lower plasma levels of AA [23] and higher levels DGLA 

have been associated with MetS [24]. DGLA and AA form series 1 and 2 of prostaglandins which 

are generally viewed as anti-inflammatory and pro-inflammatory respectively [67]. In obesity and 

MetS, DGLA is a critical player in the synthetic pro-inflammatory pathway, and elevated levels of 

both DGLA and AA may contribute to inflammatory response [68]. Furthermore, from the literature 

the main difference between the MHO and MUO groups was linked to the degree of chronic 

inflammation [69] and this is the link to MetS through obesity-related insulin resistance [70]. The 

higher levels of plasma DGLA in the overweight/obese participants in this present study may be 

indicative of impaired FA metabolism due to ageing, which may also cause the accumulation of 

DGLA, probably as a consequence of long-term abnormal metabolic risk factors, including obesity 

and insulin resistance, as has also been observed elsewhere [30]. Besides, plasma DGLA is 

converted from dietary LA, and our participants are high consumers of LA from sunflower oil [71]. 

Also, higher plasma DGLA and lower D5D activities have been associated with risk of MetS in 

Spain and Japan [24, 59]. Levels of plasma DGLA in our MUO participants were comparable to 

those of patients with hepatic steatosis [62]. 

In summary, our study adds knowledge of levels of dietary and circulating FAs in metabolically 

healthy and unhealthy phenotypes in a selected group of black South Africans. High proportions 

of palmitic and stearic acid in plasma phospholipids were previously positively associated with 

MetS and metabolic markers of lipid, hepatic, inflammation and glycaemic pathways in adults [21, 

22, 24]. In line with these findings we also found higher plasma stearic acids in the 

overweight/obese groups, but the lower levels of plasma palmitic acid in the overweight/obese 
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groups (MHO and MUO) compared to the MHNW group in our study participants is difficult to 

explain.The lower DNL pathway FAs (palmitic acids, POA and cis-vaccenic acid), observed in our 

overweight/obese (MHO and MUO) participants are different from results documented in 

epidemiological studies [23, 24, 30, 56]. Lower estimated SCD-1 activity observed in our 

overweight/obese participants compared to normal weight groups is different from what has been 

reported in cross-sectional studies [23, 30] and longitudinal study [27], whereas lower estimated 

D5D activity is consistent with scientific literature [23, 30, 59, 62, 72]. Furthermore, higher plasma 

VLC-SFAs observed among the MHO participants compare to the MUO group in the present 

study may be related to a lower risk of MetS, as has been observed elsewhere [22]. Likewise, 

higher serum levels of DGLA observed in this study may be related to the decreased estimated 

D5D activity, which is downregulated in individuals with obesity and risk of abnormal glucose 

metabolism [72]. In addition, visceral obesity may facilitate the conversion of persons who are 

MHO to progress to MUO status [73]. The high adiposity status may explain why the levels of 

most of the plasma phospholipid FAs observed in the MHO and MUO in our participants are 

comparable. Furthermore, the MUO group had higher abdominal obesity, and this may be 

attributed to higher dietary fat intake observed in this group. To our knowledge, no prior studies 

have compared the levels of both dietary and plasma phospholipid FAs with metabolic health in 

black South Africans. 

4.7 Strengths and limitations 

The major strength of this study is that information on plasma phospholipid FAs, dietary intake 

including dietary FAs, was explored in all the metabolically healthy and unhealthy phenotypes. 

Our study participants are not only high carbohydrate consumers, but are also indeed relatively 

low-fat consumers providing a unique prospect for exploring probable associations between the 

DNL pathway FAs in metabolically healthy (MHNW and MHO) and unhealthy phenotypes (MUNW 

and MUO). There are limitations associated with our study. The size of the cohort, randomly 

selected from the PURE sample, is relatively small, and therefore did not allow us to carry out 

sex-specific analysis, and therefore, the sex-specific associations of lipid profile and WC on our 

results cannot be established. Our sample size was small, because plasma phospholipid FA 

analysis is expensive, and we did not have sufficient funding to analyse all samples. The cross-

sectional design of the study limits a conclusion about causality. We did not evaluate other 

biological markers such as inflammation or insulin levels associated with metabolic health. Middle 

aged and elderly populations are at a higher risk of degenerative diseases, and for this reason 

we are not able of determining whether the detected associations are causal. The estimation of 

desaturase activities from FAs ratios is not sufficient to conclude actual metabolic/physiological 
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processes within the body. However, this provided us with an indication of levels of these 

estimated enzyme activities and metabolic status in our black South African participants. Despite 

these limitations, some of our study results are in agreement with both cross-sectional and 

longitudinal studies from diverse populations. Unfortunately, we could only compare our results 

with few populations of African descent [23] due to a lack of data. Therefore, the results of this 

study provide some evidence needed to embark on prospective studies to establish more broadly 

the association of dietary and circulating FAs with metabolic health in black Africans. 

4.8 Conclusion 

Lower levels of DNL pathway FAs, palmitic acid, POA, oleic, cis-vaccenic and gondoic acids, as 

well as estimated desaturase activities, D5D, and SCD-1, and higher D6D activity are suggestive 

of biomarkers of abnormal metabolic health in our study participants. Higher plasma levels of 

behenic and lignoceric acids and VLC-SFAs observed in the MHNW compared to MUNW, as well 

as MHO compared to MUO groups may be associated with a lower risk of MetS. Prospective 

studies should investigate the roles of both DNL FAs and VLC-SFAs in metabolic health in an 

African population with diverse dietary fat, alcohol and carbohydrate intake.  
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Table 4-1: Differences in demographics and metabolic parameters of metabolically healthy and unhealthy black South African adults 

(n=711) 

 
 

Normal weight groups (n=424)   Overweight/obese groups (n=287) 
 All 

groups 

  MHNW (n=345)  MUNW (n=79)    MHO (n=120)   MUO (n=167)    

 

(n=711) 

 
 

Median (Q1, Q3)  Median (Q1, Q3) 
p-

valuea 
Effect 
sizea  

 Median (Q1, Q2)c  Median (Q1, Q2) 
p-

valueb 
Effect 
sizeb 

p-
valuec 

Variablesa 

         

 

    

Demographics                

Age (years)  51 (44, 58)a  51.0 (46, 57)a 0.58   49 (43, 56)a  55 (48, 65)b <.0001 0.34  <.0001 

Physical activity   2.85 (2.55, 3.27)a  2.70 (2.45, 3.13)a 0.63   2.97 (2.55, 3.30)a  2.70 (2.51, 3.03)a 0.006 0.40  0.25 

Weight (kg)  52.6 (46.8, 58.3)a  55.9 (49.9, 63)b 0.001 0.38  75.8 (68.6, 86.9)b  77.3 (68.4, 86.3)b 0.50   <.0001 

Body mass index (kg/m2)   19.8 (17.8, 22.0)a  21.4 (19.1, 23.3)b 0.002 0.36  30.4 (26. 9, 34.1)b  31 (27.6, 34.5)b 0.50   <.0001 

Waist circumference (cm)   71.7 (66.5, 76.0)a  78.4 (69.5, 83.5)b 0.001 0.31  89.5 (82.3, 94.9)b  92.6 (86, 99.5)b 0.01 0.39  <.0001 

Waist to height ratio  0.44 (0.41, 0.45)a  0.47 (0.44, 0.51)b <.0001 0.30  0.56 (0.52, 0.61)b  0.59 (0.55, 0.63)b 0.003 0.37  <.0001 

Metabolic parameters               

Systolic blood pressure (mm/Hg)  129 (116, 144)a  148 (132, 164)b <.0001 0.29  122 (112, 138)a  143 (130, 161)b <.0001 0.25  <.0001 

Diastolic blood pressure (mm/Hg)  84.0 (76.0, 93.0)a  96.0 (87.0, 108)b <.0001 0.28  83.0 (76.0, 94.0)a  94.0 (86.0, 100)b <.0001 0.30  <.0001 

Total cholesterol (mmol/L)  4.87 (4.19, 5.77)a  6.04 (4.76, 6.98)b 0.0003 0.30  4.65 (4.06, 5.53)a  5.54 (4.71, 6.51)b 0.0002 0.32  <.0001 

Low-density lipoprotein 
cholesterol (mmol/L) 

 2.99 (2.32, 3.73)a  3.64 (2.57, 4.9)b 0.001 0.34  3.21 (2.65, 3.98)b  3.77 (2.99, 4.75)b 0.005 0.38  <.0001 

High-density lipoprotein 
cholesterol (mmol/L) 

 1.60 (1.22, 2.18)a  1.63 (1.39, 2.16)a 0.52   1.19 (1.05, 1.42)b  1.45 (1.07, 1.73)b <.0001 0.36  <.0001 

Triglycerides (mmol/L)  0.97 (0.75, 1.28)a  1.83 (1.14, 2.49)b <.0001 0.21  1.04 (0.87, 1.36)a  1.72 (1.14, 2.22)b <.0001 0.26  <.0001 

Fasting plasma glucose (mmol/L)  4.70 (4.20, 5.10)a  5.60 (4.90, 5.90)b <.0001 0.18  4.70 (4.30, 5.10)a  5.30 (4.60, 6.30)b <.0001 0.30  <.0001 

a P-value and effect size for MHNW vs MUNW (Mann-Whitney U-test) 
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Normal weight groups (n=424)   Overweight/obese groups (n=287) 
 All 

groups 

  MHNW (n=345)  MUNW (n=79)    MHO (n=120)   MUO (n=167)    

 

(n=711) 

 
 

Median (Q1, Q3)  Median (Q1, Q3) 
p-

valuea 
Effect 
sizea  

 Median (Q1, Q2)c  Median (Q1, Q2) 
p-

valueb 
Effect 
sizeb 

p-
valuec 

Variablesa 

         

 

    

b P-value and effect size for MHO vs MUO (Mann-Whitney U-test) 
c P-value is indicating group differences (Kruskal-Walis test). The letter a is considered to be similar to the reference group (MHNW), and b is considered to be different from the reference group.  

Abbreviations: MHNW, metabolically healthy with normal weight; MHO, metabolically healthy and overweight/obese; MUNW, metabolically unhealthy with normal weight; MUO, metabolically 
unhealthy and overweight/obese. Data presented as median (interquartile ranges). 
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Table 4-2: Differences in quantities of dietary intake and dietary fatty acids of metabolically healthy and unhealthy black South African 

adults (n=711) 

 

 Normal weight groups (n=424)   Overweight/obese groups (n=287)    All 

groups 

  MHNW (n=345)  MUNW (n=79)    MHO (n=120)   MUO (n=167)     (n=711) 

 
 Median (Q1, Q3)  Median (Q1, Q3) p-

valuea 
Effect 
sizea  

 Median (Q1, Q2)c  Median (Q1, Q2) p-valueb Effect 
Sizeb 

p-valuec 

Dietary intake (per day)               

Added sugar, %E  14.1 (8.8, 20.3)a  12.7 (8.05, 17.5)a 0.18   20.7 (13.6, 28.5)b  16.8 (11.4, 23.4)a 0.03 0.41  <.0001 

Alcohol, % E  1.63 (0, 9.24)a  0.78 (0, 9.43)a 0.71   0(0, 0)b  0 (0, 2.84)b 0.03 0.43  <.0001 

Total carbohydrates, % E  65.2 (59.2, 72)a  62.1 (55.9, 70.5)a 0.06   64.8 (56.5, 71)a  60.4 (55.0, 66)b 0.004 0.40  <.0001 

Total fibre (mg/day)  19.0 (13.0, 27.0)a  20.8 (14.7, 30.0)a 0.06   17.0 (13.7, 24.2)a  20.7 (12.0, 29.0)a 0.10   0.09 

Total protein, % E  11.4 (10.3, 12.9)a  12 (10.7, 13.2)a 0.03 0.44  11.2 (10.22, 12.8)a  12.3 (10.7, 13.4)b 0.0002 0.39  0.0004 

Total energy, KJ  7130 (5190, 9945)a  8096 (5816, 11237)a 0.06   6612 (5038, 9052)a  7660 (5292, 10171)a 0.01 0.44  0.02 

SFA, % E  4.91 (3.36, 6.71)a  5.33 (3.41, 6.77)a 0.26   5.46 (3.62, 6.84)a  6.30 (4.58, 7.73)b 0.002 0.40  <.0001 

MUFAs, % E  5.22 (3.51, 7.11)a  6.51 (4.03, 8.16)a 0.17   5.56 (3.805, 7.97)a  7.03 (5.03, 8.86)b 0.046 0.47  0.0002 

PUFAs, % E  6.39 (5.02, 8.32)a  7.58 (5.1, 9.19)b 0.06   7.06 (5.04, 8.72)a  7.25 (5.41, 9.20)b 0.67   0.009 

Total fat, % E  21.7 (17.05, 26.3)a  23.7 (16.8, 28.5)a 0.03 0.43  22.3 (18.2, 28.3)a  25.4 (20.4, 29.9)b 0.04 0.43  0.0001 

Dietary fatty acids (mg)               

Myristic acid (C14:0)  620 (301, 1001)a  671 (304, 1104)a 0.71   678 (326, 1213)a  717 (450, 1306)b 0.67   0.15 

Palmitic acid (C16:0)  4556 (2705, 7477)a  5517 (3283, 10332)a 0.17   4601 (2825, 7902)a  6324 (3921, 10045)b 0.005 0.40  <.0001 

Stearic acid (C18:0)  2659 (1544, 4133)a  3049 (1712, 5314)a 0.26   2631 (1506, 4102)a  3445 (2060, 5627)b 0.005 0.39  0.0001 

Behenic acid (C22:0)  0.12 (0.06, 0.21)a  0.15 (0.07, 0.25)a 0.08   0.12 (0.07, 0.2)a  0.17 (0.08, 0.25)a 0.02 0.43  0.01 

Palmitoleic acid (C16:1n-7)  0.43 (0.25, 0.81)a  0.64 (0.3, 1.16)b 0.02 0.40  0.46 (0.22, 0.795)a  0.68 (0.38, 1.06)b 0.0004 0.38  <.0001 

Oleic acid (C18:1n-9)  8920 (5222, 14384)a  11701 (6179, 
21613)a 0.11 

  9807 (5167, 15204)a  12666 (7824, 
18254)b 0.005 0.40 

 0.0004 

α-linolenic acid (C18:3n-3)  164 (100, 266)a  205 (127, 380)b 0.02 0.40  186 (101, 305)a  229 (149, 330)b 0.06   0.0005 
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 Normal weight groups (n=424)   Overweight/obese groups (n=287)    All 

groups 

  MHNW (n=345)  MUNW (n=79)    MHO (n=120)   MUO (n=167)     (n=711) 

 
 Median (Q1, Q3)  Median (Q1, Q3) p-

valuea 
Effect 
sizea  

 Median (Q1, Q2)c  Median (Q1, Q2) p-valueb Effect 
Sizeb 

p-valuec 

Eicosapentaenoic acid 
(C20:5n-3) 

 40.0 (17.6, 71.9)a  45.5 (24.4, 103.1)a 
0.26 

  31.3 (11.8, 62.6)a  39.6 (19.9, 77.3)a 
0.50  

 0.22 

Docosahexaenoic acid 
(C22:6n-3) 

 67.7 (26.4, 125.5)a  93.6 (42.6, 173.8)b 
0.06 

  52.2 (18.3, 121.2)a  65.7(25.7, 123.0)a 
0.25  

 0.13 

Linoleic acid (C18:2n-6)  11697 (6744, 17160)a  13462 (7047, 
23112)b 0.11 

  11510 (6917, 
16717)a 

 13892 (8092, 
20877)b 0.10  

 0.14 

Arachidonic acid (C20:4n-6)  53 (27, 101)a  76 (37, 121)a 0.01 0.41  44 (22, 85)a  74 (39, 119)b 0.01 0.38  0.0006 

a P-value and effect size for MHNW vs MUNW (Mann-Whitney U-test) 
b P-value and effect size for MHO vs MUO (Mann-Whitney U-test) 

c P-value is indicating group differences (Kruskal-Walis test). The letter a is considered to be similar to the reference group (MHNW), and b is considered to be different from the reference group.  

Abbreviations: MHNW, metabolically healthy with normal weight; MHO, metabolically healthy and overweight/obese; MUNW, metabolically unhealthy with normal weight; MUO, metabolically unhealthy and 
overweight/obese. Data presented as median (interquartile ranges). 
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Table 4-3 Differences in proportions of plasma phospholipid fatty acids and estimated desaturase activities of metabolically healthy 

and unhealthy black South African adults (n=711) 

 
 Normal weight groups (n=424)   Overweight/obese groups (n=287)   All 

groups 

 
 MHNW (n=345)  MUNW (n=79)    MHO (n=120)   MUO (n=167)    (n=711) 

 
 Median (Q1, Q3)  Median (Q1, Q3) p-

valuea 
Effect 
sizea  

 Median (Q1, Q2)c  Median (Q1, Q2) p-valueb Effect 
Sizeb 

p-valuec 

Plasma phospholipid fatty acids (% total FAs) 
Saturated              
Myristic acid (C14:0)  0.25 (0.20, 0.31)a  0.26 (0.21, 0.32)a 0.17   0.26 (0.21, 0.31)a  0.28 (0.22, 0.32)a 0.62  0.11 
Palmitic acid (C16:0)  27.2 (24.9, 29.2)a  27.4 (25.1, 29.7)a 0.53   25.2 (23.7, 27.3)b  26.3 (24.4, 28.1)b 0.005 0.43 0.0004 
Stearic acid (C18:0)  14.4 (12.8, 15.8)a  14.1 (12.5, 15.7)a 0.26   15.7 (14.5, 17.2)b  15.2 (14.1, 16.4)b 0.0007 0.41 <.0001 
Arachidic acid (C20:0)  0.29 (0.23, 0.36)a  0.27 (0.21, 0.32)a 0.17   0.39 (0.34, 0.45)b  0.33 (0.28, 0.40)b <.0001 0.33 <.0001 
Behenic acid (C22:0)  1.01 (0.74, 1.27)a  0.82 (0.64, 1.15)b 0.03 0.40  1.36 (1.17, 1.64)b  1.18 (0.94, 1.49)b 0.0001 0.35 <.0001 
Lignoceric acid (C24:0)  1.02 (0.83, 1.28)a  0.94 (0.73, 1.08)b 0.03 0.38  1.14 (1.02, 1.35)b  1.00 (0.81, 1.24)a <.0001 0.35 <.0001 

Monounsaturated              
Palmitoleic acid (C16:1n-7)  0.78 (0.47, 1.30)a  0.86 (0.48, 1.70)a 0.26   0.55 (0.40, 0.68)b  0.66 (0.45, 0.94)b 0.001 0.38 <.0001 
Cis-Vaccenic acid (C18:1n-7)  1.42 (1.24, 1.65)a  1.49 (1.16, 1.71)a 0.53   1.33 (1.12, 1.51)a  1.25 (1.10, 1.49)b 0.09  0.0001 
Oleic acid (C18:1n-9)  8.99 (7.15, 11.9)a  10.2 (7.41, 13.4)a 0.06   6.92 (6.06, 7.91)b  7.45 (6.35, 9.21)b 0.02 0.40 <.0001 
Gondoic acid (C20:1n-9)  0.11 (0.10, 0.13)a  0.10 (0.08, 0.12)a 0.03 0.40  0.11 (0.09, 0.12)a  0.10 (0.08, 0.11)b 0.004 0.36 <.0001 
Erucic acid (C22:1n-9)  0.06 (0.05, 0.09)a  0.06 (0.04, 0.08)a 0.03 0.43  0.07 (0.06, 0.10)b  0.06 (0.04, 0.08)a 0.004 0.36 0.001 
Nervonic acid (C24:1n-9)  1.70 (1.48, 2.01)a  1.56 (1.36, 1.87)b 0.02 0.40  1.95 (1.66, 2.29)b  1.76 (1.42, 2.10)a 0.002 0.38 <.0001 

n–3 polyunsaturated fatty 
acids 

             

α-linolenic acid (C18:3n-3)  0.08 (0.06, 0.12)a  0.09 (0.06, 0.12)a 0.17   0.08 (0.05, 0.11)b  0.08 (0.06, 0.10)b 0.85  0.25 
Eicosapentaenoic acid 
(C20:5n-3) 

 0.59 (0.43, 0.86)a  0.69 (0.46, 0.88)a 0.03 0.50  0.52 (0.38, 0.75)b  0.63 (0.45, 0.87)a 0.02 0.39 0.01 

Docosapentaenoic acid 
(C22:5n-3) 

 1.41 (1.16, 1.64)a  1.40 (1.26, 1.57)a 0.71   1.38 (1.14, 1.59)a  1.38 (1.13, 1.57)a 0.85  0.90 

Docosahexaenoic acid 
(C22:6n-3) 

 4.05 (3.16, 5.12)a  4.09 (3.52, 5.35)a 0.52   4.92 (3.71, 5.67)b  4.95 (4.05, 5.95)b 0.85  <.0001 

Total-n-3  6.31 (5.14, 7.4)a  6.57 (5.73, 7.82)a 0.25   6.76 (5.60, 8.0)a  6.97 (6.11, 8.39)b 0.37  <.0001 
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 Normal weight groups (n=424)   Overweight/obese groups (n=287)   All 

groups 

 
 MHNW (n=345)  MUNW (n=79)    MHO (n=120)   MUO (n=167)    (n=711) 

 
 Median (Q1, Q3)  Median (Q1, Q3) p-

valuea 
Effect 
sizea  

 Median (Q1, Q2)c  Median (Q1, Q2) p-valueb Effect 
Sizeb 

p-valuec 

n–6 polyunsaturated fatty 
acids 

             

Linoleic acid (C18:2n-6)  16.2 (13.4, 18.5)a  14.6 (12.9, 18.3)a 0.02 0.44  16.8 (14.7, 19.1)a  15.9 (13.5, 18.3)a 0.14  0.06 
γ-linolenic acid (C18:3n-6)  0.11 (0.08, 0.18)a  0.12 (0.08, 0.17)a 0.38   0.09 (0.06, 0.11)b  0.10 (0.08, 0.15)b 0.02 0.38 <.0001 
Eicosadienoic acid (C20:2n-6)  0.36 (0.30, 0.41)a  0.33 (0.29, 0.39)a 0.02 0.41  0.39 (0.33, 0.44)b  0.37 (0.31, 0.43)a 0.01 0.43 0.0005 
Dihomo-γ-linolenic acid 
(C20:3n-6) 

 2.71 (2.39, 3.20)a  2.82 (2.45, 3.32)a 0.26   3.02 (2.60, 3.48)b  3.22 (2.75, 3.82)b 0.10  <.0001 

Mead acid (C20:3n-9)  0.23 (0.16, 0.38)a  0.28 (0.15, 0.42)a 0.26   0.17 (0.12, 0.25)b  0.18 (0.13, 0.28)b 0.50  <.0001 
Arachidonic acid (C20:4n-6)  13.2 (11.7, 14.8)a  13.4 (11.7, 14.7)a 0.53   14.4 (12.7, 15.5)b  14.1 (12.6, 15.8)b 0.60  0.01 
Docosadienoic (C22:2n-6)  0.02 (0.01, 0.03)a  0.02 (0.01, 0.02)b 0.002 0.46  0.03 (0.02, 0.03)b  0.02 (0.02, 0.03)a 0.007 0.36 <.0001 
Adrenic acid (C22:4n-6)  0.59 (0.49, 0.71)a  0.59 (0.50, 0.70)a 0.90   0.58 (0.46, 0.69)a  0.57 (0.46, 0.67)b 0.44  0.40 
Osbond acid (C22:5n-6)  0.56 (0.43, 0.75)a  0.59 (0.46, 0.74)a 0.26   0.54 (0.39, 0.79)a  0.57 (0.41, 0.75)a 0.37  0.56 
Total n-6  34.3 (31.2, 37.5)a  33.9 (30.6, 37.1)a 0.53   36.7 (33.75, 38.8)b  35.8 (32.5, 37.6)b 0.01 0.43 <.0001 

n−9 polyunsaturated fatty 
acid 

    
 

     
  

 

Mead acid (C20:3n-9)  0.23 (0.16, 0.38)a  0.28 (0.15, 0.42)a 0.26   0.17 (0.12, 0.25)b  0.18 (0.13, 0.28)b 0.50  <.0001 

Trans-fatty acid               
Elaidic acid (C18:1n-9T)  0.33 (0.21, 0.64)a  0.26 (0.19, 0.58)a 0.03 0.43  0.38 (0.26, 0.71)a  0.26 (0.19, 0.50)a 0.0001 0.38 0.0002 

Estimated desaturase activities 
SCD-16 (POA/PA)  0.03 (0.02, 0.05)a  0.033 (0.02, 0.06)a 0.71   0.02 (0.016, 0.03)b  0.03 (0.02, 0.04)b 0.001 0.38 <.0001 

SCD-18 (OA/SA)  0.60 (0.46, 0.91)a  0.74 (0.48, 1.01)a 0.03 0.43  0.45 (0.37, 0.52)b  0.49 (0.42, 0.61)b 0.002 0.39 <.0001 

D6D (DGAL/LA)  0.18 (0.14,0.22)a  0.20 (0.16, 0.22)a 0.03 0.42  0.18 (0.16, 0.22)a  0.22 (0.17, 0.25)b 0.05 0.38 <0.0001 

D5D (AA/DGLA)  4.77 (4.12, 5.45)a  4.61 (3.99, 5.30)a 0.03 0.45  4.56 (3.91, 5.44)a  4.30 (3.68, 5.18)b 0.005 0.37 0.045 

a P-value and effect size for MHNW vs MUNW (Mann-Whitney U-test) 
b P-value and effect size for MHO vs MUO (Mann-Whitney U-test) 

c P-value is indicating group differences (Kruskal-Walis test). The letter a is considered to be similar to the reference group (MHNW), and b is considered to be different from the reference group. 
Abbreviations: MHNW, metabolically healthy with normal weight; MHO, metabolically healthy and overweight/obese; MUNW, metabolically unhealthy with normal weight; MUO, metabolically unhealthy and 
overweight/obese. Data presented as median (interquartile ranges). 
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Table 4-4 Differences in dietary and plasma phospholipid fatty acids of metabolically healthy and unhealthy black South African 

adults controlled for age and total energy intake 

  Normal weight status (n=424) 
 

Overweight/obese groups (n=287)   

  MHNW (n=345)  MUNW (n=79) MHO (n=120)  MUO (n=167)   

  Least squares means (95% CI)   P-value 

Dietary fatty acids (mg)            

Myristic acid (C14:0)  774.5 (714.94, 834.1)a  646.8 (522.1, 771.4)a  941.0 (839.6, 1042.4)b  936.9 (850.0, 1023.8)b  <.0001 

Palmitic acid (C16:0)  5681 (5362, 6001)a  5980.7 (5313, 6649)a  6455.5 (5911, 7000)b  7135.2 (6669, 7601)b  <.0001 

Stearic acid (C18:0)  3223.8 (3035, 3412)a  3169.8 (2775, 3564)a  3562.6 (3242, 3883)b  4021.8 (3747, 4297)b  <.0001 

Behenic acid (C22:0)  0.16 (0.15, 0.18)a  0.16 (0.13, 0.20)a  0.17 (0.15, 0.20)a  0.19 (0.16, 0.21)a  <.0001 

Palmitoleic acid (C16:1n-7)  0.60 (0.56, 0.64)a  0.66 (0.58, 0.75)a  0.65 (0.58, 0.72)a  0.74 (0.68, 0.80)b  <.0001 

Oleic acid (C18:1n-9)  11211 (10552, 
11869)a 

 11896 (10518, 
13274)a 

 12602 (11481, 
13723)a 

 13874 (12914, 14835)b  <.0001 

α-linolenic acid (C18:3n-3)  201 (191, 212)a  219 (197, 241)a  236 (218, 254)b  257 (242, 272)b  <.0001 

Eicosapentaenoic acid (C20:5n-3)  52.0 (47.3, 56.7)a  58.6 (48.7, 68.4)a  51.3 (43.3, 59.3)a  50.9 (44.1, 57.9)a  <.0001 

Docosahexaenoic acid (C22:6n-3)  88.4 (80.0, 96.8)a  103.3 (85.7, 121.0)a  90.6 (76.3, 105.0)a  87.8 (75.5, 100.0)a  <.0001 

Linoleic acid (C18:2n-6)  13047 (12374, 
13720)a 

 14444 (13035, 
15852)a 

 14260 (13115, 
15406)a 

 14925 (13944, 15907)b  <.0001 

Arachidonic acid (C20:4n-6)  69.9 (64.6, 75.1)a  74.9 (63.9, 85.8)a  70.0 (61.1, 79.0)a  84.6 (77.0, 92.3)b  <.0001 

Plasma phospholipid fatty acids (% of total FAs) 

Saturated            

Myristic acid (C14:0)  0.25 (0.25, 0.28)a  0.26 (0.24, 0.28)a  0.26 (0.25, 0.28)a  0.27 (0.26, 0.28)a  0.0005 

Palmitic acid (C16:0)  27.3 (27.0, 27.7)a  27.2 (26.4, 27.9)a  26.1 (25.5, 26.7)b  26.3 (25.8, 26.8)b  <.0001 

Stearic acid (C18:0)  14.6 (14.4, 14.9)a  14.3 (13.7, 14.8)a  16.2 (15.8, 16.7)b  15.7 (15.3, 16.1)b  <.0001 

Arachidic acid (C20:0)  0.31 (0.29, 0.32)a  0.28 (0.26, 0.30)a  0.40 (0.38, 0.41)b  0.34 (0.33, 0.36)b  <.0001 

Behenic acid (C22:0)  1.06 (1.01, 1.10)a  0.94 (0.86, 1.04)a  1.39 (1.33, 1.47)b  1.22 (1.15, 1.28)b  <.0001 

Lignoceric acid (C24:0)  1.08 (1.04, 1.11)a  0.95 (0.88, 1.02)b  1.19 (1.13, 1.24)b  1.04 (0.99, 1.09)a  <.0001 
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  Normal weight status (n=424) 
 

Overweight/obese groups (n=287)   

  MHNW (n=345)  MUNW (n=79) MHO (n=120)  MUO (n=167)   

  Least squares means (95% CI)   P-value 

Monounsaturated            

Palmitoleic acid (C16:1n-7)  0.99 (0.93, 1.06)a  1.10 (0.97, 1.23)a  0.62 (0.51, 0.73)b  0.78 (0.69, 0.87)b  <.0001 

Cis-vaccenic acid (C18:1n-7)  1.47 (1.41, 1.52)a  1.60 (1.48, 1.72)a  1.35 (1.25, 1.44)a  1.31 (1.23, 1.40)b  0.0002 

Oleic acid (C18:1n-9)  9.71 (9.40, 10.0)a  10.5 (9.83, 11.1)a  7.24 (6.71, 7.78)b  8.06 (7.65, 8.51)b  <.0001 

Gondoic acid (C20:1n-9)  0.111 (0.108, 0.114)a  0.104 (0.10, 0.11)a  0.109 (0.105, 0.114)a  0.997 (0.096, 0.104)b  <.0001 

Erucic acid (C22:1n-9)  0.07 (0.07, 0.072)a  0.06 (0.06, 0.07)a  0.08 (0.07, 0.09)b  0.07 (0.06, 0.07)a  <.0001 

Nervonic acid (C24:1n-9)  1.76 (1.72, 1.81)a  1.64 (1.55, 1.74)a  1.97 (1.89, 2.04)b  1.76 (1.70, 1.83)a  <.0001 

n–3 polyunsaturated fatty acids            

α-linolenic acid (C18:3n-3)  0.10 (0.09, 0.10)a  0.09 (0.08, 0.10)a  0.08 (0.08, 0.09)b  0.08 (0.08, 0.09)b  0.047 

Eicosapentaenoic acid (C20:5n-3)  0.70 (0.66, 0.75)a  0.73 (0.64, 0.82)a  0.59 (0.52, 0.67)b  0.73 (0.67, 0.79)a  0.0007 

Docosapentaenoic acid (C22:5n-3)  1.43 (1.39, 1.47)a  1.41 (1.33, 1.49)a  1.37 (1.30, 1.43)a  1.37 (1.31, 1.42)a  0.06 

Docosahexaenoic acid (C22:6n-3)  4.11 (3.97, 4.26)a  4.41 (4.12, 4.72)a  4.71 (4.47, 4.96)b  5.07 (4.86, 5.28)b  <.0001 

Total n-3  6.34 (6.16, 6.52)a  6.66 (6.27, 7.04)a  6.75 (6.45, 7.08)a  7.27 (6.98, 7.52)b  <.0001 

n–6 polyunsaturated fatty acids           

Linoleic acid (C18:2n-6)  15.9 (15.6, 16.3)a  15.4 (14.7, 16.2)a  16.5 (15.9, 17.1)a  15.9 (15.4, 16.5)a  0.04 

γ-linolenic acid (C18:3n-6)  0.13 (0.12, 0.14)a  0.13 (0.12, 0.14)a  0.09 (0.08, 0.11)b  0.11 (0.10, 0.12)b  <.0001 

Eicosadienoic acid (C20:2n-6)  0.36 (0.36, 0.37)a  0.34 (0.33, 0.36)a  0.39 (0.37, 0.41)b  0.38 (0.36, 0.39)a  <.0001 

Dihomo-γ-linolenic acid (C20:3n-6)  2.79 (2.72, 2.88)a  2.92 (2.77, 3.07)a  3.07 (2.95, 3.20)b  3.26 (3.15, 3.37)b  <.0001 

Arachidonic acid (C20:4n-6)  13.3 (13.0, 13.5)a  13.4 (12.8, 13.9)a  14.0 (13.6, 14.4)b  14.1 (13.7, 14.4)b  <.0001 

Docosadienoic acid (C22:2-n6)  0.21 (0.20, 0.02)a  0.02 (0.015, 0.02)b  0.03 (0.025, 0.029)b  0.23 (0.021, 0.024)a  <.0001 

Adrenic acid (C22:4n-6)  0.62 (0.60, 0.63)a  0.61 (0.58, 0.65)a  0.59 (0.56, 0.62)a  0.58 (0.55, 0.60)b  <.0001 

Osbond acid (C22:5n-6)  0.62 (0.59, 0.65)a  0.65 (0.59, 0.71)a  0.61 (0.56, 0.66)a  0.62 (0.58, 0.67)a  0.07 

Total n-6  33.7 (33.2, 34.2)a  33.5 (32.4, 34.5)a  35.3 (34.4, 36.2)b  35.0 (34.2, 35.7)b  <.0001 

n−9 polyunsaturated fatty acid           
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  Normal weight status (n=424) 
 

Overweight/obese groups (n=287)   

  MHNW (n=345)  MUNW (n=79) MHO (n=120)  MUO (n=167)   

  Least squares means (95% CI)   P-value 

Mead acid (C20:3n-9)  0.30 (0.28, 0.32)a  0.34 (0.30, 0.38)a  0.21 (0.17, 0.24)b  0.22 (0.19, 0.25)b  <.0001 

Trans-fatty acid            

Elaidic acid (C18:1n-9T)  0.76 (0.64, 0.88)a  0.67 (0.42, 0.92)a  0.80 (0.60, 1.00)a  0.62 (0.45, 0.80)a  0.56 

Estimated desaturase activities            

SCD-16 (POA/PA)  0.04 (0.03, 0.04)a  0.04 (0.036, 0.044)a  0.02 (0.02, 0.03)b  0.03 (0.026, 0.032)b  <.0001 

SCD-18 (OA/SA)  0.71 (0.68, 0.74)a  0.78 (0.71, 0.84)a  0.46 (0.41, 0.52)b  0.54 (0.49, 0.58)b  <.0001 

D6D (GLA/LA)   0.008 (0.008, 0.009)a  0.009 (0.008, 0.010)a  0.006 (0.005, 0.007)b  0.007 (0.006, 0.008)b  <.0001 

D5D (AA/DGLA)  4.93 (4.79, 5.10)a  4.75 (4.43, 5.07)a  4.75 (4.50, 5.01)a  4.61 (4.39, 4.83)b  0.008 

The letter a is considered to be similar to the reference group (MHNW), and b is considered to be different from the reference group. P-value is indicating group differences 
(ANCOVA test). Abbreviations: MHNW, metabolically healthy with normal weight; MHO, metabolically healthy and overweight/obese; MUNW, metabolically unhealthy with 
normal weight; MUO, metabolically unhealthy and overweight/obese. Data presented as least squares means, 95% CI. 
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5.2 Abstract  

Background: Diets rich in n–6 polyunsaturated fatty acids (PUFAs) and saturated fatty acids 

(SFA) have been associated with increased risk of obesity and metabolic syndrome (MetS), 

whereas diets high in n–3 long-chain (LC)-PUFAs are associated with lower risk. There is 

limited information about the association between plasma phospholipid fatty acids (FAs) with 

obesity and MetS among black South Africans. 

Objective: To investigate the association of dietary FAs and plasma phospholipid FA patterns, 

respectively, with measures of adiposity (body mass index, waist circumference, waist-to-

height ratio) and MetS in black South Africans. 

Design: Factor analysis was used to identify FA patterns from 11 dietary FAs and 26 individual 

plasma phospholipid FAs, respectively. Cross-sectional association of the identified patterns 

with measures of adiposity and MetS was investigated.  

Participants and setting: A random sample of 711 black South African adults aged 30 to 70 

years (273 men, 438 women) from the North West Province was selected from the South 

African leg of the Prospective Urban and Rural Epidemiology (PURE) study.  

Statistical analysis: Sequential regression models adjusted for confounders were applied to 

investigate the association between dietary FAs and plasma phospholipid FA patterns with 

measures of adiposity and MetS.  

Results: Two patterns were derived from dietary FAs and six patterns from plasma 

phospholipid FAs that explained the cumulative variance of 89% and 73%, respectively. The 

association between FA patterns with adiposity and MetS, respectively, was weaker for dietary 

FA patterns than for plasma phospholipid FA patterns. The plasma phospholipid FA pattern 

with high loadings of saturated FAs (high-Satfat) and another with high loadings of n–3 very-

long-chain PUFAs (n–3 VLC-PUFA) were positively associated with measures of adiposity 

and MetS, while patterns with positive loadings of LC monounsaturated fatty acids (n–9 LC-

MUFA) and a positive loading of n–3 essential FA (n–3 EFA) showed inverse associations 

with MetS and some measures of adiposity.  

Conclusions: The n–9 LC-MUFA and n–3 EFA patterns seem to provide possible protective 

associations with adiposity and MetS, whereas the high-Satfat and n–3 VLC-PUFA patterns 

were associated with adiposity and MetS in our study participants.  
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5.3 Introduction and background  

South Africa is currently experiencing rapid nutritional, economic, demographic and 

epidemiological transitions with likely consequences for lifestyle and health (1). The 

prevalence of overweight and obesity in South Africa was 31% in men and 64% for women in 

2012 (2). This increased to 68% in women in 2016, but remained the same for men (3). 

Abdominal obesity among black South African women is particularly associated with elevated 

blood pressure (BP), lower high-density lipoprotein cholesterol (HDL), higher serum 

triglycerides, and elevated fasting plasma glucose, indicative of insulin resistance (4). 

Unhealthy diet is a major risk factor associated with the rising prevalence of obesity and 

metabolic syndrome (MetS) (5, 6). 

Fat intake among the black urban population of South Africa increased from 16.4% to 26.2% 

of total energy over the past 50 years (7). The transition from more traditional to Western diets, 

characterised by an increase in n–6 polyunsaturated fatty acids (PUFA), saturated fatty acids 

(SFA), industrial trans-fatty acids (FAs) (8), as well as a decrease in n–3 PUFAs intake, is also 

prevalent in this population (9). Diets high in percentage energy from animal protein and total 

fat intake may increase the risk of NCDs in rural and urban black South Africans (10), and this 

may be related to meat intake, which is a major source of both MUFAs and SFA in South 

Africans (11). In contrast with this, however, a study that investigated dietary intake of 

carbohydrate and SFAs in 18 countries undergoing rapid change in nutrition transition 

documented that SFAs intake was associated with lower risk of mortality (12).  

Studies investigating circulating FAs have also reported some conflicting results. A recent 

study examined the relationship between body mass index (BMI) and plasma phospholipid 

FAs composition in men aged between 48 and 65 years and reported higher plasma 

phospholipid levels of palmitic acid (C16:0) and stearic acid (C18:0) in obese individuals (13). 

Furthermore, plasma concentrations of C16:0 were positively associated with risk of total 

mortality in men and women in a prospective study in the USA (14). SFAs, myristic acid 

(C14:0), C16:0 and C18:0 in plasma were positively associated with MetS, while longer chain 

SFAs, arachidic acid (C20:0), behenic acid (C22:0) and lignoceric acid (C24:0) were inversely 

associated in men and women from Taiwan (15). Another study also reported lower levels of 

plasma C22:0 and C24:0 in MetS participants (16). Palmitoleic acid (C16:1n-7) in plasma 

phospholipids was positively associated with BMI in men and women (13, 17) and higher 

levels of plasma C16:1n-7 were associated with multiple metabolic risk factors in men and 
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women (18, 19). In different populations, total n–3 FAs in plasma were associated with lower 

BMI, waist circumference (WC) and hip circumference (20) and inversely associated with MetS 

(21), while omega-6 polyunsaturated fatty acids (PUFA) have been associated with obesity 

and MetS. Pickens and colleagues (13) reported higher plasma phospholipid levels of dihomo-

γ-linolenic acid (C20:3n-6) in overweight and obese individuals. Positive associations of serum 

phospholipid C20:3n-6 with BMI, as well as total n–6 PUFAs with waist-hip ratio were also 

documented in a study of Mexican women (17). Some studies also report positive associations 

of specific plasma phospholipids n–6 PUFAs with metabolic risk (18, 22), while other studies 

report inverse associations of total n–6 PUFAs in erythrocytes and serum, respectively, with 

MetS (23, 24). Due to inconsistent results in different studies relating to circulating n–6 PUFAs, 

further research to understand their role in association with obesity and MetS is highly 

recommended (25). 

Since people consume food rather than individual nutrients, it is difficult to isolate the individual 

nutrients in the diet and link them to disease and health (26). Therefore, the analysis of food 

intakes into patterns derived from various combinations of nutrients or foods has developed 

as a preferred alternative to investigating associations between nutrients and diseases (27). 

Several studies have applied factor and cluster analysis to derive patterns from food and 

tissues in investigating the association of these patterns with health and diseases (28). FA 

patterns from adipose tissue and plasma have been employed to describe associations of FAs 

with obesity (29) and MetS (22, 30). Despite the extensive use of plasma FAs in research, 

there is limited epidemiological research on the use of both dietary and circulating FA patterns 

in association with obesity and MetS in black populations in Africa. To address the key gaps 

in the current knowledge, the aim of this study was to investigate the associations of dietary 

and plasma phospholipid FA patterns, respectively, with adiposity measures [BMI, WC and 

waist-to-height ratio (WHtR)], and MetS in a selected group of black South African adults. The 

present study is based on a random sub-sample of 711 participants selected from the South 

African site (North West Province) of the multi-country Prospective Urban and Rural 

Epidemiological (PURE) study. This study will make use of cross-sectional data collected at 

baseline during the months of August to November 2005.  

5.4 Materials and methods  

5.4.1 Participants and setting  

A sub-sample of 711 black South African participants were randomly selected from 2 010 

adults recruited at baseline (the year 2005), from urban (1 004) and rural (1 006) households 

in the North West Province, to assess dietary FA intake and plasma phospholipid FA status. 



 

210 
 

Those included were apparently healthy subjects older than 30 years at baseline, with no 

reported diseases of lifestyle, TB or HIV, and used chronic medication for diabetes and 

hypertension only. Ethical approval for the South African PURE study was obtained from the 

Ethics Committee of North-West University (Ethics number 04M10). Participants provided 

written informed consent and participation was voluntarily. 

5.4.2 Data collection and measurements  

Transportation was provided for the study subjects to reach the data collection centres in both 

rural and urban areas. During face-to-face interviews by trained fieldworkers, each participant 

completed questionnaires in his or her preferred language (Afrikaans, Setswana or English). 

The questionnaires included demographic (31), physical activity (32) and quantitative food-

frequency questions (QFFQ (33, 34), and made use of, among others, validated food photo-

books to estimate portion sizes (35). Reproducibility (33) and details of dietary assessments 

have been published elsewhere (10). 

5.4.3 Estimation of dietary nutrients  

Dietary macronutrients and FAs were calculated using the South African Medical Research 

Council food composition tables (36). 

Twenty-eight dietary FAs were included initially, but FAs that had a daily median intake of less 

than 0.10 mg were excluded. A total of 11 dietary FAs were used to derive FA patterns for 

investigation in this study. 

5.4.4 Anthropometry 

Anthropometric measurements were performed by trained research assistants according to 

standards prescribed by the International Society for the Advancement of Kinanthropometry 

(37). A portable electronic scale (Precision Health Scale, A&D Company, Tokyo, Japan) was 

used to measure weight. Height was measured using a calibrated stadiometer (Seca, 

Hamburg, Germany). Waist and hip circumferences were recorded using steel tapes (Lufkin, 

Apex, NC, USA). BMI and WHtR were calculated using weight (kg)/height (m2) and waist 

(cm)/height (cm) formulas, respectively. Blood pressure (mmHg) was measured in duplicate 

(5 minutes apart) on the right upper arm. Appropriately sized cuffs were used for obese 

subjects. 
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5.4.5 Laboratory measurements  

Fasting blood samples were collected from the antecubital vein with a sterile winged infusion 

set with minimal stasis. The samples were collected, plasma and serum prepared and 

aliquoted, by a registered nurse and then stored at -80˚C in the urban areas. In rural areas, 

the samples were stored at -18˚C up to five days, where after it was transported to the 

laboratory facility and stored at -80˚C until analysed. Fasting plasma glucose concentration 

was determined by the hexokinase method using the Synchron® system (Beckman Coulter 

Co., Fullerton, CA, USA). The Sequential Multiple Analyser Computer (SMAC), using the 

Konelab™ auto-analyser (Thermo Fisher Scientific Oy, Vantaa, Finland), performed 

quantitative determination of HDL, triglycerides and total cholesterol (TC). Low-density 

lipoprotein cholesterol (LDL) was calculated using the Friedewald equation (38).  

EDTA plasma samples were thawed and extracted with chloroform:methanol (2:1 v/v) 

according to the modified Folch method (39). The plasma phospholipid fatty acid fraction was 

isolated by thin layer chromatography from the extracted lipids (40). Subsequently, the 

phospholipid fatty acid fraction was transmethylated to fatty acid methyl esters and analysed 

by quadrupole gas chromatography electron ionization mass spectrometry by means of an 

Agilent Technologies 7890 A GC system, as described by Baumgartner et al. (40). Thirty-two 

FAs were measured in fasted plasma samples from 711 participants. Six FAs, i.e. 

pentadecanoic acid (C15:0), margaric acid (C17:0), trans-vaccenic acid (C18:1n-7t), rumenic 

acid (C18:2n-7tt), stearidonic acid (C18:4n-3), and eicosatrienoic (C20:3n-3) were below the 

limit of quantification and therefore not included. The remaining 26 plasma phospholipid FAs 

were quantified and expressed as a percentage of total FAs. Quality of data was assured with 

a separate calibration for each fatty acid, monitoring of internal standard (1,2 – 

diheptadecanoyl – sn – glycerol – 3 phosphorylchloline, Matreya, Pennsylvania, USA) and 

Levey Jennings graphs for a pooled plasma control analysed with each batch. 

5.4.6 Definition of metabolic syndrome 

MetS was defined according to recommendations by the Joint Interim Statement of six 

international associations as the presence of three or more of the following: (i) fasting plasma 

glucose levels ≥5.6 mmol/l or the use of oral hypoglycaemic medication; (ii) serum triglycerides 

≥1.7 mmol/l; (iii) serum HDL ≤1.0 mmol/l for men and ≤1.3 mmol/l for women; (iv) BP ≥130/85 

mmHg or the use of BP medication; and (v) WC of ≥94 cm for men and ≥80 cm for women 

(41). 
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5.4.7 Statistical analysis 

Continuous variables were described as medians and interquartile ranges if data deviated 

from the normal distribution according to the Kolmogorov-Smirnov test, whereas categorical 

variables were presented as percentages. Non-normally distributed data were log transformed 

before inclusion in regression models. Participants’ characteristics were compared by sex and 

BMI categories using the Mann-Whitney U-test or chi-squared test for continuous and 

categorical variables, respectively. Differences between individual FAs and ratios by BMI and 

sex groups were tested by the Mann-Whitney test. A BMI < 25 kg/m2 was considered as 

underweight and/or normal-weight or lean, whereas BMI ≥ 25 kg/m2 was considered 

overweight and/or obese. The effect size of the differences between groups was calculated 

using the Man-Whitney U-value and sample size of the groups (42). 

Principal-component-based varimax factor analysis of the correlation matrix was used to 

define dietary FA (based on the QFFQ) and plasma phospholipid FA patterns. The 

identification and naming of 11 dietary FAs and 26 plasma phospholipid FAs used in this study 

are based on relevant literature and the levels of specific FAs observed in our population (43). 

The number of factors to retain was established by the Kaiser criterion (eigenvalues > 1) and 

scree-plot visual inspection. Loadings with absolute values higher than 0.5 were considered 

as relevant for the contribution to each FA pattern. The associations between FA patterns and 

outcomes were evaluated by sequential regression models, logistic regression for the 

dichotomous outcome (MetS), and generalised linear models for continuous outcomes (WC, 

BMI and WHtR). The first step of the sequential modelling analyses was based on models that 

contained only dietary FAs or plasma phospholipid FA patterns and was referred to as a crude 

model. The crude model was then adjusted for sex and age (adjusted model1). This model 

was further adjusted for lifestyle confounders, including the level of education, physical activity, 

alcohol and total energy intake, and self-reported smoking status creating a fully adjusted 

model. We further adjusted this model for contraceptives (adjusted for in plasma phospholipid 

FA patterns models only) and dietary factors, including total fats, carbohydrates, dietary fibre 

and energy from added sugar as individual confounders and as combined covariates. Model 

fitting was evaluated using the adjusted R-square for linear regression and maximum re-

scaled R-square statistic for logistic regression. Linear regression results are presented as 

standardised β and 95% confidence intervals (CI) with their significance levels, and odds ratio 

and 95% CI with significance levels for logistic regression. All analyses were performed using 

SAS Version 9.4 (SAS Institute, Cary, NC, USA) (44) and p < 0.05 was considered significant. 
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5.5 Results  

5.5.1 Demographic characteristics, health and dietary intake data 

The baseline characteristics of the 711 participants are shown in Table 4-2. The majority were 

women (61.6%), and the median age was comparable between men and women. Men had 

higher HDL levels and were more likely to smoke. In contrast, the women had higher serum 

triglycerides, as well as higher levels of measures of adiposity (p < 0.0001). The dietary intake 

data revealed that men had higher total energy, total carbohydrate and total protein intakes, 

whereas the women, on the other hand, had higher total dietary fibre intake.  

5.5.2 Differences between total energy, dietary fatty acids and plasma phospholipid 

fatty acids within BMI categories structured by sex 

Table 4-3 shows that total intakes of fat, SFAs, and MUFAs were significantly higher in 

overweight/obese women compared to lean women. Plasma phospholipid FAs within SFAs, 

MUFAs and PUFAs classes differed across BMI categories and sex. In men, the plasma levels 

of SFAs, C18:0, C20:0, C22:0, C24:0 and n–6 PUFA C20:3n-6 were significantly higher in 

overweight men than in lean men, whereas C16:0, C18:3n-6 and MUFAs, C16:1n-7, cis-

vaccenic acid (C18:1n-7), oleic acid (C18:1n-9) and gondoic acid (C20:1n-9) were higher in 

lean than in overweight men. Although significant differences were observed for these FAs 

between overweight and lean groups in men, most had a small effect size of ~ 0.30 to 0.40.  

Plasma levels of similar SFAs, i.e. C18:0, C20:0, C22:0, C24:0, as well as nervonic acid 

(C24:1n-9), docosahexaenoic acid (C22:6n-3), C20:3n-6, arachidonic acid (C20:4n-6) and 

docosadienoic acid (C22:2-n6) were higher in overweight women than in their lean 

counterparts. Similar MUFAs, i.e. C16:1n-7, C18:1n-7, C18:1n-9, C20:1n-9, but also mead 

acid, were higher in lean than in overweight women. In women, small effect sizes (~ 0.35-

0.44) were found for most FAs, except for C24:0, which had a medium effect size of 0.45.  

5.5.3 Identification of fatty acid patterns 

The factor analysis identified two dietary FAs and six plasma phospholipid FA patterns 

according to the Kaiser criterion and scree-plot visual inspection. Results are shown in Table 

4-4. Eleven dietary FAs and 26 phospholipid FAs were entered into the analysis. The factors 

generated explained 89% of the cumulative variance in dietary FA patterns, and 73% in 

plasma phospholipid FA patterns. The Kaiser's measure of sampling adequacy was 0.84 and 

0.78 for the dietary FAs and plasma phospholipid FA patterns, respectively. Loadings with 

absolute values higher than 0.5 were considered relevant for the contribution to each FA 
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pattern. The patterns are characterised and named according to the highest loadings of the 

specific FAs present in a given pattern.  

Among dietary FAs, the first extracted pattern presented with high positive loadings of 

saturated FAs, MUFAs, α-linolenic acid (C18:3n-3) and n–6 FAs, and therefore was named 

the “non-marine” FA pattern. The second pattern was named the “marine” FA pattern because 

it was characterised by high positive loadings of eicosapentaenoic acid (C20:5n-3) and 

C22:6n-3.  

The six plasma phospholipid FA patterns are discussed in the order in which they were 

derived. The first pattern presented with positive loadings of LC-SFAs, C18:0, C20:0, C22:0 

and C24:0 and very high negative loadings of C16:1n-7, C18:1n-7, C18:1n-9; we named it 

“high-Satfat” pattern. The second pattern was named “n–3 VLC-PUFA” and presented with 

high positive loadings of docosapentaenoic acid (C22:5n-3), C22:6n-3, C20:5n-3 as well as 

C20:4n-6. The third pattern presented the highest positive loadings of C18:2n-6 and 

eicosadienoic acid (C20:2n-6) and was named accordingly as the “high-LA” pattern. The fourth 

pattern was named as “n–6 VLC-PUFA” since it was characterised with high positive loadings 

of adrenic acid (C22:4n-6), C22:2-n6 and C20:3n-6. The fifth pattern extracted was named as 

“n–9 LC-MUFA” pattern and presented with positive loadings of C24:1n-9 and gondoic acid 

(C20:1n-9). The sixth and last pattern had a positive loading of one FA, i.e. C18:3n-3, and we 

named it “n–3 EFA” pattern.  

5.5.4 Association of dietary fatty acids and plasma phospholipid FA patterns with 

adiposity and metabolic syndrome 

Dietary FA patterns were weakly associated with measured outcomes (Table 4-5). The non-

marine FA pattern showed marginal positive associations with WC in the crude model and the 

association remained marginal after adjusting for age and sex (β = 0.06, 95% CI = -0.01, 0.13, 

p = 0.09). The association was lost after adjustment for lifestyle variables and energy intake. 

On the other hand, we did not find any associations with the marine FA pattern (Table 4-5). 

Neither pattern revealed any association with BMI, WHtR or MetS. Further adjustment to the 

regressions for total fat, fibre, carbohydrates and added sugar did not result in any significant 

associations. The variables in the adjusted models explained 0.02 to 27% of the variation in 

measures of adiposity and 0.4 to 20% of the variation in MetS.  

Plasma phospholipid FA patterns resulted in stronger associations with measures of adiposity 

and MetS (Table 4-6). The high-Satfat and n–3 VLC-PUFA patterns were positively associated 

with all measures of adiposity and MetS. The associations remained significant in the fully 
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adjusted model. The omega–6 VLC-PUFA pattern showed marginal and positive associations 

with WC and WHtR in the crude model, but associations were lost after further adjustments. 

This pattern also showed higher odds for having the MetS and remained significantly 

associated in the fully adjusted model (odds ratio, OR = 1.25, 95% CI = 1.02, 1.54, p = 0.03). 

The n–9 LC-MUFA pattern was inversely associated with WC and WHtR in the crude model 

as well as after adjustment for age and sex. The associations were, however, lost after 

adjustments for lifestyle variables and energy intake. This pattern also showed lower odds for 

having the MetS and remained significantly associated in the fully adjusted model (OR = 0.61, 

95% CI = 0.50, 0.75, p = <.0001). The omega–3 EFA pattern showed an inverse association 

with BMI, WC and WHtR, but in the fully adjusted model marginal significance remained for 

BMI only. This pattern also showed lower odds for having MetS and remained significantly 

associated in the fully adjusted model (OR = 0.81, 95% CI = 0.66, 0.99, p = 0.04). The 

variables in all the adjusted models explained 14 to 34% of the variation in measures of 

adiposity, and 18 to 31% of the variation in MetS.  

We further adjusted all regression models for use of contraceptives and intakes of total fat, 

fibre, carbohydrates, and energy from added sugar in association with plasma phospholipid 

FAs. Additional adjustment for these variables did not result in different associations with 

anthropometric indices. The association between high-LA pattern and MetS remained 

marginally significant after adjusting for additional variables, whereas the associations with 

the n–6 VLC-PUFA and n–3 EFA patterns were lost.  

5.6 Discussion  

The results of this study add new information about identified FA patterns both in diet and 

plasma phospholipids among a selected group of black South Africans from the North West 

Province. We identified for the first time two dietary FA patterns and six plasma phospholipid 

FA patterns (Table 4-4) by means of factor analysis in this group of black adults. The dietary 

non-marine FA pattern showed a weak positive association with WC, whereas the marine 

pattern did not show any associations with outcomes measured. On the other hand, two 

plasma phospholipid FA patterns (high-Satfat and n–3 VLC-PUFA) were positively associated 

with all measures of adiposity and MetS. The omega–6 VLC-PUFA pattern showed a positive 

association with MetS, but not with measures of adiposity. The n–9 LC-MUFA and the n–3 

EFA patterns showed an inverse association with MetS in fully adjusted models and tended 

to be negatively associated with some measures of adiposity. The high-LA pattern was neither 

associated with measures of adiposity nor MetS. Our findings indicate that dietary FA patterns 

were weakly associated, whereas plasma phospholipid FA patterns were more strongly 

associated with measures of adiposity and MetS.  
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Previous studies have reported FA patterns, derived from different components of blood and 

tissue in association with obesity (29) and MetS (22, 30), but not with dietary patterns. These 

patterns were generated by varying numbers of FAs ranging from 9 to 34 FAs (22, 29, 30), 

and some included estimated desaturase activities (30), by means of use of factor (29, 30) 

and cluster (22) analysis. Consequently, these derived patterns differed from that obtained in 

our study. 

A dietary pattern, consisting of SFAs, PUFAs, MUFAs and other nutrients, was not associated 

with obesity among Iranian adults (45). On the contrary, a multiracial study in the USA reported 

a positive association of intakes of total fat, total saturated fat, long-chain (LC)-SFAs, myristic 

acid (C14:0), C16:0 and C18:0, and MUFAs with BMI (46). Furthermore, a study investigating 

the association of dietary patterns with MetS concluded that a pattern high in meat products 

was associated with a higher prevalence of MetS (47). In our study, the dietary non-marine 

FA pattern showed marginal and positive associations with WC, but not with other measures 

of adiposity or MetS. The non-marine FA pattern had positive loadings of FAs from SFAs, 

MUFAs and PUFAs, specifically from two SFAs (C16:0 and C18:0), two MUFAs (C16:1n-7, 

C18:1n-9) and two PUFAs (C18:2n-6 and C18:3n-3). The dietary marine FA pattern showed 

no association with outcomes measured. Our results are in agreement with a study in the USA 

that also found no associations of n–3 LC-PUFAs with BMI due to low intakes of these FAs in 

their participants (46). In our study and the study in the USA, lower intakes of n–3 PUFA 

compared to the FAO/WHO recommendation of 0.25–2 g/day were found (48). Under-

reporting of dietary intake may significantly influence nutrient pattern investigation and 

association with disease (49), however, in the PURE study, over- and under-reporters of 

dietary intake (subjects with reported energy intakes ≥30,000 or ≤ 3000 KJ) were excluded 

prior to analyses (50). Apart from the marine FA pattern, we did not derive other clear dietary 

FAs patterns, likely due to the homogenous nature of food intake in this group of adults. 

Therefore, factor analysis may not be the most appropriate method to investigate dietary FAs 

in this population and the associations observed should be interpreted with caution. 

The first plasma phospholipid FA pattern, high-Satfat, was positively associated with all 

measures of adiposity and MetS. This pattern had high positive loadings of SFAs C18:0, 

C20:0, C22:0 and C24:0, as well as negative loadings of MUFAs. In our study, the plasma 

phospholipid levels of these saturated FAs were also higher in the overweight men and women 

compared to their leaner counterparts, although effect sizes tended to be small. Plasma 

phospholipid VLC-SFAs, such as C20:0, C22:0 and C24:0 have previously been reported to 

be inversely associated with MetS among adults in Taiwan (15). In a study in Japan, serum 

VLC-SFAs were also inversly associated with MetS and positively associated with HDL-
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cholesterol (16). The authors concluded that these VLC-SFAs may be indicative of healthier 

metabolic health (15, 16). Li and colleagues (22) derived a cluster that consisted of the same 

VLC-SFAs mentioned above. This cluster was also associated with the healthier metabolic 

profile (22), but was not identical to the high-Satfat pattern identified in this current study, as 

it did not have negative loadings of MUFAs. High intakes of MUFAs are generally considered 

the driving force behind the protective effect of the Mediterranean diet on cardiovascular 

diseases (51). The combined presence of high loadings of some SFAs, particularly C18:0 and 

low loadings on MUFAs may, therefore, explain the association with obesity and MetS found 

in our study. Plasma C18:0 levels were higher and plasma C18:1n-9 levels were lower in the 

overweight/obese groups than among their leaner counterparts in the current study, and the 

same FAs had positive and negative loadings, respectively, in the high-Satfat pattern. These 

two FAs make up a considerable proportion of the FAs in the plasma phospholipid profile and 

may be the driving force behind the positive association of the high-Satfat pattern with all 

measures of adiposity and MetS in the current study. 

The second pattern, n–3 VLC-PUFA, had high positive loadings of C20:5n-3, C22:5n-3 and 

C22:6n-3 as well as the n–6 PUFA arachidonic acid (C20:4n-6). This pattern was positively 

associated with all measures of adiposity and MetS. In line with our findings, an n–3 FA pattern 

(with positive loading of C20:5n-3, and estimated delta 5 desaturase activity and negative 

loading of C20:3n-6) in the study by Warensjo et al. (30) predicted the development of MetS 

in Swedish men, independent of lifestyle factors. The main difference between our study and 

that of Warensjo and colleagues (30) is that they included estimated desaturase activity in 

their patterns and measured FAs in serum. Omega-3 PUFAs, especially C22:6n-3 and 

C20:5n-3, have multiple beneficial effects and are generally inversely associated with obesity 

and related risk factors as detailed in a recent review (52). Other studies have also reported 

the inverse association of circulating n–3 PUFAs with measures of adiposity and MetS (20, 

21). It should be kept in mind that the PURE-SA study population reported very low intakes of 

n–3 FAs; however, despite these low intakes, their plasma levels were considered sufficient 

(43). Continuous low intake of n–3 LC-PUFAs, as reported in the present study, can result in 

up-regulation of the endogenous synthesis of n–3 LC-PUFAs from C18:3n-3. The possibility, 

therefore, exists that this upregulated conversion is a response to the CVD-risk milieu, 

reflecting reverse causality, rather than being the other way around. Further research is 

needed to elucidate the endogenous conversion of dietary n–3 PUFAs in black African 

populations. It is also possible that the positive association of this pattern with adiposity and 

MetS could have been driven by the C20:4n-6, which formed part of this pattern. Omega-3 

and n–6 FAs compete for incorporation into target tissues and metabolism by common 

enzymes, which may lead to opposing health effects. (53). The eicosanoid metabolic products 
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from C20:4n-6 promote inflammatory responses. There is some evidence that a higher ratio 

of n–6 PUFAs to n–3 PUFAs is associated with a higher prevalence of obesity and MetS (54). 

The fourth plasma phospholipid pattern, n–6 VLC-PUFA, had positive loadings of n–6 VLC-

PUFAS, C20:3n-6, C22:4n-6 and osbond acid (C22:5n-6) and was positively associated with 

MetS. Mayneris-Perxachs et al., (18) also reported a positive association between plasma 

phospholipid C20:3n–6 PUFAs and MetS among older adults in Spain. Higher concentrations 

of plasma phospholipid C20:3n-6 were observed in both overweight men and women 

compared to their leaner counterparts in our study, but the n–6 VLC-PUFA pattern was not 

associated with BMI in the fully adjusted model. Plasma phospholipid levels of C20:3n-6 were 

also positively associated with BMI in participants from the USA and Mexico (13, 17). There 

was, however, also a longitudinal study that found higher total circulating n–6 PUFAs, in 

particular linoleic acid and arachidonic acid, to be protective of risk factors for MetS, including 

both systolic and diastolic BP and plasma triglycerides in men (24), indicating that different n–

6 FAs showed opposite associations with MetS. The association of C20:3n-6 with MetS 

requires further investigation (18). 

The fifth pattern, n–9 LC-MUFA, loaded positively with C20:1n-9 and C24:1n-9, and negatively 

with myristic acid (C14:0). This pattern showed an inverse association with WC and WHtR, 

but lost association when adjusted for lifestyle variables and energy intake. However, lower 

odds for having the MetS remained after adjustment for covariates. In our study, levels of 

C20:1n-9 were significantly higher in lean men and women compared to their overweight 

counterparts, whereas C24:1n-9 was higher in overweight compared to lean women only. 

Nervonic acid (C24:1n-9) and C20:1n-9 are both products of endogenous metabolism by 

elongation from oleic acid (55), but plasma C24:1n-9 may also be related to fish intake (56). 

Since fish consumption was very low in our study population, this pattern could therefore 

reflect an upregulated metabolism of oleic acid in our study participants.  

The sixth pattern, n–3 EFA, was positively loaded with C18:3n-3 and tended to be inversely 

associated with all measures of adiposity and showed lower odds for MetS. This is in 

agreement with a study that found C18:3n-3 in serum cholesteryl esters to be inversely 

associated with abdominal obesity in a recent cross-sectional study of 60-year-old men and 

women (57). Alpha-linolenic acid (C18:3n-3) is an essential FA and a precursor from which n–

3 LC-PUFAs are synthesised. Increased consumption of C18:3n-3-rich foods elevates its 

tissue levels as well as levels of C22:6n-3 and C20:5n-3 in the liver lipids (58). Alpha-linolenic 

acid can be beneficial to health; firstly, C18:3n-3 intake was associated with a moderately 

lower risk of CVD in randomised controlled studies as outlined in reviews (59, 60). Secondly, 

as explained above, C18:3n-3 competes for the same metabolic enzymes, as does C18:2n-6, 



 

219 
 

and increased dietary intake may be a worthy approach to decrease elongation of n–6 FAs 

leading to reduced plasma C20:4n-6 levels and increased plasma levels of C22:6n-3 and 

C20:5n-3 (58). As C18:3n-3 is an essential FA, this pattern, identified in our study participants, 

is probably related to food intake and therefore indicative of a higher intake of vegetable oils, 

legumes, nuts and seeds (61).  

5.7 Strengths and limitations 

A rigorous methodological approach of sequential regression modelling enabled us to 

investigate the associations between dietary FAs and plasma phospholipid FA patterns, 

respectively, and measures of adiposity and MetS. Another strength of our study is the use of 

both dietary FA and plasma phospholipid FA patterns (27), which is a preferred method to 

investigate the association between diet and diseases (27). Our work is not free of limitations. 

Firstly, inaccuracies associated with collecting dietary intake data may have influenced the 

dietary FA results; however, in our population, fieldworkers collecting dietary data were 

intensively trained and supervised, and both under- and over-reporters of dietary intake were 

excluded (50). In addition, repeatability of the QFFQ was also demonstrated (10). Secondly, 

the cross-sectional design does not account for possible reverse causation between measures 

of adiposity and dietary FAs intake or plasma phospholipid FA concentration, nor can causality 

be inferred. Thirdly, a possible limitation of the present study is incomplete information on FA 

composition in the food composition databases. This third limitation was compensated for by 

our study design that also considered plasma phospholipid FAs. Fourthly, we assessed the 

associations with indirect measurements of adiposity, including BMI, WHtR and WC, as 

secondary markers of total and central adiposity, whereas imaging methods would better 

differentiate between lean and fat mass.  

5.8 Conclusion 

To our knowledge, this is the first study to investigate and document novel data on dietary FA 

and plasma phospholipid FA patterns and their association with measures of adiposity and 

MetS in a selected group of black South African adults. This study presents evidence that 

although marginal association was found with dietary FA patterns, some circulating plasma 

phospholipid FA patterns were more strongly and significantly associated with BMI, WC and 

WHtR and MetS. The high-Satfat and n–3 VLC-PUFA patterns were positively associated with 

adiposity and MetS, whereas the n–9 LC-MUFA and n–3 EFA patterns were inversely 

associated with adiposity. These patterns may suggest possible differences in FA metabolism 

between lean and overweight/obese individuals. It should also be considered that, in a study 

population with low-fat intakes, such as the PURE participants, plasma FA levels may reflect 

https://www.google.co.za/search?biw=1920&bih=950&q=Strengths&spell=1&sa=X&ved=0ahUKEwjPy9WassnRAhUBBMAKHT0mBIIQvwUIFSgA
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endogenous FA generation rather than dietary intakes, which could result in different findings 

than those reported in other studies from affluent communities. 

Our results are not sufficiently conclusive to make recommendations on dietary FA intakes in 

this population. Further prospective cohort studies that explain possible differences in 

characteristics of FA metabolism among black South African men and women are needed. 

More studies that apply the use of dietary FA and plasma or tissue FA patterns are required 

to determine whether the results from the current study can be generalised to the black 

population of African descent.  
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Table 5-2: Demographics, health and dietary intake data of apparently healthy 

cohort of 711 black South African adults participating in the PURE study 

 

 

 

Men (n=273)  

 

Women (n=438) 

 

 

 p-valuec 

 Median (Q1, Q3)
b  Median (Q1, Q3)

b  

Variables        

Demographics       

Age (years)   52 (46, 60)  52 (45, 59)  0.80 

Education (educated)  155 (57.6%)  263 (62.2%)  0.22 

Tobacco use (current smoker)  163 (59.7%)  205 (46.8%)  0.0008 

Alcohol (g week-1)   6.4 (0, 24.9)  0 (0, 3.9)  <0.0001 

Physical activity index   2.8 (2.5, 3.1)  2.8 (2.5, 3.3)  0.71 

Waist circumference (cm)   75.4 (69.7, 82.4)  82.0 (71.7, 92.6)  <0.0001 

Waist to height ratio  0.45 (0.4, 0.5)  0.52 (0.5, 0.6)  <0.0001 

Body mass index (kg/m2)   20.0 (18.1, 23.2)  26.0 (21.8, 31.9)  <0.0001 

Systolic blood pressure (mmHg)  135 (121, 152)  132 (118, 150)  0.06 

Diastolic blood pressure (mmHg)  88 (78, 98)  88 (70, 97)  0.84 

Fasting glucose (mmol/L)  4.8 (4.3, 5.4)  4.9 (4.3, 5.4)  0.53 

Total cholesterol (mmol/L)   5.0 (4.1, 6.0)  5.1 (4.4, 6.2)  0.35 

High-density lipoproteins cholesterol (mmol/L)   1.54 (1.2, 2.1)  1.5 (1.2, 1.8)  0.04 

Low-density lipoprotein cholesterol (mmol/L)   3.1 (2.3, 4.0)  3.4 (2.7, 4.2)  0.06 

Triglycerides (mmol/L)   1.0 (0.8, 1.5)  1.2 (0.9, 1.8)  0.002 

Dietary intakeg        

Total energy (kcal/day)  1874 (1377, 2612)  1628 (1189, 2212)  0.001 

Total carbohydrate (g/day)  285.4 (199, 378)  248.8 (180.6, 325.1)  0.01 

Total fibre intake (g/day)   14.8 (25, 30)  17.9 (12.7, 25.2)  0.004 

Total protein (g/day)  55.0 (38, 75.7)  46.2 (33.1, 65.0)  <0.0001 

Total fat (g/day)  45.3 (28.5, 63.7)  40.5 (26.3, 64.4)  0.10 

Total saturated fatty acids (g/day)  10.5 (6.5, 15.7)  9.5 (5.6, 16.6)  0.13 

Total monounsaturated fatty acids (g/day)  11.4 (6.8, 17.8)  10.4 (6.0, 18.3)  0.14 

Total polyunsaturated fatty acids (g/day)  13.6 (8.8, 19.6)  13.1 (7.5, 20.0)  0.47 

Total n–3 polyunsaturated fatty acids (g/day)  0.4 (0.2, 0.6)  0.33 (0.20, 0.5)  0.15 

Total n–6 polyunsaturated fatty acids (g/day)  13.3 (8.8, 19.2)  12.9 (7.3, 19.6)  0.55 

a Baseline demographic details of participants.  
b Data are presented as median (interquartile range): Q1, lower interquartile range; Q3, upper interquartile range. 
c Significance levels of differences in parameters between men and women, based on Mann-Whitney and chi-square tests for 
continuous and categorical variables, respectively. 
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Table 5-3 Dietary intake of fats, individual fatty acids and plasma phospholipid fatty acid profile by BMI categories and sex in 711 black 

South African adults 

  

Men (n=273)     Women (n=438)  
 

BMIa <25 (n=233) 
 

BMI≥25 (n=40) 
 p-value Effect 

size 
BMI <25 (n=191) 

 
BMI≥25 (n=247) 

p-value Effect 
size  

   Median (Q1, Q3)    Median (Q1, Q3)  Median (Q1, Q3) 

Total energy, dietary fats intake  

Total energy (kcal/day) 1856 (1374, 2599)  2052 (1370, 2681)  0.48   1579 (1139, 2188)  1651 (123, 2224.) 0.50  

Total fat intake (g/day)  44.8 (28.5, 63.0)  46.8 (31.5, 66.9)  0.71   35.5 (22.8, 59.2)  44.9 (27.9, 68.0) 0.002  

Total saturated fatty acids (g/day) 10.4 (6.5, 15.4)  12.4 (8.1, 16.3)  0.71   8.4 (4.7, 15.5)  10.8 (6.2, 17.1) 0.003  

Total polyunsaturated fatty acids 
(g/day) 

13.8 (8.8, 19.6)  12.8 (8.7, 18.7)  0.32   11.8 (7.0, 19.5)  13.5 (8.2, 20.9) 0.29  

Total n–3 PUFAs (g/day) 0.4 (0.2, 0.6)  0.34 (0.2, 0.6)  0.58   0.3 (0.2, 0.5)  0.4 (0.2, 0.5) 0.09  

Total n–6 PUFAs (g/day) 13.5 (8.7, 19.1)  12.4 (9.2, 19.8)  0.39   12.1 (6.9, 18.9)  13.4 (8.1, 20.2) 0.27  

n–6/n–3 ratio 33.1 (24.4, 152.4)  34.2 (22.5, 53.1)  0.84   37.3 (27.57,49.73)  36.8 (26.1, 51.9) 0.76  

Total monounsaturated fatty acids 
(g/day) 

11.2 (6.8, 16.4)  13.4 (7.2, 19.7)  0.48   8.5 (5.0, 16.4)  12.0 (6.4, 19.4) <.0001  

Plasma phospholipid fatty acids (% total FAs)c 

Saturated fatty acids              

Myristic acid (C14:0) 0.25 (0.2, 0.3)  0.25 (0.2, 0.3)  0.75   0.26 (0.2, 0.3)  0.27 (0.2, 0.3) 0.21  

Palmitic acid (C16:0) 27.6 (25.2, 29.5)  26.3 (24.6, 28.0)  0.002 0.37  26.7 (24.8, 29.2)  25.7 (24.0, 27.6) 0.21  

Stearic acid (C18:0) 14.0 (12.4, 15.5)  15.1 (14.4, 16.2)  <.0001 0.31  14.8 (13.5, 16.3)  15.5 (14.3, 17.0) 0.0004 0.38 

Arachidic acid (C20:0) 0.27 (0.21, 0.34)  0.34 (0.27, 0.39)  0.02 0.33  0.30 (0.25, 0.37)  0.36 (0.30, 0.43) <.0001 0.35 

Behenic acid (C22:0) 0.94 (0.66, 1.17)  1.22 (0.97, 1.43)  0.0006 0.32  1.03 (0.78, 1.35)  1.27 (1.07, 1.54) <.0001 0.35 

Lignoceric acid (C24:0) 1.01 (0.81, 1.23)  1.13 (0.91, 1.36)  0.02 0.40  1.00 (0.81, 1.24)  1.07 (0.9, 1.27) 0.03 0.45 

Monounsaturated fatty acids              

Palmitoleic acid (C16:1n-7) 0.88 (0.5, 1.6)  0.6 (0.4, 0.8)  0.0007 0.34  0.8 (0.5, 1.2)  0.6 (0.4, 0.8) 0.003 0.40 

Cis-vaccenic acid (C18:1n-7) 1.46 (1.26, 1.69)  1.19 (1.01, 1.44)  0.002 0.30  1.41 (1.20, 1.65)  1.30 (1.12, 1.5) 0.03 0.41 

Oleic acid (C18:1n-9) 10.0 (7.6, 13.0)  7.5 (6.2, 9.3)  0.0002 0.30  8.2 (7.0, 11.3)  7.16 (6.3, 8.3) <.0001 0.35 

Elaidic acid (C18:1n9t) 0.31 (0.20, 0.56)  0.27 (0.20, 0.5)  0.32   0.34 (0.21, 0.81)  0.32 (0.21, 0.61) 0.50  
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Men (n=273)     Women (n=438)  
 

BMIa <25 (n=233) 
 

BMI≥25 (n=40) 
 p-value Effect 

size 
BMI <25 (n=191) 

 
BMI≥25 (n=247) 

p-value Effect 
size  

   Median (Q1, Q3)    Median (Q1, Q3)  Median (Q1, Q3) 

Gondoic acid (C20:1n-9) 0.11 (0.09, 0.12)  0.10 (0.08, 0.11)  0.04 0.36  0.11 (0.09, 0.12)  0.10 (0.09, 0.12) 0.02 0.42 

Erucic acid (C22:1n-9) 0.06 (0.04, 0.08)  0.07 (0.04, 0.09)  0.29   0.06 (0.05, 0.09)  0.07 (0.05, 0.09) 0.50  

Nervonic acid (C24:1n-9) 1.66 (1.44, 1.95)  1.61 (1.35, 1.95)  0.75   1.69 (1.42, 2.02)  1.88 (1.55, 2.21) 0.005 0.41 

n–3 polyunsaturated fatty acids              

α-linolenic acid (c18:3n-3) 0.09 (0.07, 0.12)  0.08 (0.05, 0.10)  0.18   0.08 (0.06, 0.1)  0.1 (0.05, 0.1) 0.77  

Eicosapentaenoic acid (C20:5n-3) 0.6 (0.5, 0.9)  0.6 (0.5, 0.9)  0.32   0.6 (0.4, 0.9)  0.6 (0.4, 0.8) 0.92  

Docosapentaenoic acid (C22:5n-3) 0.5 (0.4, 0.7)  0.6 (0.4, 0.8)  0.51   0.6 (0.5, 1.0)  0.5 (0.4, 0.8) 0.92  

Docosahexaenoic acid (C22:6n-3) 3.8 (3.0, 4.8)  4.29 (3.2, 5.6)  0.09   4.4 (3.5, 5.5)  5.0 (4.05, 5.8) 0.0008 0.39 

n–6 & n−9 polyunsaturated fatty 
acids  

 
 

 
 

  
 

 
 

 
 

Linoleic acid (C18:2n-6) 16.1 (13.6, 18.5)  16.4 (14.1, 18.6)  0.71   15.9 (12.8, 18.4)  16.0 (13.8, 18.7) 0.50  

γ-linolenic acid (C18:3n-6) 0.13 (0.1, 0.2)  0.10 (0.07, 0.14)  0.04 0.39  0.1 (0.1, 0.2)  0.10 (0.07, 0.13) 0.07  

Eicosadienoic acid (C20:2n-6) 0.34 (0.29, 0.39)  0.35 (0.29, 0.4)  0.71   0.36 (0.31, 0.42)  0.38 (0.33, 0.44) 0.07  

Dihomo-γ-linolenic acid (C20:3n-6) 2.7 (2.4, 3.3)  3.1 (2.7, 3.9)  0.006 0.32  2.8 (2.4, 3.2)  3.1 (2.72, 3.61) <.0001 0.35 

Arachidonic (C20:4n-6) 12.9 (11.5, 14. 3)  14.1 (12.6, 15.7)  0.08   13.5 (12.0, 15.0)  14.2 (12.7, 15.6) 0.007 0.44 

Docosadienoic acid (C22:2-n6) 0.018 (0.013, 0.023)  0.018 (0.014, 0.022)  0.75   0.02 (0.014, 0.027)  0.025 (0.018, 0.032) <.0001 0.37 

Adrenic acid (C22:4n-6) 0.6 (0.5, 0.7)  0.6 (0.5, 0.7)  0.51   0.6 (0.5, 0.7)  0.6 (0.5, 0.7) 0.29  

Osbond acid (C22:5n-6) 1.4 (1.2, 1.6)  1.4 (1.1, 1.7)  0.71   1.4 (1.2, 1.6)  1.4 (1.1, 1.6) 0.15  

Mead acid (C20:3n-9) 0.3 (0.2, 0.4)  0.2 (0.1, 0.3)  0.09   0.2 (0.1, 0.3)  0.17 (0.1, 0.3) 0.0003 0.41 

a BMI = Body mass index; calculated as kg/m2. 
b Median (Q1, Q3) = Differences between FAs across BMI and sex were tested by independent t-test according to BMI <25 and BMI ≥ 25. Data are presented as median; Q1: lower interquartile range, Q3; 
upper interquartile range. 
c Plasma phospholipid fatty acids (% total FAs) = Fatty acids are expressed as a percentage (%) of total FA. Significance levels of differences in parameters between men and women based on Mann-Whitney 
tests. 
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Table 5-4 Factor loadings for dietary and plasma phospholipid fatty acids 

 Dietary fatty acid patternsa      

 

Dietary fatty acids  
 

Non-
marine  

 Marine 
   -  

(λ1=60%)b  (λ2=29%)- 

Saturated fatty acids            
Myristic acid (C14:0)  0.78  0.10       
Palmitic acid (C16:0)  0.97  0.22       
Stearic acid (C18:0)  0.94  0.21       
Behenic acid (C22:0)  0.67  0.29       

Monounsaturated fatty acids           

Palmitoleic acid (C16:1n-7)  0.89  0.28       
Oleic acid (C18:1n-9)  0.95  0.23       

n–3 fatty acids           

α-Linolenic acid (C18:3n-3)  0.89  0.22       
Eicosapentaenoic acid 
(C20:5n-3) 

 0.21  0.96 
      

Docosahexaenoic acid 
(C22:6n-3) 

 0.23  0.96 
      

n–6 fatty acids           

Linoleic acid (C18:2n-6)  0.80  0.31       
Arachidonic acid (C20:4n-6)  0.70  0.48       

The Kaiser's measure of sampling adequacy =.0.84 

Plasma phospholipid fatty acid patternsc 

  High-Satfat  
n–3 VLC-
PUFA  

High-LA  
n–6 VLC-
PUFA  

n–9 LC-
MUFA 

n–3 EFA 

Plasma phospholipid fatty 
acids 

 (λ1=24%)  (λ2=11%) (λ3=11%) (λ4=10%)  
(λ5=10%) 
  

(λ6=7%)  

Saturated fatty acids               
Myristic acid (C14:0)  -0.13  -0.28  -0.06  -0.06  -0.56  0.01  
Palmitic acid (C16:0)  -0.10  -0.54  -0.47  -0.40  -0.34  -0.05  
Stearic acid (C18:0)  0.80  -0.21  -0.04  0.08  -0.04  -0.16  
Arachidic acid (C20:0)  0.86  -0.08  0.01  -0.04  0.36  -0.08  
Behenic acid (C22:0)  0.92  -0.03  0.06  -0.07  0.24  -0.07  
Lignoceric acid (C24:0)  0.81  -0.19  -0.01  -0.06  0.34  0.10  

Monounsaturated fatty acids               

Palmitoleic acid (C16:1n-7)  -0.84  -0.13  -0.25  0.08  -0.12  0.23  
Cis-vaccenic acid (C18:1n-7)  -0.73  0.10  0.16  0.08  0.40  -0.20  
Oleic acid (C18:1n-9)  -0.82  -0.15  -0.26  0.11  -0.01  0.35  
Elaidic acid (C18:1n9t)  0.44  -0.58  -0.25  -0.04  0.09  -0.02  
Gondoic acid (C20:1n-9)  -0.17  -0.07  0.52  -0.05  0.54  -0.13  
Erucic acid (C22:1n-9)  0.35  -0.01  0.05  0.22  0.42  -0.05  
Nervonic acid (C24:1n-9)  0.16  0.09  0.07  -0.01  0.85  -0.04  

n–3 fatty acids               

α-linolenic acid (C18:3n-3)  -0.23  0.02  0.28  -0.15  -0.09  0.71  
Eicosapentaenoic acid 
(C20:5n-3) 

 
-0.37 

 
0.57 

 
-0.25 

 
-0.32 

 
-0.01 

 
0.42 

 

Docosapentaenoic acid 
(C22:5n-3) 

 
-0.08 

 
0.71 

 
-0.01 

 
0.12 

 
0.15 

 
0.27 

 

Docosahexaenoic acid 
(C22:6n-3) 

 
0.05 

 
0.79 

 
0.25 

 
-0.08 

 
0.08 

 
-0.24 

 

n–6 & n−9 fatty acids               

Linoleic acid (C18:2n-6)  0.08  0.31  0.80  -0.10  0.05  0.16  
γ-linolenic acid (C18:3n-6)  -0.41  -0.08  -0.17  0.27  -0.37  0.49  
Eicosadienoic acid (C20:2n-6)  0.09  0.06  0.82  0.30  0.15  0.13  
Dihomo-γ-linolenic acid 
(C20:3n-6) 

 
0.00 

 
0.29 

 
0.14 

 
0.65 

 
-0.06 

 
0.30 

 

Arachidonic acid (C20:4n-6)  0.04  0.66  0.12  0.42  0.24  -0.31  
Docosadienoic acid (C22:2-n6)  0.44  0.08  0.47  -0.06  0.45  -0.24  
Adrenic acid (C22:4n-6)  -0.13  0.02  0.03  0.83  0.08  0.01  
Osbond acid (C22:5n-6)  -0.12  -0.04  -0.09  0.82  0.01  -0.32  
Mead acid (C20:3n-9)  -0.58  -0.15  -0.53  0.32  0.05  0.28  

The Kaiser's measure of sampling adequacy =0.78 
aFatty acid patterns derived from dietary fatty acids.  
bVariance explained by the single factor.  
cFatty acid patterns derived from plasma phospholipids. Abbreviations: High-Satfat, saturated fatty acid pattern; n–3 VLC-
PUFA, n–3 very long chain polyunsaturated fatty acid pattern; high-LA, high linoleic acid pattern; n–6 VLC-PUFA, n–6 very 
long chain polyunsaturated fatty acid pattern; n–9 LC-MUFA, n–9 long chain monounsaturated fatty acid pattern; n–3 EFA, 
n–3 essential fatty acid pattern 
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Table 5-5  Associations of dietary fatty acid patterns with adiposity and metabolic syndrome in 711 black South African adults in 

regression models 

  Linear regression models   Logistic regression models  

  Body mass index   Waist circumference   Waist: height ratio  Metabolic syndrome  

  βa & (95% CI)a  p-value  β & (95% CI)  p-value  β & (95% CI)  p-value  OR & (95%CI)b  p-value 

Crude modelc                 

Non-marine   0.05 (-0.02, 0.13)  0.15  0.07 (-0.004, 0.14)  0.07  0.06 (-0.02, 0.13)  0.14  1.13 (0.96, 1.32)  0.14 

Marine   -0.015 (-0.09, 0.06)  0.69  0.007 (-0.07, 0.08)  0.85  0.004 (-0.07, 0.08)  0.92  0.99 (0.84, 1.16)  0.88 

R2 (%)     0.03    0.02    0.03    0. 43 

Adjusted model1
d                 

Non-marine   0.04 (-0.02, 0.11)  0.20  0.06 (-0.01, 0.13)  0.09  0.04 (-0.02, 0.11)  0.19  1.12 (0.95, 1.33)  0.19 
Marine   -0.02 (-0.09, 0.05)  0.55  0.004 (-0.07, 0.08)  0.91  -0.0015 (-0.07, 0.07)  0.97  0.98 (0.82, 1.16)  0.78 

R2 (%)    20.48    6.35    17.25    17.69 

Fully adjusted 
modele  

                

Non-marine   0.04 (-0.02, 0.11)  0.21  0.06 (-0.01, 0.13)  0.09  0.04 (-0.03, 0.11)  0.25  1.15 (0.96, 1.38)  0.12 
Marine  -0.02 (-0.10, 0.04)  0.47  0.002 (-0.07, 0.07)  0.96  -0.005 (-0.07, 0.06)  0.88  0.94 (0.78, 1.14)  0.53 

R2 (%)    26.68    13.34    22.72    20.39 
a Standardised betas and standardised 95% confidence intervals (CI). 
b OR, odds ratio and 95% CI. 
c Crude model; consisted of plasma phospholipid fatty acid patterns only. 
dAdjusted model1; crude model and additionally adjusted for age and sex. 
e Fully adjusted model; adjusted model1, additionally adjusted for lifestyle confounders (physical activity, self-reported smoking, total dietary energy and alcohol intake (Kcal) and level of education).  
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Table 5-6  Associations of plasma phospholipid fatty acid patterns with adiposity and metabolic syndrome in 711 black South African 

adults in regression models. 

   
Linear regression models  

  
Logistic regression models  

   
Body mass index  

  
Waist circumference  

  
Waist: height ratio 

Metabolic syndrome  

  βa & (95% CI)a  p-value  β & (95% CI)  p-value  β & (95% CI)  p-value The exponent of β 
& (95%CI) 

 p-value 

Crude modelb                  

High-Satfat  0.37 (0.31, 0.44)  <.0001  0.28 (0.21, 0.35)  <.0001  0.31 (0.24, 0.38)  <.0001  1.62 (1.34, 1.96)  <.0001 

n–3 VLC-PUFA  0.21 (0.15, 0.28)  <.0001  0.22 (0.15, 0.28)  <.0001  0.22 (0.15, 0.28.)  <.0001  1.76 (1.44, 2.15)  <.0001 

High-LA  0.04 (-0.02, 0.11)  0.20.  -0.05 (-0.12, 0.02)  0.16  -0.04 (-0.10, 0.03)  0.29  1.09 (0.92, 1.30)  0.33 

n–6 VLC-PUFA  0.05 (-0.0, 0.12)  0.13  0.06 (-0.005, 0.13)  0.07  0.07 (0.001, 0.14)  0.045  1.28 (1.08, 1.53)  0.006 

n–9 LC-MUFA  -0.05 (-0.11, 0.02)  0.17  -0.10 (-0.16, -0.03)  0.007  -0.09 (-0.16, -0.02)  0.009  0.63 (0.52, 0.75)  <.0001 

n–3 EFA  -0.12 (-0.18, -0.05)  0.0007  -0.06 (-0.13, 0.006)  0.07  -0.09 (-0.16, -0.02)  0.009  0.81 (0.68, 0.96)  0.02 

R2 (%)    19.72    13.87    15.62    18.30 

Adjusted model1
d                 

High-Satfat  0.29 (0.22, 0.35)  <.0001  0.25 (0.18, 0.32)  <.0001  0.23 (0.16, 0.30)  <.0001  1.44 (1.17, 1.76)  0.0004 

n–3 VLC-PUFA  0.18 (0.12, 0.24)  <.0001  0.20 (0.13, 0.27)  <.0001  0.18 (0.12, 0.24)  <.0001  1.70 (1.37, 2.10)  <.0001 

High-LA  0.03 (-0.04, 0.09)  0.43  -0.04 (-0.11, 0.03)  0.26  -0.04 (-0.11, 0.02)  0.21  1.10 (0.89, 1.30)  0.43 

n–6 VLC-PUFA  0.029 (-0.03, 0.09)  0.36  0.05 (-0.016, 0.12)  0.13  0.05 (-0.02, 0.11)  0.16  1.26 (1.04, 1.51)  0.02 

n–9 LC-MUFA  -0.04 (-0.10, 0.02)  0.20  -0.10 (-0.16, -0.03)  0.005  -0.09 (-0.15, -0.02)  0.007  0.61 (0.5, 0.73)  <.0001 

n–3 EFA  -0.06 (-0.13, 0.001)  0.05.  -0.060 (-0.13, 
0.010) 

 0.09  
-0.05 (-0.12, 0.011)  0.10 

 0.84 (0.69, 1.01)  0.07 

R2 (%)    30.78    16.73    25.76    29.74 

Fully adjusted modele                 

High-Satfat  0.27 (0.20, 0.34)  <.0001  0.22 (0.15, 0.30)  <.0001  0.20 (0.13, 0.27)  <.0001  1.54 (1.21, 1.95)  0.0004 

n–3 VLC-PUFA  0.14 (0.08, 0.20)  <.0001  0.16 (0.087, 0.23)  <.0001  0.15 (0.08, 0.21)  <.0001  1.72 (1.38, 2.16)  <.0001 

High-LA  -0.004 (-0.070, 0.06)  0.90  -0.06 (-0.13, 0.01)  0.11  -0.06 (-0.13, 0.01)  0.07  1.14 (0.93, 1.4)  0.22 

n–6 VLC-PUFA  0.029 (-0.04, 0.09)  0.37  0.05 (-0.02, 0.12)  0.14  0.05 (-0.02, 0.11)  0.15  1.25 (1.02, 1.54)  0.03 

n–9 LC-MUFA  0.002 (-0.06, 0.07)  0.957  -0.06 (-0.13, 0.02)  0.13  -0.05 (-0.11, 0.02)  0.17  0.61 (0.50, 0.75)  <.0001 

n–3 EFA  -0.06 (-0.13, 0.005)  0.07  -0.06 (-0.13, 0.014)  0.12  -0.05 (-0.12, 0.02)  0.17  0.81 (0.66, 0.99)  0.04 

R2 (%)    33.69    20.38    28.38    31.09 
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Linear regression models  

  
Logistic regression models  

   
Body mass index  

  
Waist circumference  

  
Waist: height ratio 

Metabolic syndrome  

  βa & (95% CI)a  p-value  β & (95% CI)  p-value  β & (95% CI)  p-value The exponent of β 
& (95%CI) 

 p-value 

a Standardised betas and standardised 95% confidence intervals (CI) 
b Crude model; consisted of plasma phospholipid fatty acid patterns only. 
cAdjusted model1; crude model and additionally adjusted for age and sex. 
d Adjusted model2; adjusted model1, additionally adjusted for lifestyle confounders (physical activity, self-reported smoking, total dietary energy and alcohol intake (KJ) and level of education). 
e Fully adjusted model; adjusted model1, additionally adjusted for contraceptive use. 

Abbreviations: High-Satfat, saturated fatty acid pattern; n–3 VLC-PUFA, n–3 very long chain polyunsaturated fatty acid pattern; high-LA, high linoleic acid pattern; n–6 VLC-PUFA, n–6 very long chain 
polyunsaturated fatty acid pattern; n–9 LC-MUFA, long chain monounsaturated fatty acid pattern; n–3 EFA, n–3 essential fatty acid pattern.  
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6.2 Abstract  

Individual fatty acids (FA) and FA patterns, both in the diet and tissues, have been associated 

with obesity in various populations in Europe and the USA, but the associations have been 

inconsistent. However, data from Africa are lacking. We used principal component analysis to 

derive factor analysis patterns with the use of 25 plasma phospholipid FAs from randomly 

selected participants of the cohort of the South African arm of the Prospective Urban and Rural 

Epidemiology (PURE) study. We examined prospective associations between six plasma 

phospholipid FA patterns derived at baseline with 10-year changes in anthropometric indices, 

including weight, body mass index (BMI), waist circumference (WC) and waist: height ratio 
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(WHtR) in 412 black South African adults. We applied sequential adjusted linear regression 

models to investigate the associations. Six plasma phospholipid FAs patterns were identified at 

baseline and at follow-up. A comparison of quartiles of factor scores at baseline and follow-up 

showed good reproducibility of four of the FA patterns identified at baseline. The high-satfat 

pattern presented with high positive loadings of saturated FAs (stearic, arachidic, behenic and 

lignoceric acids) and negative loadings of monounsaturated FA (MUFAs) and the n−9 long-chain 

(LC)-MUFA pattern presented with positive loadings of MUFAs (nervonic and gondoic). These 

patterns were positively associated with 10-year changes in all anthropometric outcomes. The 

high-satfat pattern pattern derived at baseline and maintained over 10 years may indicate unique 

FA metabolism associated with weight gain over time in this group of black South African adults. 

Keywords: Very-long-chain saturated fatty acids, anthropometric indices, black Africans, factor 

analysis, plasma phospholipid fatty acids, PURE study 

6.3 Introduction  

The World Health Organization (WHO) estimated that, globally, obesity has approximately tripled 

since 1975 (1). By 2030, up to 58% of the world’s adult population may be classified either as 

overweight or obese. Mean body mass index (BMI) has been reported to be high in women from 

north and southern Africa, and severe obesity is predicted to exceed underweight in women by 

2025 (2). South Africa has the highest prevalence of obesity reported in sub-Saharan Africa. One 

out of five women has a BMI ≥ 35kg/m2 (3), and its associated incidence of non-communicable 

diseases (NCDs) negatively affects the lives of many inhabitants. The consequent burden of 

disease contributes to the rising cost of healthcare, both at the state level and in the private sector 

(4). Furthermore, BMI between 30 and 35 kg/m2 and greater than 35 kg/m2 is associated with an 

11% and 23% increase in healthcare expenditures, respectively (5). 

A considerable amount of the global NCD burden is attributable to behavioural, dietary, 

environmental, and metabolic risk factors (6). Diet is one of the most amenable risk factors 

influencing obesity and its co-morbidities (7). The WHO recommends less than 30% of energy 

from the total fat intake to avoid unhealthy weight gain in adult populations (8). However, the 

recommendation is largely based on one meta-analysis from populations in Europe, North 

America and New Zealand (9). These recommendations have not considered studies done in 

Africa and may not, therefore, be generalised to its population. Increased fat consumption 

experienced in Africa is attributed to the nutrition transition characterised by an increase in the 

availability of cheap vegetable oils and fats in several countries (10). The conventional sources 

of saturated fatty acids (SFA) among South Africans include oils (coconut, palm kernel, and palm 
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oils), fats (animal and dairy fat), and processed products made with these fats and oils (11). 

Similarly, MUFA intake is mainly derived from meat, as well as vegetable oils, including canola, 

olive, sunflower, soy and nuts, peanut butter and avocados (11). Recent findings show that dietary 

fat intake in South Africa is significantly higher in urban than in rural areas, and women consume 

more energy from fat than men in rural and urban areas (12). Dietary intakes of total fat, SFA, n–

6 FAs, LA, arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) 

expressed as percentage energy were associated with obesity in black and white South African 

women and were modulated by polymorphism in the interleukin-6 gene (13). The South African 

food-based dietary guidelines emphasise the importance of the intake of specific polyunsaturated 

fatty acids (PUFAs), including essential fatty acids (EFAs), n–6 and n–3 PUFAs and reduction in 

SFA (11), but this recommendation is not specific to obesity. Moreover, current evidence is 

inconclusive regarding the role of EFAs, n–3 and n–6 PUFAs and their ratio in the gain of body 

fat and obesity (14). Understanding dietary fat consumption, total plasma phospholipid FA status 

and endogenous metabolism of black South Africans would provide data to support and further 

improve future recommendations on fat consumption in the country. Recommendations specific 

to the prevention of obesity in South Africa will be of utmost importance.  

Dimension reduction techniques, such as principal component analysis (PCA), have been used 

extensively in nutrition epidemiology to identify particular distinctive dietary patterns relevant and 

applicable to obesity (15, 16). A few studies have applied this technique to FA biomarkers in 

obesity (17), metabolic syndrome (18) and cardiovascular disease (19-21). These studies 

identified PCA patterns and named them according to the FAs with the lowest or highest factor 

scores within the pattern.   

To date, many studies have investigated the association between individual plasma phospholipid 

FAs and obesity. A study that investigated the association of serum phospholipids with adiposity 

reported positive correlations of total SFAs with BMI in men and women and a positive correlation 

of POA in Lebanese women (22). Furthermore, higher plasma levels of POA were associated 

with abdominal obesity in French men (23). Plasma total SFAs, myristic acid, palmitic acid and 

POA were higher in obese participants compared to normal weight ones in Turkey (24). A 10-

year longitudinal study in the USA involving older adult men and women reported inverse 

associations between levels of total n–3 PUFAs and baseline BMI, positive associations of total 

n–6 PUFAs with baseline BMI, as well as of total n–6 PUFAs with increase in BMI over time (25). 

A recent study showed that LA in plasma was inversely associated with WC and body fat in Irish 

adults (26), while total n–6 and n–3 PUFAs also in plasma were inversely associated with body 

fat in elderly men and women in Norway (27). 
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Based on studies investigating circulating FA patterns (17-21) and individual FAs in plasma (23-

27), we hypothesised that plasma phospholipid FAs patterns derived at baseline may be 

associated with 10-year changes in anthropometric indices. To test our hypothesis, we 

prospectively explored the associations of plasma phospholipid FA patterns derived at baseline 

with 10-year changes in anthropometric indices of adiposity among a sub-cohort of black South 

Africans participating in the Prospective Urban and Rural Epidemiology (PURE) study. We also 

derived new FA patterns at 10-year follow-up to study reproducibility of patterns identified at 

baseline. To our knowledge, no study has investigated prospective associations of plasma 

phospholipid FA patterns with adiposity in black South African adults.  

6.4 Methods and materials  

6.4.1 Study procedures and subjects  

This prospective research forms part of the South African leg of the international PURE study, 

which is a multi-center longitudinal cohort investigation that tracks the impact of diet on 

cardiovascular diseases in diverse backgrounds (28). In South Africa, baseline data collection 

started in 2005 in the North West Province with follow-up at five-year intervals (2010 and 2015). 

Details of the study design, study population, inclusion and exclusion criteria, and data collection 

procedures have previously been reported (12, 29, 30). To facilitate data collection, participants 

were transported to the centers in the rural and urban areas. Participants completed administered 

questionnaires in their preferred language (Afrikaans, Setswana or English) in interviews with 

trained fieldworkers. Standardised questionnaires Structured demographic, socioeconomic, 

lifestyle, and physical activity questionnaires, which were standardised for the international PURE 

study and adapted for South Africa, were used (28, 31, 32). Anthropometric measurements, 

including weight, height, WC and their indices [(BMI and waist: height ratio (WHtR)], were 

assessed by trained research assistants using standardised methods at baseline (2005), and the 

same procedures were followed at five-year interval follow-up (2010 and 2015). As previously 

reported, 2 010 individuals aged 30 to 93 years were recruited in 2005 from rural and urban areas 

of the North West Province, South Africa. From this cohort, 711 participants were randomly 

selected, and plasma phospholipid FAs were measured. A random sample of 711 was selected 

from the original 2010 volunteers with both dietary and plasma phospholipid FAs, after exclusion 

of 305 participants with human immunodeficiency virus infection. The number of participants was 

randomly selected from stratified groups (rural male, rural female, urban male, and urban female 

and included 125 rural men, 148 urban men, 218 rural women and 220 urban women. Those 

participants with available 10-year follow-up data for plasma phospholipid FAs and other 



 

242 
 

covariates were included in the prospective analyses, leaving a total of 412 participants (137 men 

and 275 women) aged between 45 and 93 years at baseline.  

All the participants gave consent for data collection at baseline and follow-up. The researchers 

obtained ethical approval for the South African PURE study from the Ethics Committee of the 

North-West University (ethics number 04M10). 

6.4.2 Measurements of fatty acid composition  

EDTA plasma samples were thawed and extracted with chloroform:methanol (2:1 v/v) according 

to the modified Folch method (Folch et al., 1957). The plasma phospholipid fatty acid fraction was 

isolated by thin layer chromatography from the extracted lipids (Baumgartner et al., 2012). 

Subsequently, the phospholipid fatty acid fraction was transmethylated to fatty acid methyl esters 

and analysed by gas chromatography electron ionisation mass spectrometry by means of an 

Agilent Technologies 7890 A GC system, as described by Baumgartner et al. (Baumgartner et 

al., 2012). Thirty-two FAs were measured in fasted plasma samples on the same instrument with 

the same methodology. Seven FAs, i.e. pentadecanoic acid (C15:0), margaric acid (C17:0), trans-

vaccenic acid (C18:1n-7t), rumenic acid (C18:2n-7tt), stearidonic acid (C18:4n-3), eicosatrienoic 

(C20:3n-3) and elaidic acid (C18:1n9t) were below the limit of quantification and therefore were 

not included. The remaining 25 plasma phospholipid FAs were quantified and expressed as a 

percentage of total FAs. Quality of data was assured with a separate calibration for each fatty 

acid, monitoring of internal standard (1,2 – diheptadecanoyl – sn – glycerol – 3 

phosphorylchloline, Matreya, Pennsylvania, USA), and Levey Jennings graphs for a pooled 

plasma control analysed with each batch. The 25 FAs used for baseline and prospective analysis 

included SFAs, MUFAs, n–3, n–6, and n−9 PUFAs (Table 1). At 10-year follow-up, the same FAs 

were measured and included in the analysis. Each FA is expressed as a percentage of total FAs 

(% weight/weight). The plasma phospholipid FAs included in this study are based on the 

distribution of FAs quantified in a selected group of black South Africans.  

6.4.3 Measurements of 10-year outcomes  

Changes in anthropometric indices, including weight, BMI, WC, and WHtR over ten years, were 

expressed as the difference between these measurements at 10-year follow-up and baseline.  

6.4.4 Statistical analysis 

The characteristics of the participants at two time points (baseline and 10-year follow-up) were 

assessed by Wilcoxon matched pairs test, and data are presented by sex. Differences between 



 

243 
 

individual FAs and ratios by BMI and sex groups at 10-year follow-up were tested by means of 

the Mann-Whitney test. A BMI < 25 kg/m2 was considered as underweight and/or normal-weight 

or lean, whereas BMI ≥ 25 kg/m2 was considered overweight and/or obese. We presented results 

as medians and interquartile ranges due to the skewed distribution of the variables. The effect 

size of the differences between groups was calculated using the Man-Whitney U-value, and the 

sample size of the groups and effect size for differences at two time points were calculated by 

means of the Wilcoxon Signed Ranks Test Z-value and sample size (33).  

Categorical variables were classified as follows: sex (men and women), self-reported smoking 

(never or formerly smoked and current smokers) and education (no school and formal education). 

Continuous variables included age, weighted physical activity index and total energy and alcohol 

intake (all baseline values) as well as 10-year changes in weight, BMI, WC and WHtR. Exposure 

variables included six plasma phospholipid FA patterns identified at baseline. 

To define the plasma phospholipid FA patterns at baseline, principal component analysis (PCA) 

based on the varimax rotation was conducted. Twenty-five plasma FA variables expressed as 

percentages of total FAs were used to derive six FA patterns. We considered FA with an absolute 

factor loading of > 0.5 to make a significant contribution to the pattern. The same PCA procedure 

was repeated for the patterns derived at 10-year follow-up. All FA patterns are listed in Table 5-

1. Additionally, we divided the participants into quartiles of factor scores for each pattern and 

tested how many participants stayed in the same quartile or moved to the adjacent quartiles for 

the similar FA pattern after follow-up. The purpose of the analysis was to examine the 

reproducibility of baseline patterns with similar patterns at 10-year follow-up.  

We determined the correlation between scores of the different FA patterns, as well as plasma 

FAs, which were correlated with percentage energy (%E) intake from total fat, %E from total SFA, 

total fat and alcohol intake. The purpose of this exploratory analysis was to determine the 

relationship between the identified plasma FA patterns with macro-nutrients commonly consumed 

with our study participants. 

The differences over ten years for all anthropometric indices (weight, BMI, WC, and WHtR) were 

included in the sequential adjusted linear regression models as continuous outcome variables. 

The association with FA pattern scores, with adjustment for covariates, was assessed in 

sequential models, starting with the crude model, which consisted of only plasma phospholipid 

FA patterns (exposure variables) and outcomes. In the first adjusted model, age and sex (men 

and women) were added as covariates, and finally, in the fully adjusted model, all lifestyle 

covariates, including self-reported smoking, education, physical activity, alcohol and total energy 
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intake (baseline variables), as well as the baseline anthropometric variables were added. Model 

goodness-of-fit was evaluated using R-square statistics. Statistical analysis was performed using 

SAS Version 9.4 (SAS Institute, Inc., 2016) (34). A probability value of p ≤.05 was considered 

statistically significant. 

6.5 Results  

6.5.1 Identification of baseline fatty acid patterns using factor analysis 

The factors identified at baseline explained 72% of the total variance (n = 412). The patterns were 

characterised and named according to the highest loadings of the specific FAs present in a given 

pattern, as is the norm in other studies (18-21). The results are presented in the order in which 

the FA patterns were derived: high-Satfat (positively loaded with stearic acid, VLC-SFAs and 

negative loadings of POA, cis-vaccenic acid, and oleic acid (OA)), n−9 LC-MUFA (positive 

loadings of nervonic acid and gondoic acids), n–6 VLC-PUFA (positive loadings on n–6 VLC-

PUFAs), high-LA (positive loadings of n–6 LA, eicosadienoic acid and negative loading of palmitic 

acid), low-DHA [highest positive loading on α-linolenic acid (ALA) and γ-linolenic acid (GLA) and 

negative loadings of DHA], and n–3 very-long-chain (VLC)-PUFA [highest loading on EPA and 

docosapentaenoic acid (DPA)]. These patterns are listed in Table 6-1. 

6.5.2 Identification and reproducibility of plasma phospholipid fatty acid patterns 

derived at baseline and 10-year follow-up  

Table 6-1 also shows the factor loading of plasma phospholipid FA patterns obtained at 10-year 

follow-up (n = 412). The factor analysis identified six plasma phospholipid FA patterns from 25 

individual phospholipid FAs. These factors explained 74% of the total variance. We named the 

six 10-year patterns Factors 1 to 6.  

Similarities and reproducibility of 10-year follow-up patterns  

The similarities between the patterns identified at baseline and at 10 years were determined by 

means of visual inspection of the FAs loaded within the patterns. The n–6 VLC-PUFA, high-Satfat, 

n–3-VLC-PUFA and low-DHA patterns identified at baseline were similar to factor 1, factor 2, 

factor 4 and factor 6, derived at 10-year follow up, respectively. The remaining two baseline FA 

patterns (n−9 LC-MUFA and the high-LA pattern) were not similar to any of the FA patterns 

derived at after 10 years. 



 

245 
 

In the n–6 VLC-PUFA patterns, n=101 of the participants stayed in the same quartile, and 286 

moved to the adjacent quartiles. Therefore, after 10 years of follow-up, 387 out of a total of 412 

participants (93%) either remained in the same quartile or moved to an adjacent quartile of scores 

for the n–6 VLC-PUFA pattern compared to baseline. This is an indication of stability of a plasma 

phospholipid pattern with high loadings on n–6 VLC-PUFAs at both baseline and end. Similar 

results were found for reproducibility of the high-Satfat pattern (n=92 of the participants stayed in 

the same quartile, but n=273 moved to the adjacent quartiles). Therefore, 88.6% of participants 

either remained in the same quartile or moved to an adjacent quartile of score for the high-Satfat 

pattern compared to baseline. In the n–3 VLC-PUFA pattern, n=152 of participants stayed in the 

same quartile and 260 moved to the adjacent quartiles. Therefore, 100% either remained in the 

same quartile or moved to an adjacent quartile of scores for the n–3 VLC-PUFA pattern compared 

to baseline. Likewise, for the low-DHA pattern, n=100 stayed in the same quartile and 277 moved 

to the adjacent quartiles. Therefore, 91.5% of participants either remained in the same quartile or 

moved to an adjacent quartile of scores for the low-DHA pattern compared to baseline.  

6.5.3 Baseline and 10-year follow-up characteristics of the participants 

In Table 6-2, we present baseline and 10-year follow-up characteristics of the participants by 

gender at two time points. Physical activity decreased significantly in both men and women. 

Increase in weight was only significant in women, not men. The WC increased significantly in both 

men and women, but the most substantial increase was recorded in women (effect size = 0.75).  

All of the plasma phospholipid SFAs decreased significantly for both men and women at 10-year 

follow-up, except for myristic acid. The effect sizes for 10-year difference in SFAs for men and 

women ranged between 0.46 and 0.78, except for stearic acid, which had low effect sizes of 0.31 

and 0.40 for men and women, respectively.   

All the plasma phospholipid MUFAs decreased significantly for both men and women except for 

cis-vaccenic acid, which increased in men and POA increased in women at 10-year follow-up. 

The effect size for 10-year change in MUFAs ranged between 0.48 and 0.86 for erucic and 

nervonic acids in both men and women, and gondoic acid (effect size =0.64) in men. Changes in 

other MUFAs had low effect sizes.  

In the n–3 PUFA group, ALA and EPA increased significantly for both men and women. However, 

DPA increased, whereas DHA decreased for women accordingly at the 10-year time point. The 

10-year differences between the n–3 FAs had low effect sizes <0.38.  
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Most of the n–6 PUFAs increased for both men and women, except eicosadienoic and 

docosadienoic acids, which decreased at 10-year follow-up. Furthermore, mead acid increased 

significantly in women, but decreased in men at 10-year follow-up. Significant differences 

observed between the n–6 PUFAs at baseline and 10-year follow-up are supported by medium 

to large effect sizes ranging between 0.48 and 0.79, except for mead acid, GLA in men and 

adrenic acid in women.  

6.5.4 Differences between plasma phospholipid fatty acids according to body mass 

index categories and sex of black South African adults at 10-year follow-up 

All results are shown in Table 6-3. Plasma phospholipid levels of SFAs, stearic, arachidic and 

behenic acids were higher in overweight/obese participants of both sexes. Furthermore, lignoceric 

acid was higher in overweight/obese women, and PA was higher in leaner men. In the MUFAs 

group, POA, cis-vaccenic and OA were higher in leaner participants of both sexes, but gondoic 

acid was higher in leaner men only. Interestingly, nervonic acid was higher in overweight and 

obese women, but not men. Among the n–3 PUFAs, only DHA was higher in overweight and 

obese participants of both sexes; however, ALA was higher in lean women but not men. Among 

the n–6 PUFAs, dihomo-γ-linolenic acid (DGLA) was higher in overweight/obese participants of 

both sexes. Unexpectedly, eicosadienoic acid was higher in leaner men, and osbond acid was 

higher in leaner women. Despite the fact that we observed significant differences of FAs between 

overweight/obese and lean participants in both men and women, most had a small effect size of 

<0.45.  

6.5.5 Associations of plasma phospholipid fatty acid patterns with dietary intake and 

changes in anthropometric indices over ten years 

Scores of the baseline high-Satfat pattern, were correlated with %E from total fat, %E from total 

SFAs, total fat and alcohol intake. The high-Satfat pattern was negatively correlated to total fat 

intake (r=-0.14, p= 0.0016) and alcohol intake (r=-0.35, p= <.0001). Stearic acid was positively 

correlated to %E from total fat (r=0.10, p= 0.03), %E from total SFAs (r=0.12, p= 0.018), and 

negatively correlated to alcohol intake (r=-0.25, p=<0.0001). Arachidic acid was positively 

correlated to %E from total fat (r= 0.12, p=0.013) and %E from total SFAs (r=0.12, p=0.02), and 

negatively correlated to alcohol intake (r=-0.15, p=0.002). Behenic acid was positively correlated 

to %E from total fat (p=0.12, p=0.016) and %E from total SFAs (r=0.09, p=0.07), and negatively 

correlated to alcohol intake (-0.30, p=<.0001). Lignoceric acid was positively correlated to %E 

from total fat (r=0.13, p=0.009), and negatively correlated to alcohol intake (r=-016) and p=0.001). 
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Results of the sequential linear regression are shown in Table 6-4. Out of the six patterns 

identified at baseline, two patterns, the n–3 and n–6 VLC-PUFA patterns, were not associated 

with any of the outcomes at 10-year follow-up. The high-Satfat and n−9 LC-MUFA patterns were 

positively associated with 10-year changes in all anthropometric outcomes measured and 

remained positively associated with all the outcomes in the fully adjusted models. The high-LA 

pattern was positively associated with all outcomes measured in the crude model and in the model 

adjusted for age and sex; however, no association was found in the fully adjusted model. The 

low-DHA pattern was negatively associated with 10-year changes in WC and WHtR only in the 

crude model.  

Among the covariates included in the linear regression models, age was negatively associated 

with a 10-year increase in all anthropometric indices, whereas male sex was associated with 10-

year increase in WHtR, in the two adjusted models. Furthermore, baseline variables (weight, BMI, 

WC and WHTR) were all negatively associated with 10-year changes in all related outcomes. 

6.6 Discussion  

In this prospective cohort of the PURE study, we followed up a selected group of black South 

African men and women for ten years. We investigated the prospective associations between six 

distinct plasma phospholipid FA patterns derived at baseline and 10-year changes in 

anthropometric indices, including weight, BMI, WC and WHtR. Two patterns, i.e. high-Satfat and 

n−9 LC-MUFA, were positively associated with a 10-year increase in all anthropometric indices 

after adjustment for age, sex, lifestyle, and dietary intake variables. The high-LA pattern was 

associated with 10-year changes in the crude model, and change in weight and BMI in the model 

adjusted for age and sex. The low-DHA pattern was negatively associated with WC and WHtR 

only in the crude model. Our study is the first to prospectively examine the associations of plasma 

phospholipid FA patterns with changes in anthropometric indices as well as reproducibility of 

these patterns over time in black Africans.  

Circulating FA levels reflect exogenous intake and endogenous metabolism, including de novo 

lipogenesis and FA desaturation and elongation (35). Notably, the bulk of studies examining 

cross-sectional associations between circulating FA concentrations and obesity have focused on 

individual FAs and used blood FA fractions from plasma phospholipids (25), plasma (23, 24, 27), 

erythrocyte membrane (36), and adipose tissue (37). To the best of our knowledge, few studies 

have investigated the prospective associations of plasma phospholipid FA patterns and obesity 

outcomes (17). None of these studies included black populations of African descent.  
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It should be considered that the plasma FA composition is expressed as a percentage of total 

FAs in this study, and as one FA increases, others decrease depending on which specific FAs 

are being modulated (35). We should, therefore, interpret FA patterns for the present study with 

caution. Although the trend is to interpret patterns according to the variables with high factor 

loadings, this may be deceiving and limits the experimental nature of PCA studies (38); however, 

interpretation using high factor loading has been frequently applied in dietary pattern studies (39). 

In our study, both high and low factor loadings have been considered in the interpretation of 

results, where applicable.  

The high-Satfat pattern remains of interest, because, firstly, it has high loadings (>0.80) of 

individual LC and VLC-SFAs (stearic, behenic, arachidic, and lignoceric acid), but also negative 

loadings of MUFAs (POA, OA and cis-vaccenic acid). Secondly, this pattern was significantly 

associated with increases in all anthropometric variables over ten years. Thirdly, the leaner 

participants of both sexes had significantly higher plasma levels of the same individual MUFAs 

(POA, OA, and cis-vaccenic acid) at 10-year follow-up than their overweight/obese counterparts. 

Finally, the overweight/obese participants of both sexes had significantly higher plasma levels of 

most SFAs (stearic, arachidic, behenic and lignoceric) compared to their leaner counterparts at 

10-year follow-up. This is in line with a study that reported higher serum levels of stearic, arachidic, 

behenic and lignoceric acids in women with excess weight in Poland (40), although their study 

had a small sample size (23 women with excess weight and21 healthy women in the control 

group).   

Higher plasma levels of VCL-SFAs, i.e. arachidic and behenic acids were associated with a higher 

intake of saturated fat and lower alcohol consumption in communities in the USA. Additionally, 

higher plasma levels of behenic and lignoceric acid were associated with a greater peanut intake 

(41). In our study, scores of the high-Satfat pattern and plasma levels of arachidic, behenic and 

lignoceric acids showed a positive correlation with %E intake from total fat, but a negative 

correlation with alcohol intake. Both arachidic and behenic showed positive correlations to %E 

intake from total SFAs. The weak association confirms that diet does not play an important role. 

Also, literature shows that high intake of SFAs does not contribute to accumulation of plasma 

SFAs (42). Nevertheless, it is not known if these circulating VLC-SFAs are influenced by diet or 

endogenous production, and further research is needed to better understand the relations of these 

VLC-SFAs with dietary intake and weight gain (43). VLC-SFAs are highly specialised and 

functional, and are exclusively found in sphingolipids. When extracted from phospholipid 

fractions, they represent the concentration of sphingomyelin (43, 44). Therefore, the relationship 

between these VLC-SFAs and obesity observed in our study may be explained by an association 
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with a possible higher relative quantity of sphingomyelin in the total plasma phospholipid pool (44, 

45). However, most studies on the association between VLC-SFAs with NCD risk as well as 

diabetes have reported inverse associations with these FAs (41, 43, 46). Consequently, this 

finding is difficult to explain and supports the need for further investigation of the associations of 

these VLC-SFAs with weight gain or to investigate the associations between FAs from different 

phospholipid sub-fractions, and other lipid fractions, with measures of weight gain. 

The high-Satfat pattern also had high negative loadings of specific MUFAs (POA, cis-vaccenic 

and OA). It has been shown that POA is virtually absent in standard dietary intake, but is a major 

product of desaturation from palmitic acid through the stearoyl-CoA desaturase-1 activity in liver 

and adipose tissue (23). On the other hand, cis-vaccenic acid is derived from chain elongation of 

POA and has been used as a marker of elongase activity (47). Furthermore, OA can also be 

synthesised de novo in the liver by SCD-1 activity and has been shown to influence utilisation and 

storage of fat in mouse models (48). The leaner participants of both sexes had significantly higher 

plasma levels of POA, OA, and cis-vaccenic acid at 10-year follow-up than their overweight/obese 

counterparts. In some studies, POA has been positively related to abdominal obesity and BMI 

(22, 23), while cis-vaccenic has been inversely associated with obesity (49). Although we did not 

assess estimated desaturase activity for the current study, higher desaturase and elongase 

activity could be reflected as higher plasma phospholipid levels of POA, OA and cis-vaccenic 

acid, as observed in leaner participants of both sexes in the current study.  

The high-LA pattern had the highest positive loadings of LA and eicosadienoic acid, as well as a 

negative loading of palmitic acid. This pattern was positively associated with 10-year changes in 

all anthropometric outcomes in the crude model and changes in weight and BMI after adjustment 

for age and sex. At 10-year follow-up, the plasma levels of both eicosadienoic and palmitic acids 

were higher in leaner than overweight men, but not women, and the effect sizes for the differences 

were small. No significant differences were observed between plasma LA of lean and overweight 

study participants, or between baseline and 10-year follow-up levels. LA is a principal n–6 PUFA 

consumed from the diet and is a major FA in plant lipids (50), like sunflower oil that is commonly 

used in the PURE population. Eicosadienoic acid is found mainly in small amounts in animal 

tissues and is formed by a delta-9 elongase enzyme from LA. However, eicosadienoic acid has 

not been investigated extensively in association with obesity. Therefore, it is not clear how to 

interpret the association between this FA pattern and weight gain in this study.  

The n−9 LC-MUFA pattern with the highest positive loadings on nervonic acid and gondoic acid 

was positively associated with 10-year changes in all outcomes measured. It is interesting to note 
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that different MUFAs had high positive and negative loadings, respectively in the high-Satfat 

(C16:1 and C18:1, negative loadings) and the n-9 LC-MUFA (C20:1 to C24:1, positive loadings) 

patterns at baseline and both patterns were positively associated with increases in adiposity-

related outcomes. We also established that women with a BMI of ≥ 25 kg/m2 had significantly 

higher plasma phospholipid levels of nervonic acid than lean women. Leaner men (BMI of ≤ 25 

kg/m2) had higher levels of gondoic acid at 10-year follow-up than their overweight counterparts. 

However, most of the MUFAs decreased at 10-year follow-up, while the anthropometric indices 

increased (Table 6-2). Furthermore, the baseline n−9 LC-MUFA pattern was not similar to any of 

the plasma FA patterns identified at follow-up. Instead, the n-9 LC-MUFAs (C20:1 to C24:1) were 

included in the high-Satfat pattern (factor 2) at 10-year follow-up. Nervonic acid is found in seed 

oil plants (51), and gondoic acid is found in wild fruits (52), mustard seed and rapeseed (53) in 

small quantities, and in some marine fish in larger amounts. Nervonic and gondoic acids can also 

be formed by de novo synthesis through the elongation of OA and converted to other FAs (54). 

Therefore, this pattern may be related to de novo lipogenesis rather than dietary intake, because 

the study participants had low intakes of wild fruits, mustard seed and rapeseed and marine fish 

(12). To the best of our knowledge, no other studies have investigated the association of these 

n−9 LC-MUFAs in plasma phospholipids with obesity in black Africans. Consequently, it is not 

possible to compare our results with other studies. These findings suggest that increased hepatic 

desaturation of SFAs to MUFAs may indicate an underlying mechanism behind the positive 

association between plasma n−9 LC-MUFAs and weight gain, observed in our study. These 

findings need to be investigated further. 

The low-DHA pattern with the highest positive loading of ALA and GLA and negative loading of 

DHA was negatively associated with 10-year changes in WC and WHtR only in the crude model. 

ALA is a major n–3 PUFA in green leafy vegetables, nuts and seeds (55). In our study, plasma 

ALA was higher in women with BMI<25kgm2 than in overweight women, but not in men, and 

decreased significantly among both men and women at 10-year follow-up, while BMI increased 

significantly. The higher plasma DHA in overweight/obese men and women than in the lean 

groups in the current study was unexpected and possibly related to higher DHA intakes (56). The 

lack of association between the n–3 VLC-PUFA pattern and 10-year changes in outcomes and 

the weak association between the pattern with positive loading of ALA and gains in adiposity are 

in contrast to earlier reports of an inverse association between plasma n–3 PUFAs and measures 

of adiposity in free-living adults in Australia (57). Our results are supported by a recent review on 

n–3 PUFAs for the primary and secondary prevention of cardiovascular disease, which reported 

a lack of association of n–3 LC-PUFAs with body weight, BMI and other measures of adiposity in 
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intervention studies (58). Nevertheless, further research involving the association between n–3 

PUFAS and obesity in black Africans is required.  

Relatively similar patterns as derived from our study were identified from a Danish longitudinal 

study that investigated the association of adipose tissue FA patterns and changes in 

anthropometry over five years. However, irrespective of the different lipid pools studied, there 

were typical differences between our patterns and those identified by Dahm et al. (17). Firstly, 

their patterns were obtained for men and women separately, whereas our pattern was obtained 

from a combined group. They used 34 FAs as compared to our 25 FAs, and their patterns included 

high loadings on trans-FAs not included in our patterns. Furthermore, the Danish participants 

consumed more fish, olives and olive oil (59, 60), as compared to our participants. Last but not 

least, the number of their study participants was higher (n=1100), compared to ours (n=412). We, 

therefore, cannot compare our patterns and those of Dahm and colleagues (17) directly. However, 

they reported a pattern (PC1) with positive loadings of SFAs and negative loadings of MUFAs 

and other LC-PUFAs, but this pattern was not associated with changes in WCBMI, defined as 

residual values from equations of BMI and WC (17). The PC6 pattern had the highest level of 

arachidic acid and was positively associated with all outcomes measured. The PC7 pattern had 

positive loadings of LA and eicosadienoic and negative loading of trans-FAs. This pattern was 

negatively associated with a 5-year change in WC and marginally negatively associated with 

changes in WCBMI in men (17).  

Several studies investigating FA patterns have studied pattern stability (60-62). Dahm and 

colleagues (17) reproduced adipose tissue FA patterns through a random selection of men and 

women from the study population into a new group. They derived new patterns in adipose tissue 

FAs for this randomly selected group and assessed the stability of the new patterns by assessing 

the correlation between pattern scores derived for the total group and the new group. They were 

able to reproduce two patterns and had high correlation coefficients (> 0.80) between the two new 

pattern scores, indicating good stability (17). In our study, we reproduced four patterns at 10-year 

follow-up with inclusion of all participants. Consequently, after 10 years of follow-up, more than 

88% of the participants either remained in the same quartile or moved to adjacent quartiles of 

factor scores for the individual patterns compared to baseline. This is an indication of stability of 

four of the six plasma phospholipid FA patterns (high-Satfat, n–6 VLC-PUFA, low-DHA and n–3-

VLC-PUFA) identified in this selected group of black South Africans. Dietary intakes generally 

influence endogenous metabolism and circulating FA status (35). Therefore, the reproducibility of 

our patterns over time may be explained by sustained dietary intake over the 10-year period with 

minimal changes and no major impact in plasma phospholipid FAs status of our study participants.  
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In general, the major differences between our FA results and those of other studies include that 

this study has been done in a group of black South African adults, while most other studies 

included populations from different geographical locations and ethnicities and with different diets. 

The levels of phospholipid FA changed significantly over the 10-year period for most FA for both 

males and females. This may be explained by possible changes in dietary intakes over a period 

of 10-years, directly affecting FA status of our study participants. Plasma FAs are a complex 

reflection of metabolism, influenced by dietary intake, climate and seasons, affecting food supply, 

aging and geographical locations, processing, storage and cooking methods (35, 63), and further 

influenced by cultural and religious dietary practices (64). FAs derived from plasma and adipose 

tissue may not inform the potentially different roles that liver and adipose tissue metabolism play 

in the development of obesity (65). The challenge of interpretation of patterns derived using PCA 

persists, even though the use of pattern analysis is a more preferred method to investigate 

associations between nutrients and diseases (39). 

These results are of particular importance because of concerns about the health and economic 

burden of increasing obesity being included among the global NCD targets (66). Obesity is a risk 

factor for metabolic syndrome and NCDs, and is a public health concern in both high-income and 

low- and middle-income countries (6, 7). In our study of 10-year follow-up, the weight and BMI of 

women increased more than in men. The increase of obesity indicators in women is a disturbing 

trend, considering that South Africa has the highest prevalence of obesity in sub-Saharan Africa 

and women are more obese compared to men with an alarming prevalence of 68% (3).  

6.7 Strengths and limitations  

The advantages of the study include accurate and standardised measurements of the 

anthropometric parameters of interest and a robust endpoint (change in anthropometric indices) 

with a relatively extended follow-up period (ten years) in a sub-cohort of the international PURE 

study. The measurements of plasma phospholipid FAs were performed at two different time 

points, and the reproducibility of four plasma phospholipid FA patterns may represent longer-term 

stability status of plasma FAs in this group of black South Africans. This study had some 

limitations, including that anthropometric measurements, are prone to error when repeated 

measurements are performed after extended follow-up, even though the research assistants were 

trained intensively according to International Society for the Advancement of Kinanthropometry 

guidelines (67) at all-time points. We did not assess biomarkers of inflammation. Clinical 

covariates and co-morbidities that influence inflammatory biomarkers, such as ageing, obesity, 

metabolic abnormalities may also affect the status of plasma phospholipid FAs in our participants. 
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Future studies should integrate biomarkers of inflammation. Furthermore, the numbers of 

participants were not large enough to derive patterns separately for men and women. We also 

lacked sufficient resources to evaluate plasma phospholipid FAs in a larger number of the 

participants. 

6.8 Conclusion  

This study pioneered the prospective investigation of plasma phospholipid FA patterns with 10-

year changes in anthropometric indices in black Africans. Two patterns, i.e. high-Satfat (positively 

loaded with stearic acid, VLC-SFAs and negative loadings of POA, cis-vaccenic acid and OA) 

and n−9 LC-MUFA (positive loadings of nervonic acid and gondoic acids), consistently predicted 

adiposity gain, as measured by weight, BMI, WC and WHtR over 10 years. However, the n-9 LC-

MUFA pattern was not maintained for 10-years when we studied its reproducibility and stability, 

by comparing the two patterns identified at baseline and at 10-year follow-up. The high-Satfat 

pattern derived at baseline was reproducible in the study participants after 10 years and may 

indicate a unique FA metabolism associated with weight gain over time in this group of black 

South African adults. This publication adds to the understanding of plasma phospholipid FA 

patterns and their prospective associations with measures of adiposity, as well as the 

reproducibility of these patterns. Further work is required to improve interpretation and application 

of circulating FA patterns in health and disease globally, but especially in Africa, where data are 

lacking.   
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Table 6-1: Factor loadings of plasma phospholipid fatty acid patterns derived at two time points, i.e. baseline and 10-year follow-up 

Factor loadings of patterns derived at baseline  Factor loadings of patterns derived at 10-year follow-u 

  High_Satfat 
n−9 LC-
MUFA 

n–6 VLC High-LA 
Low-
DHA 

n–3 LC-
PUFA 

Factor 1 Factor 2  Factor 3  Factor 4  Factor 5  Factor 6  

Explained variance   (λ1=22%) (λ2=12%) (λ3=11%) (λ4=11%) (λ5=8%)  (λ6=8%) (λ1=20%) (λ2=18%) (λ2=12%) λ4=9%) (λ5=9%) (λ6=6%) 

Fatty acid name and formula  Kaiser's Measure of Sampling Adequacy= 0.58 Kaiser's Measure of Sampling Adequacy= 0.70 

Saturated                         

Myristic acid (C14:0)  -0.09  -0.48  -0.11  -0.14  0.18  -0.25  0.67  -0.01  0.14  0.21  -0.04  -0.01 

Palmitic acid (C16:0)  0.05  -0.37  -0.48  -0.54  0.18  -0.40  -0.10  -0.18  0.86  -0.13  -0.09  -0.07 

Stearic acid (C18:0)  0.82  -0.06  0.02  -0.14  -0.07  -0.26  -0.06  0.03  -0.82  -0.19  -0.01  0.00 

Arachidic acid (C20:0)  0.87  0.32  -0.09  -0.12  -0.02  -0.10  0.23  0.70  -0.21  -0.13  -0.07  0.25 

Behenic acid (C22:0)  0.91  0.18  -0.14  -0.02  -0.05  -0.11  -0.26  0.59  -0.40  -0.39  -0.21  0.24 

Lignoceric acid (C24:0)  0.85  0.24  -0.12  -0.07  0.22  -0.05  0.07  0.69  -0.24  -0.23  -0.29  0.21 

Monounsaturated                          

Palmitoleic acid (C16:1n-7)  -0.76  -0.13  -0.04  -0.34  0.41  -0.02  0.56  -0.22  0.50  0.48  0.12  -0.12 

Cis-vaccenic acid (18:1n-7)  -0.66  0.56  0.09  0.00  -0.13  0.00  0.04  0.20  0.28  0.76  0.29  -0.20 

Oleic acid (C18:1n-9)  -0.76  -0.08  0.02  -0.27  0.48  0.05  0.42  -0.41  0.55  0.43  -0.04  -0.13 

Gondoic acid (C20:1n-9)  -0.08  0.64  -0.02  0.49  -0.07  -0.12  0.45  0.71  -0.09  0.23  0.10  -0.12 

Erucic acid (C22:1n-9)  0.26  0.37  0.21  0.02  -0.06  -0.10  0.09  0.76  0.17  -0.06  0.18  0.12 

Nervonic acid (C24:1n-9)  0.18  0.84  0.01  -0.03  -0.01  0.15  -0.10  0.74  -0.01  0.40  0.00  0.12 

n–3 polyunsaturated fatty 
acids 

 
 

 
 

 
 

 
 

 
 

 
             

α-linolenic acid (C18:3n-3)  -0.19  -0.17  -0.11  0.41  0.58  0.24  0.67  0.23  0.06  0.08  -0.23  0.17 

Eicosapentaenoic acid 
(C20:5n-3) 

 
-0.28 

 
-0.08 

 
-0.28 

 
-0.13 

 
0.00 

 
0.74  0.08  -0.20  -0.07  0.64  -0.14  0.17 

Docosapentaenoic acid 
(C22:5n-3) 

 
-0.10 

 
0.12 

 
0.19 

 
0.11 

 
-0.04 

 
0.80  0.24  0.24  0.06  -0.02  0.03  0.76 
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Factor loadings of patterns derived at baseline  Factor loadings of patterns derived at 10-year follow-u 

  High_Satfat 
n−9 LC-
MUFA 

n–6 VLC High-LA 
Low-
DHA 

n–3 LC-
PUFA 

Factor 1 Factor 2  Factor 3  Factor 4  Factor 5  Factor 6  

Explained variance   (λ1=22%) (λ2=12%) (λ3=11%) (λ4=11%) (λ5=8%)  (λ6=8%) (λ1=20%) (λ2=18%) (λ2=12%) λ4=9%) (λ5=9%) (λ6=6%) 

Fatty acid name and formula  Kaiser's Measure of Sampling Adequacy= 0.58 Kaiser's Measure of Sampling Adequacy= 0.70 

Docosahexaenoic acid 
(C22:6n-3) 

 
-0.09 

 
0.14 

 
-0.10 

 
0.28 

 
-0.66 

 
0.44  -0.31  0.22  -0.36  0.06  0.09  0.62 

n–6 polyunsaturated fatty 
acids 

 
 

 
 

 
 

 
 

 
 

 
             

Linoleic acid (C18:2n-6)  -0.02  0.09  -0.08  0.88  -0.10  0.12  -0.24  0.18  -0.39  -0.28  -0.67  -0.29 

γ-linolenic acid (C18:3n-6)  -0.38  -0.44  0.22  -0.12  0.51  0.07  0.87  0.03  0.08  -0.04  0.00  -0.04 

Eicosadienoic acid (C20:2n-6)  0.04  0.26  0.32  0.76  0.07  -0.11  0.62  0.55  -0.30  0.09  -0.05  -0.11 

Dihomo-γ-linolenic acid 
(C20:3n-6) 

 
-0.10 

 
-0.12 

 
0.69 

 
0.19 

 
0.02 

 
0.15  0.73  0.10  -0.19  -0.13  0.14  0.13 

Arachidonic acid (C20:4n-6)  -0.52  0.03  0.19  -0.48  0.37  -0.04  -0.40  0.04  -0.21  -0.16  0.73  0.11 

Docosadienoic acid (C22:2n-
6) 

 
-0.03 

 
0.27 

 
0.58 

 
0.08 

 
-0.51 

 
0.31  0.05  0.85  -0.17  -0.20  0.07  0.03 

Adrenic acid (C22:4n-6)  0.36  0.60  -0.06  0.36  -0.20  -0.10  0.69  0.29  0.00  0.01  0.48  -0.05 

Osbond acid (C22:5n-6)  -0.08  0.09  0.88  -0.01  0.19  -0.01  0.51  0.05  -0.08  0.09  0.70  -0.15 

n−9 polyunsaturated fatty 
acid 

 
 

 
 

 
 

 
 

 
 

 
             

Mead acid (C20:3n-9)  -0.11  0.06  0.83  -0.15  -0.10  -0.22  0.67  -0.03  0.40  0.30  0.25  0.04 

a Factor1-Factor 6= abbreviated names for the plasma phospholipid fatty acid patterns derived at 10-year follow-up. 

Abbreviations: Satfat, saturated fatty acid pattern; n–3 VLC-PUFA, omega-3 very long chain polyunsaturated fatty acid pattern; high-LA, high linoleic acid pattern; n–6 VLC-PUFA, omega-6 very long 
chain polyunsaturated fatty acid pattern; LC-MUFA, long chain monounsaturated fatty acid pattern; n–3 EFA, omega-3 essential fatty acid pattern.  
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Table 6-2: Sex-specific demographic and anthropometric data and plasma phospholipid fatty acids of black South African adults at 

two time points, i.e. baseline and 10-year follow-up 

  Men (n=137)  Women (n=275) 

  Baseline  10-year follow-up    Baseline  10-year follow-up   

 

 Median (Q1, Q2)
b  Median (Q1, Q2) p-valuec Effect 

size  

 Median (Q1, Q2)  

Median (Q1, Q2) 

p-value Effect size 

Variablesa             

Age (years)   53 (47, 60)  63.9 (57.2, 71.0) <.0001   51 (44, 58)  61.5 (55.2, 68.6) <.0001  

Physical activity index   2.83 (2.52, 3.27)  2.41 (1.90, 2.84) <.0001   2.82 (2.53, 3.23)  2.15 (1.88, 2.52) <.0001  

Anthropometric              

Weight (kg)  56.6 (50.7, 66.5)  58.1 (52.1, 66.3) 0.12   64.2 (54.4, 78.2)  67.8 (55.2, 80.5) <.0001 0.19 

Body mass index (kg/m2)   20.1 (18.5, 23.9)  20.7 (18.6, 24.3) 0.03 0.18  25.8 (22.0, 31.6)  27.8 (22.9, 33.0) <.0001 0.30 

Waist circumference (cm)   75.4 (70.4, 83.5)  79.5 (74.2, 91.0) <.0001 0.56  81.9 (72.3, 92.7)  93.0 (81.2, 101.6) <.0001 0.75 

Waist to height ratio  0.45 (0.42, 0.50)  0.48 (0.44, 0.54) <.0001 0.58  0.52 (0.46, 0.58)  0.59 (0.52, 0.65) <.0001 0.77 

Plasma phospholipid fatty acids (% total FAs)           

Saturated              

Myristic acid (C14:0)  0.25 (0.19, 0.30)  0.32 (0.27, 0.38) <.0001 0.55  0.26 (0.22, 0.32)  0.33 (0.28, 0.38) <.0001 0.55 

Palmitic acid (C16:0)  27.0 (25.1, 28.8)  25.5 (24.0, 27.0) <.0001 0.49  26.1 (24.3, 28.6)  24.4 (23.4, 25.6) <.0001 0.49 

Stearic acid (C18:0)  14.4 (13.0, 15.5)  13.4 (12.5, 14.5) <.0001 0.41  15.3 (14.1, 17.0)  14.5 (13.5, 15.4) <.0001 0.46 

Arachidic acid (C20:0)  0.27 (0.23, 0.36)  0.24 (0.2, 0.28) <.0001 0.54  0.35 (0.29, 0.42)  0.28 (0.23, 0.33) <.0001 0.65 

Behenic acid (C22:0)  1.02 (0.72, 1.26)  0.92 (0.68, 1.08) <.0001 0.31  1.23 (0.98, 1.54)  1.10 (0.86, 1.35) <.0001 0.40 

Lignoceric acid (C24:0)  1.04 (0.87, 1.28)  0.74 (0.64, 0.87) <.0001 0.78  1.06 (0.90, 1.30)  0.74 (0.62, 0.91) <.0001 0.78 

Monounsaturated              

Palmitoleic acid (C16:1n-7)  0.70 (0.41, 1.34)  0.77 (0.53, 1.16) 0.31   0.62 (0.44, 0.89)  0.66 (0.49, 0.98) 0.001 0.19 

Cis-vaccenic acid (C18:1n-7)  1.37 (1.18, 1.61)  1.4 (1.18, 1.71) <.0001 0.09  1.33 (1.13, 1.56)  1.30 (1.12, 1.53) <.0001 0.02 

Oleic acid (C18:1n-9)  8.80 (7.08, 12.1)  7.97 (6.93, 10.3) 0.0008 0.14  7.37 (6.33, 9.09)  7.16 (6.16, 8.51) 0.002 019 
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  Men (n=137)  Women (n=275) 

  Baseline  10-year follow-up    Baseline  10-year follow-up   

 

 Median (Q1, Q2)
b  Median (Q1, Q2) p-valuec Effect 

size  
 Median (Q1, Q2)  

Median (Q1, Q2) 

p-value Effect size 

Variablesa             

Gondoic acid (C20:1n-9)  0.11 (0.09, 0.12)  0.09 (0.07, 0.11) <.0001 0.28  0.10 (0.09, 0.12)  0.08 (0.07, 0.10) <.0001 0.64 

Erucic acid (C22:1n-9)  0.06 (0.05, 0.08)  0.02 (0.01, 0.03) <.0001 0.48  0.07 (0.05, 0.09)  0.02 (0.01, 0.03) <.0001 0.86 

Nervonic acid (C24:1n-9)  1.67 (1.45, 1.92)  1.45 (1.22, 1.66) <.0001 0.86  1.81 (1.50, 2.13)  1.43 (1.24, 1.72) <.0001 0.62 

n–3 polyunsaturated              

α-linolenic acid (C18:3n-3)  0.09 (0.06, 0.12)  0.06 (0.04, 0.09) <.0001 0.34  0.08 (0.06, 0.11)  0.06 (0.04, 0.08) <.0001 0.34 

Eicosapentaenoic acid (C20:5n-3)  0.64 (0.45, 0.91)  0.47 (0.34, 0.65) <.0001 0.38  0.54 (0.40, 0.82)  0.43 (0.32, 0.64) <.0001 0.28 

Docosapentaenoic acid (C22:5n-3)  1.45 (1.22, 1.65)  1.50 (1.19, 1.84) 0.10   1.38 (1.15, 1.54)  1.44 (1.20, 1.74) <.0001 0.26 

Docosahexaenoic acid (C22:6n-3)  3.89 (3.16, 5.03)  3.94 (3.21, 4.69) 0.58   4.72 (3.71, 5.73)  4.48 (3.79, 5.27) 0.02 0.14 

n–6 polyunsaturated              

Linoleic acid (C18:2n-6)  16.5 (14.2, 19.0)  16.0 (14.2, 17.5) 0.31   16.0 (13.6, 18.7)  16.0 (14.2, 18.4) 0.51  

γ-linolenic acid (C18:3n-6)  0.11 (0.07, 0.16)  0.10 (0.07, 0.16) 0.02 0.20  0.10 (0.06, 0.14)  0.09 (0.06, 0.13) 0.14  

Eicosadienoic acid (C20:2n-6)  0.35 (0.29, 0.41)  0.28 (0.25, 0.32) <.0001 0.61  0.37 (0.32, 0.43)  0.29 (0.25, 0.35) <.0001 0.65 

Dihomo-γ-linolenic acid (C20:3n-6)  2.70 (2.33, 3.19)  3.31 (2.86, 3.81) <.0001 0.57  2.95 (2.50, 3.40)  3.40 (2.88, 4.07) <.0001 048 

Arachidonic acid (C20:4n-6)  13.3 (11.6, 14.8)  17.8 (15.9, 19.5) <.0001 0.85  13.7 (12.4, 15.2)  18.2 (16.5, 19.9) <.0001 0.85 

Docosadienoic (C22:2n-6)  0.02 (0.013, 
0.023) 

 0.011 (0.01, 0.16) <.0001 0.67  0.02 (0.02, 0.03)  0.01 (0.01, 0.02) <.0001 0.74 

Adrenic acid (C22:4n-6)  0.59 (0.49, 0.71)  0.69 (0.59, 0.81) <.0001 0.44  0.57 (0.47, 0.69)  0.61 (0.52, 0.75) 0.0004 0.21 

Osbond acid (C22:5n-6)  0.52 (0.40, 0.69)  0.95 (0.75, 1.28) <.0001 0.79  0.57 (0.43, 0.79)  0.93 (0.69, 1.23) <.0001 0.72 

n−9 polyunsaturated              

Mead acid (C20:3n-9)  0.21 (0.15, 0.38)  0.23 (0.15, 0.37) <.0001 0.05  0.18 (0.13, 0.28)  0.16 (0.11, 0.26) <.0001 0.15 

a Data are presented as median and interquartile range. 

 b Significance levels of differences measured between two-time points (baseline 2005 and 10-year follow-up in 2015), Wilcoxon matched pairs test. 
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Table 6-3: Differences between plasma phospholipid fatty acids according to body mass index categories and sex of black South 

African adults at 10-year follow-up 

  Men (n = 137)  Women (n = 275) 

 

 Lean/normal 
weight (BMI < 25 

kg/m2)b  

(n = 105)  

 Overweight/obese 
(BMI ≥ 25 kg/m2)  

(n = 32) 

 

p-
valued 

 

Effect 
size 

 Lean/normal 
weight (BMI < 25 

kg/m2)  

 (n = 99) 

 Overweight/obes
e (BMI ≥ 25 

kg/m2) 

(n = 176)  

 

p-value 

 

Effect 
size 

  Median (Q1, Q2)
c  Median (Q1, Q2)      Median (Q1, Q2)   Median (Q1, Q2)   

Plasma phospholipid fatty acids a 

Saturated              

Myristic acid (C14:0)  0.31 (0.26, 0.38)  0.32 (0.28, 0.35) 0.65   0.33 (0.27, 0.39)  0.33 (0.28, 0.38) 0.86  

Palmitic acid (C16:0)  25.8 (24.1, 27.1)  24.7 (23.5, 26.2) 0.02 0.37  24.5 (23.4, 25.7)  24.4 (23.3, 25.6) 0.36  

Stearic acid (C18:0)  13.2 (12.5, 14.3)  14.4 (13.1, 15.0) 0.004 0.33  14.3 (13.2, 15.0)  14.7 (13.8, 15.6) 0.01 0.41 

Arachidic (20:0)  0.23 (0.20, 0.27)  0.25 (0.22, 0.31) 0.04 0.40  0.24 (0.18, 0.30)  0.30 (0.25, 0.35) <.0001 0.29 

Behenic (C22:0)  0.90 (0.65, 1.06)  0.99 (0.85, 1.25) 0.04 0.36  0.95 (0.68, 1.18)  1.20 (0.98, 1.40) <.0001 0.30 

Lignoceric (C24:0)  0.73 (0.64, 0.85)  0.80 (0.67, 0.92) 0.10   0.68 (0.56, 0.84)  0.77 (0.65, 0.94) 0.005 0.38 

Monounsaturated              

Palmitoleic acid (C16:1n-7)  0.81 (0.59, 1.34)  0.64 (0.42, 0.87) 0.049 0.35  0.74 (0.56, 1.39)  0.64 (0.48, 0.90) 0.054  

Cis-vaccenic (C18:1n-7)  1.45 (1.23, 1.77)  1.30 (1.09, 1.42) 0.006 0.32  1.40 (1.18, 1.62)  1.25 (1.09, 1.47) 0.002 0.39 

Oleic acid (C18:1n-9)  8.37 (7.24, 11.0)  7.53 (5.95, 8.17) 0.006 0.31  7.82 (6.69, 10.1)  6.70 (6.05, 8.02) <.0001 0.33 

Gondoic (C20:1n-9)  0.10 (0.08, 0.11)  0.08 (0.07, 0.09) 0.006 0.31  0.09 (0.08, 0.10)  0.08 (0.072, 0.10) 0.67  

Erucic (C22:1n-9)  0.02 (0.01, 0.03)  0.02 (0.01, 0.03) 0.45   0.02 (0.01, 0.03)  0.02 (0.02, 0.03) 0.41  

Nervonic (C24:1n-9)  1.46 (1.24, 1.68)  1.40 (1.13, 1.53) 0.72   1.32 (1.18, 1.59)  1.47 (1.30, 1.76) 0.005 0.39 

n–3 polyunsaturated              



 

260 
 

  Men (n = 137)  Women (n = 275) 

 

 Lean/normal 
weight (BMI < 25 

kg/m2)b  

(n = 105)  

 Overweight/obese 
(BMI ≥ 25 kg/m2)  

(n = 32) 

 

p-
valued 

 

Effect 
size 

 Lean/normal 
weight (BMI < 25 

kg/m2)  

 (n = 99) 

 Overweight/obes
e (BMI ≥ 25 

kg/m2) 

(n = 176)  

 

p-value 

 

Effect 
size 

  Median (Q1, Q2)
c  Median (Q1, Q2)      Median (Q1, Q2)   Median (Q1, Q2)   

Plasma phospholipid fatty acids a 

α-linolenic acid (C18:3n-3)  0.06 (0.05, 0.09)  0.06 (0.04, 0.11) 0.96   0.07 (0.04, 0.10)  0.06 (0.04, 0.08) 0.007 0.42 

Eicosapentaenoic acid (C20:5n-3)  0.47 (0.36, 0.64)  0.50 (0.30, 0.76) 0.65   0.44 (0.30, 0.68)  0.43 (0.32, 0.61) 0.86  

Docosapentaenoic acid (C22:5n-3)  1.48 (1.19, 1.84)  1.60 (1.19, 1.85) 0.65   1.47 (1.24, 1.73)  1.44 (1.17, 1.75) 0.50  

Docosahexaenoic acid (C22:6n-3)  3.78 (3.13, 4.51)  4.40 (3.71, 4.98) 0.04 0.36  4.13 (3.69, 5.17)  4.60 (3.91, 5.30) 0.04 0.44 

n–6 polyunsaturated              

Linoleic acid (C18:2n-6)  15.9 (14.1, 17.5)  16.4 (14.2, 17.4) 0.39   15.7 (13.5, 17.7)  16.3 (14.6, 18.6) 0.11  

γ-linolenic acid (C18:3n-6)  0.10 (0.06, 0.17)  0.10 (0.07, 0.12) 0.65   0.09 (0.06, 0.15)  0.09 (0.06, 0.12) 0.86  

Dihomo-γ-linolenic acid (C20:3n-6)  3.25 (2.79, 3.68)  3.80 (3.07, 4.44) 0.01 0.36  3.31 (2.93, 3.78)  3.56 (2.88, 4.28) 0.04 0.41 

Eicosadienoic (C20:2n-6)  0.29 (0.25, 0.33)  0.26 (0.23, 0.29) 0.05 0.32  0.29 (0.24, 0.34)  0.30 (0.25, 0.35) 0.56  

Arachidonic acid (C20:4n-6)  17.6 (15.6, 19.5)  18.5 (17.0, 19.5) 0.21   18.3 (16.3, 19.9)  18.1 (16.7, 19.9) 0.50  

Docosadienoic (C22:2n-6)  0.01 (0.001, 0.02)  0.01 (0.01, 0.02) 0.25   0.01 (0.01, 0.02)  0.02 (0.01, 0.02) 0.02 0.36 

Adrenic acid (C22:4n-6)  0.69 (0.59, 0.79)  0.69 (0.56, 0.88) 0.96   0.64 (0.55, 0.79)  0.58 (0.5, 0.75) 0.09  

Osbond acid (C22:5n-6)  0.93 (0.75, 1.20)  1.02 (0.76, 1.49) 0.21   1.04 (0.81, 1.34)  0.89 (0.65, 1.16) 0.03 0.39 

n−9 polyunsaturated              

Mead acid (C20:3n-9)  0.23 (0.16, 0.41)  0.18 (0.11, 0.27) 0.24   0.18 (0.12, 0.31)  0.15 (0.10, 0.24) 0.15  

a Plasma phospholipid fatty acids at 10-year follow-up. 
b BMI=Body mass index categorised as lean/normal (BMI < 25 kg/m2), and Overweight/obese (BMI ≥ 25 kg/m2) at 10-year follow-up. 
c Data are presented as median and interquartile range. 
d Significance levels of differences in plasma phospholipid fatty acids according to BMI in men and women at 10-year follow-up, Mann-Whitney test. 
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Table 6-4 Prospective associations of baseline plasma phospholipid fatty acid patterns with changes in anthropometric indices of 

black South African adults followed up for 10 years (n = 412) 

  Change in weight  Change in body mass index  Change in waist circumference  Change in waist: height ratio 

  β & (95% CI) p-
valuea 

SP 
Corrb 

 β & (95% CI) p-
value 

SP 
Corr 

 β & (95% CI) p-
value 

SP 
Corr 

 β & (95% CI) p-
value 

SP 
Corr 

Crude modelc                 

High-Satfat  0.09 (-0.02, 1.58) 0.06 0.009  0.11 (0.05, 0.69) 0.02 0.012  0.19 (0.09, 0.28) 0.0001 0.033  0.19 (0.01, 0.02) <.0001 0.035 

LC-MUFA  0.07 (-0.19, 1.40) 0.13 0.006  0.12 (0.07, 0.70) 0.02 0.014  0.18 (0.08, 0.27) 0.0002 0.031  0.20 (0.006, 
0.02) 

<.0001 0.040 

n–6 VLC-PUFA  0.004 (-0.77, 
0.83) 

0.94 0.0000
1 

 0.03 (-0.22, 0.41) 0.57 0.001  0.02 (-0.68, 1.02) 0.70 0.0003  0.03 (-0.004, 
0.01) 

0.53 0.001 

High-LA  0.13 (0.03, 0.22) 0.01 0.016  0.13 (0.10, 0.73) 0.01 0.016  0.11 (0.106, 
1.79) 

0.03 0.011  0.10 (0.001, 
0.011) 

0.03 0.011 

Low-DHA  -0.03 (-1.07, 
0.53) 

0.50 0.001  -0.03 (-0.42, 
0.22) 

0.53 0.001  -0.10 (-1.71, -
0.01) 

0.046 0.009  -0.10 (-0.19, -
0.005) 

0.04 0.010 

n–3 LC-PUFA  -0.02 (-0.96, 
0.63) 

0.68 0.0004  -0.02 (-0.40, 
0.24) 

0.62 0.001  -0.06 (-1.39, 
0.30) 

0.20 0.004  -0.06 (-0.16, 
0.03) 

0.18 0.004 

R-squared (%)    0.03    0.04    0.09    0.10 

Adjusted mode1e                 

High-Satfat  0.12 (0.02, 0.21) 0.02 0.009  0.12 (0.09, 0.72) 0.01 0.012  0.17 (0.07, 0.26) 0.0005 0.033  0.16 (0.004, 
0.01) 

0.0006 0.035 

LC-MUFA  0.06 (-0.27, 1.25) 0.21 0.006  0.10 (0.03, 0.65) 0.03 0.014  0.16 (0.07, 0.25) 0.0006 0.031  0.18 (0.005, 
0.02) 

<.0001 0.040 

n–6VLC-PUFA  0.01 (-0.68, 0.86) 0.81 0.0000  0.03 (-0.21, 0.41) 0.51 0.001  0.01 (-0.71, 0.91) 0.82 0.0003  0.02 (-0.004, 
0.01) 

0.69 0.001 

High-LA  0.09 (-0.02, 1.52) 0.05 0.016  0.10 (0.004, 
0.19) 

0.04 0.016  0.08 (-0.09, 1.53) 0.08 0.011  0.08 (-0.0004, 
0.01) 

0.07 0.011 

Low-DHA  -0.03 (-1.01, 
0.56) 

0.58 0.0011  -0.02 (-0.37, 
0.26) 

0.72 0.001  -0.05 (-1.26, 
0.40) 

0.31 0.009  -0.04 (-0.008, 
0.003) 

0.37 0.010 
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  Change in weight  Change in body mass index  Change in waist circumference  Change in waist: height ratio 

  β & (95% CI) p-
valuea 

SP 
Corrb 

 β & (95% CI) p-
value 

SP 
Corr 

 β & (95% CI) p-
value 

SP 
Corr 

 β & (95% CI) p-
value 

SP 
Corr 

n–3 LC-PUFA  0.002 (-0.75, 
0.78) 

0.97 0.0004  -0.002 (-0.32, 
0.30) 

0.97 0.001  -0.02 (-1.00, 
0.61) 

0.63 0.004  -0.02 (-0.006, 
0.004) 

0.61 0.004 

Age  -0.28 (-0.32, -
0.16) 

<.0001 0.078  -0.24 (-0.33, -
0.14) 

<.0001 0.056  -0.22 (-0.29, -
0.12) 

<.0001 0.056  -0.19 (-0.28, -
0.10) 

<.0001 0.044 

Sex           0.20 (0.11, 0.30) <.0001 0.036  0.24 (0.02, 
0.040) 

<.0001 0.052 

R-square (%)    0.11    0.10    0.18    0.20 

Fully adjusted modelf               

High-Satfat  0.20 (0.09, 0.30) 0.0003 0.015  0.22 (0.10, 0.31) 0.0001 0.020  0.23 (0.13, 0.34) <.0001 0.044  0.24 (0.007, 
0.02) 

<.0001 0.046 

LC-MUFA  0.13 (0.03, 0.22) 0.008 0.015  0.18 (0.08, 0.27) 0.0002 0.029  0.19 (0.10, 0.28) <.0001 0.041  0.22 (0.007, 
0.02) 

<.0001 0.052 

n–6 VLC-PUFA  0.06 (-0.28, 1.32) 0.20 0.001  0.08 (-0.04, 0.60) 0.08 0.003  0.04 (-0.52, 1.24) 0.42 0.001  0.05 (-0.003, 
0.01) 

0.32 0.002 

High-LA  0.09 (-0.10, 1.45) 0.09 0.013  0.09 (-0.03, 0.59) 0.07 0.012  0.07 (-0.20, 1.50) 0.13 0.008  0.07 (-0.001, 
0.01) 

0.13 0.008 

Low-DHA  -0.08 (-1.43, 
0.18) 

0.13 0.002  -0.08 (-0.56, 
0.08) 

0.13 0.002  -0.08 (-1.61, 
0.16) 

0.11 0.010  -0.08 (-0.17, 
0.02) 

0.12 0.011 

n–3 LC  -0.01 (-0.83, 
0.69) 

0.86 0.0003  -0.01 (-0.35, 
0.26) 

0.78 0.001  -0.02 (-1.00, 
0.67) 

0.70 0.002  -0.02 (-0.11, 
0.07) 

0.68 0.002 

Age   -0.23 (-0.27, -
0.11) 

<.0001 0.069  -0.17 (-0.09, -
0.02) 

0.001 0.048  -0.17 (-0.24, -
0.07) 

0.0007 0.043  -0.13 (-0.22, -
0.03) 

0.01 0.032 

Sex          0.19 (0.08, 0.28) 0.0003 0.026  0.25 (0.02, 0.04) <.0001 0.040 

Baseline variables  -0.22 (-0.32, -
0.11) 

<.0001 0.04  -0.28 (-0.18, -
0.08) 

<.0001 0.05  -0.13 (-0.16, -
0.02) 

0.01 0.01  -0.15 (-0.17, -
0.03) 

0.01 0.02 

R-square (%)    0.15    0.17    0.19    0.21 
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  Change in weight  Change in body mass index  Change in waist circumference  Change in waist: height ratio 

  β & (95% CI) p-
valuea 

SP 
Corrb 

 β & (95% CI) p-
value 

SP 
Corr 

 β & (95% CI) p-
value 

SP 
Corr 

 β & (95% CI) p-
value 

SP 
Corr 

a Significance levels for crude and upon sequential adjusted linear regression.  
b Squared semi-partial correlation Type 1.  
c Crude model (plasma phospholipid fatty acid patterns only).  
d Model fitting was evaluated by means of R-square statistic. 
e Adjusted model1 (adjusted for age and sex) 
f
 Fully adjusted model - further adjusted for lifestyle covariates, self-reported smoking, education, weighted physical activity index, total energy, and alcohol intake and baseline anthropometric variable 
(only data for FA patterns and significant covariates shown).  

Abbreviations: CI, confidence intervals; SP Corr, semi-partial correlation; high-Satfat, saturated fatty acid pattern n−9 LC-MUFA, omega-9 long chain monounsaturated fatty acid pattern; n–6 VLC-
PUFA, omega-6 very long chain polyunsaturated fatty acid pattern; high-LA, high linoleic acid pattern; low-DHA, docosahexaenoic acid pattern; n–3 VLC-PUFA; n–3 EFA, omega-3 essential fatty acid 
pattern. 
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS 

7.1 Introduction  

This PhD study expands current understanding of dietary and plasma phospholipid FAs and 

related FA patterns with measures of obesity and MetS in an African setting and helps to clarify 

the relations between these nutrients and the development of cardiometabolic disease risk in 

adults.  

Nutrition research conventionally paid attention to single nutrients with health and disease 

conditions. Nevertheless, a clear understanding of the composite interactions of nutrients in foods 

has led to the appreciation of total dietary patterns or nutrient patterns (Tucker, 2010). Dimension 

reduction techniques have been used extensively in nutrition epidemiology to identify particular 

distinctive dietary patterns relevant and applicable to obesity (Machado Arruda et al., 2016; Naja 

et al., 2011) and FA biomarkers in obesity and MetS (Dahm, 2011; Warensjo et al., 2006). In our 

study, we used principal component analysis to identify dietary and plasma phospholipid FA 

patterns and investigated their association with cross-sectional and prospective outcomes in the 

first two manuscripts in this PhD thesis. In the 3rd manuscript, we compare the proportions of 

individual dietary and plasma phospholipid FAs in metabolically healthy and unhealthy 

phenotypes in black South African adults. 

This concluding chapter provides a summary of the three manuscripts, included as part of this 

thesis in Chapters 4, 5 and 6 and makes recommendations from the main findings.  

7.2 Aims and objectives  

The aim and objectives are repeated in this section for ease of reference.  

The PhD study aimed to investigate the association of dietary FAs and plasma phospholipid FAs 

and FA patterns with obesity and MetS, as well as comparison of dietary FAs and plasma 

phospholipid FAs in metabolically healthy and unhealthy phenotypes in a selected group of black 

South Africans. This study forms part of the South African arm of the international Prospective 

Urban and Rural Epidemiological (PURE) study. 

 

The objectives of this study were to:  
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1. To compare the composition of dietary FAs and plasma phospholipid FAs of metabolically 

healthy and unhealthy phenotypes classified according to JIS of the International Diabetes 

Federation Task Force, (Alberti et al., 2009) MetS criteria and BMI categories in a group of 

black South African adults. 

2. To investigate cross-sectional associations between dietary and plasma phospholipid FA 

patterns with obesity-related parameters and MetS, in black South Africans.  

3. To investigate the associations between individual plasma phospholipid FAs and derived FA 

patterns with a 10-year change in obesity-related parameters, among a selected group of 

black South African adults.     

These objectives are discussed below in the form of manuscripts. 

7.3 Comparison of dietary and plasma phospholipid fatty acids and metabolic health in 

black Africans 

In this manuscript, we classified the participants into metabolic status groups according to the 

new harmonised JIS criteria and further classification of normal BMI as < 25kg/m2 and overweight 

and obesity (BMI ≥ 25kg/m2). We further compared the proportions of the dietary and plasma 

phospholipid FAs in these metabolically healthy and unhealthy phenotypes. 

We observed higher dietary SFAs (MA, PA, and SA) and ALA in both the overweight/obese 

groups, while most MUFAs, LA and AA intakes were higher in the MUO group only. Plasma levels 

of VLC-SFAs and PUFAs were higher, whereas PA, OA, and estimated desaturase activities were 

lower in the overweight/obese (MHO and MUO) groups after adjustment for age and total energy 

intake. 

PA is an abundant SFA and accounts for up to 20 to 30% of total FAs in membrane phospholipids. 

PA can be provided in the diet or synthesised endogenously via the DNL pathway, from high 

doses of ingested carbohydrates and fructose (Carta et al., 2017; Chong et al., 2008). Generally, 

our study participants were high carbohydrate consumers (>60% energy from carbohydrates), 

and therefore, high levels of plasma PA and SA were expected. Plasma PA levels were lower in 

the overweight/obese (MHO and MUO) groups, but the MUO group had the lowest carbohydrate 

intake of all groups, expressed as percentage energy from carbohydrates. To maintain the 

membrane phospholipid PA levels, a balanced dietary intake of rich sources of PA, n–3 and n–6 

PUFAs is required (Carta et al., 2017), but our participants are low consumers of n–3 PUFAs. 

Dietary intake of ALA was higher in both overweight/obese groups, but plasma phospholipids ALA 
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levels were similar, while plasma levels of DHA were higher in both overweight/obese groups, 

compared to the healthy normal weight group. This may indicate some form of up-regulation of 

the endogenous synthesis of primary dietary n–3 PUFAs in our selected group of black South 

Africans.An up-regulation of the endogenous synthesis of n–3 LC-PUFA from ALA as a precursor 

has been described in a group with continuous low intake of n–3 LC-PUFAs (Burdge & Calder, 

2005).  

It is also no surprise that we also recorded higher intake of primary n–6 PUFA, LA in the MUO 

group. As global intake of n–6 PUFAs increases, n–3 PUFA intakes decrease (Patterson, 2012). 

This increase in consumption of n–6 PUFAs is associated with higher ratios of n–6/n–3, which 

are associated with the prevalence of obesity and related risk factors (Patterson, 2012; 

Simopoulos, 2016). Severe obesity (National Department of Health, 2017) and MetS (Kruger & 

Nell, 2017; Motala et al., 2011; Van Zyl et al., 2012) are currently being experienced in South 

Africa. Moreover, current evidence is inconclusive regarding the role of EFAs, n–3, n–6 and their 

ratio in the gain of body fat and obesity (Lu Wang, 2015). Therefore, developing and sustaining 

healthy eating and physical activity habits, which would lead to the decrease in obesity 

prevalence, remains a challenge for society and policymakers (Butland et al., 2007; Faith & Kral, 

2006).  

We found that lower plasma levels of DNL pathway FAs, including PA, cis-vaccenic and gondoic 

acids, as well as estimated desaturase activities (SCD-1) among the overweight/obese groups 

compared to the normal weight groups. We also found higher levels of D6D activity and lower 

levels of D5D in the MUO group. These FAs and estimated desaturase activities may be 

biomarkers of abnormal metabolic health in this selected group of black South African adults. 

Previous intervention studies have shown that DNL is upregulated in humans by relatively 

extreme diets such as increased intake of dietary carbohydrates, low-fat and high-fat diets, 

influencing circulating concentrations of several specific FAs (Hellerstein, 1999; King et al., 2006; 

Raatz et al., 2001). These estimated desaturase activities and DNL FAs have been associated 

with obesity and MetS in epidemiological studies (Kawashima et al., 2009; Kim et al., 2013; 

Mayneris-Perxachs et al., 2014; Sethom et al., 2011). Lower estimated SCD-1 activity observed 

in our participants is, however, different from what has been reported in other studies (Kim et al., 

2013; Sethom et al., 2011; Warensjo, 2006), though, lower estimated D5D activity is consistent 

with scientific literature (Kawashima et al., 2009; Kim et al., 2013; Matsuda et al., 2017; Sethom 

et al., 2011; Warensjö et al., 2009). 
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Furthermore, we observed higher plasma levels of VLC-SFAs in the MHO group compared to 

MUO group in our study participants, although both the overweight/obese groups had higher 

plasma levels of VLC-SFAs than the normal weight groups. Higher plasma levels of VLC-SFAs 

may have been protective against MetS among the overweight/obese participants. These VLC-

SFAs are found in very low concentrations in plasma, but have been associated with lower risks 

of MetS, diabetes, total mortality, and with favourable profiles of blood lipids and CVD risk markers 

in diverse populations (Fretts et al., 2016; Lemaitre et al., 2015; Malik et al., 2015; Yang et al., 

2018). Further research in black Africans is highly recommended. 

Results of the plasma n–3 PUFAs in our groups of participants are mixed. We observed higher 

plasma levels of total n–3 PUFAs in the MUO group, which persisted after adjustment for age and 

total energy intake. We also observed higher plasma levels of EPA in the MUNW group after 

comparison with the MHNW group, as well as higher DHA levels in the overweight/obese groups 

compared to the MHNW group. Findings of plasma levels of specific n–3 PUFAs in association 

with MetS have been inconsistent in the literature. Some studies reported lower plasma levels of 

total n–3 PUFAs and EPA in MetS, contrary to our findings (Huang et al., 2010; Nigam et al., 

2009; Sethom et al., 2011), while other studies, did not report any associations of MetS with 

plasma n–3 PUFAs (Kabagambe et al., 2008; Mayneris-Perxachs et al., 2014). These 

inconsistencies in associations between n–3 PUFAs and metabolic health could possibly be 

related to low dietary intake as has been reported in our participants (Richter et al. 2014) as well 

as in a select group of participants from the USA (Kabagambe et al., 2008). 

Lower plasma levels of total n–6 PUFAs were observed in the patients with MetS in Tunisia 

(Sethom et al. 2011), this is different from what is observed in our participants. In addition, higher 

plasma levels of both DGLA and AA observed in both the overweight/obese groups compared to 

MHNW has also been reported in a multi-racial study in the USA (Steffen et al., 2012). From 

DGLA and AA form series 1 and 2 prostaglandins which are generally viewed as anti-inflammatory 

and pro-inflammatory, respectively (Levin et al., 2002). The higher levels of plasma DGLA in the 

overweight/obese (MHO and MUO) participants in this present study may be indicative of 

impaired FA metabolism due to ageing, which may also cause the accumulation of DGLA, 

probably as a consequence of long-term abnormal metabolic risk factors, including obesity and 

insulin resistance, as has also been observed elsewhere (Kim et al., 2013). Besides, plasma 

DGLA is converted from dietary LA, and our participants are high consumers of LA from sunflower 

oil (Smuts & Wolmarans, 2013). The role of individual n–6 PUFAs on human health needs to be 

better evaluated in order to clearly identify which specific n–6 FAs exerts beneficial or harmful 

effects. 
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7.4 Cross-sectional association of dietary and plasma phospholipid fatty acid patterns 

with obesity and metabolic syndrome 

In this cross-sectional study, we identified two dietary FA patterns and six plasma phospholipid 

FA patterns in a selected group of 711 black South Africans. The patterns were identified from 11 

dietary FAs and 26 plasma phospholipid FAs.  

Among dietary FAs, the first extracted pattern presented with high positive loadings of saturated 

FAs, MUFAs, ALA and n–6 FAs, and was therefore named the non-marine FA pattern. The 

second pattern was named the marine FA pattern because it was characterised by high positive 

loadings of EPA and DHA. Dietary FA patterns were weakly associated with measured outcomes. 

The non-marine FA pattern showed marginal positive associations with WC only, but the 

association was lost after adjustment for lifestyle variables and energy intake. On the other hand, 

we did not find any associations with the marine FA pattern. The weak association of the non-

marine pattern in our study with the outcomes measured can be explained by the relative 

weakness of self-reported dietary data to quantify FA intakes compared to dietary FAs measured 

in the plasma or tissues (Hodson et al., 2008). A multi-racial study in the USA that investigated 

the association between BMI and dietary FA intake did not find any significant associations 

between dietary n–3 FAs with BMI (Raatz et al., 2017). Furthermore, Lai et al. (2013) failed to 

show an association of fish intake as well as dietary ALA with MetS and concluded that their 

results did not support an association between dietary n–3 FAs and MetS in a large US cohort. 

Our study participants had a low consumption of n–3 PUFAs as previously reported in this 

selected group of black South Africans (Richter et al., 2014), and children and women from three 

different geographical areas in South Africa (Ford et al., 2016) and adolescents in Mozambique 

(Freese et al., 2015). Surprisingly, given the low consumption of n–3 PUFAs in our study 

participants the plasma DHA levels were high and probably more comparable to levels found in 

populations that have high n-3 PUFAs intake from fish and seafood (Stark et al., 2016). This 

observation of higher plasma levels despite low intake of n–3 PUFAs in our participants has been 

reported in South Africa (Ford et al., 2016) and Kenya (Knoll et al., 2011). The mean plasma DHA 

levels expressed as % of total FAs in participants of this present study was 4.5%. In two other 

African studies, DHA levels were measured in red blood cells, and the levels were comparable to 

those reported by Ford et al. (2016) (4.6%) but higher than those reported by Knoll et al. (2011) 

(2.6%). EPA and DHA increase the formation of anti-inflammatory eicosanoids. Therefore, a 

higher intake of n–3 PUFAs is protective against inflammatory diseases, CVD, and other chronic 

diseases as outlined in Saini and Keum (2018). Although increased n–3 PUFAs intake have not 

yet shown reliable benefits in weight loss in humans, an improved metabolic profile of obese 
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individuals has been demonstrated and is promising (Albracht-Schulte et al., 2018). In summary, 

n–3 PUFAs appear to regulate lipid metabolism, favouring fatty acid oxidation and suppression of 

lipogenesis, resulting in a favourable lipid profile and adipocyte metabolism. This process 

consequently limits fat storage in both adipose tissue and skeletal muscles (Albracht-Schulte et 

al., 2018). We could not find any published research that investigated dietary FA patterns in 

association with obesity and MetS in Africa. We, therefore, could not make a comparison of our 

findings in that regard.  

Studies examining cross-sectional associations between circulating FA concentrations and 

obesity have focused mainly on individual FAs as outlined in the literature review and three 

manuscripts. However, few studies have examined circulating FAs patterns in association with 

obesity and MetS. The six plasma phospholipid FA patterns included; the high-Satfat pattern with 

positive loadings of VLC-SFAs, the n–3 VLC-PUFA pattern with high positive loadings of DPA n-

3, DHA, EPA as well as AA, high LA pattern with positive loadings of LA and eicosadienoic acid, 

the n–6 VLC-PUFA pattern, with high positive loadings of adrenic and docosadienoic acids, and 

DGLA, n–9 LC-MUFA pattern with positive loadings of nervonic and gondoic acids and the n–3 

EFA pattern which had a positive loading of ALA. 

The high-Satfat and the n–3 VLC-PUFA patterns were positively associated with measures of 

adiposity and MetS, while the n–9 LC-MUFA and the n–3 EFA patterns showed inverse 

associations with MetS and some measures of adiposity. The patterns we identified in this black 

population are unique and therefore not identical to any patterns that have been studied in 

association with obesity and metabolic health in Swedish, Irish and Danish cohorts (Dahm, 2011; 

Li et al., 2016; Warensjo et al., 2006). Plasma phospholipid FA patterns were strongly associated 

with measures of adiposity and MetS in this cross-sectional study. The dietary non-marine FA 

pattern showed marginal positive associations with WC whereas the marine pattern did not show 

any association with outcomes measured. On the other hand, the high-Satfat and n–3 VLC-PUFA 

plasma phospholipid FA patterns were positively associated with measures of adiposity and MetS, 

while the n–9 LC-MUFA and n–3 EFA patterns showed inverse associations with MetS and some 

measures of adiposity. 

These associations between plasma FA patterns, adiposity and MetS may be suggestive of 

possible differences in FA metabolism between lean and overweight/obese individuals. In this 

study population with low-fat intakes, plasma FA levels may reflect endogenous FA metabolism 

rather than dietary intakes, which could result in different findings than those reported in other 

studies from affluent communities. 
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7.5 Prospective association of plasma phospholipid fatty acids with changes in 

anthropometric indices over 10 years 

We identified six plasma phospholipid FA patterns at baseline in 412 participants with available 

10-year follow-up data for plasma phospholipid FAs and other covariates included in the 

prospective analyses. The FA patterns were derived in the following order: high-Satfat (positively 

loaded with VLC-SFAs), n–9 LC-MUFA (positive loadings of nervonic acid and gondoic acids), n–

6 VLC-PUFA (positive loadings on n–6 VLC-PUFAs), high-LA (positive loadings of n–6 LA and 

eicosadienoic acid), low-DHA (highest positive loading on ALA and GLA and negative loading of 

DHA), and n–3 VLC-PUFA (highest loading on EPA and DPAn-3). The baseline plasma 

phospholipid FA patterns were applied prospectively to investigate the association of these 

patterns with 10-year changes in anthropometric indices, namely weight, BMI, WC, and WHtR. 

We also derived new FA patterns at 10-year follow-up and studied their reproducibility. By 

evaluating the reproducibility of the plasma patterns over 10 years, we measured the stability of 

plasma FA patterns in our population. Four plasma FA patterns, i.e. n–6 VLC-PUFA, high-Satfat, 

n–3 VLC-PUFA and low-DHA were reproducible at 10-year follow-up, while the n–9 LC-MUFA 

and the high-LA patterns were not reproducible. 

The high-Satfat and n–9 LC-MUFA patterns were positively associated with a 10-year increase 

in all measures of adiposity. The high-Satfat pattern was reproducible at 10-year follow-up. 

whereas the n–9 LC-MUFA pattern was not. Instead, the n-9 LC-MUFAs (nervonic and gondoic 

acid) were also included in the high-Satfat pattern (factor 2) at 10-year follow-up. The high-LA 

was weakly but positively associated with 10-year changes in anthropometric indices in the crude 

model, whereas the low-DHA pattern was inversely and weakly associated with WC and WHtR. 

The n–3 and n–6 VLC-PUFA patterns were not associated with outcomes measured. To the best 

of our knowledge, only one study has investigated prospective associations of adipose tissue FA 

patterns with five-year changes in anthropometry in Danish adults (Dahm, 2011); no study has 

examined the association of circulating FAs with obesity in black Africans. In this5-year 

prospective study, adipose tissue FA patterns with high levels of n–6 VLC-PUFAs was negatively 

associated with changes in weight and WC in men but positively associated with women. The n–

3 VLC-PUFA pattern was not associated with weight loss (Dahm, 2011). Due to several 

differences in their patterns, we could not make comparisons with our plasma phospholipid FA 

patterns. Plasma SA on its own has been associated with obesity (Pickens et al., 2015). However, 

VLC-SFAs including arachidic, behenic and lignoceric, have not been associated with obesity. 

Most studies investigating these VLC-SFAs in plasma have reported inverse associations with 

these FAs in obesity, MetS, total mortality and coronary heart disease (Fretts et al., 2016; 
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Lemaitre et al., 2015; Malik et al., 2015; Yang et al., 2018). We, therefore, cannot explain the 

positive prospective association of the plasma high-Satfat pattern with 10-year changes all 

anthropometric indices, considering that the sources of plasma VLC-SFAs are not clear. Further 

research is recommended. On the other hand, the n–9 LC-MUFA pattern positively loaded with 

nervonic and gondoic acids was also positively associated with 10-year changes in all outcomes 

measured and these n-9 LC-MUFAs (nervonic and gondoic acid) were also included in the high-

Satfat pattern (factor 2) at 10-year follow-up. Notably, nervonic acid was higher in overweight and 

obese women but not men; however, gondoic acid was higher in leaner men only. Nervonic acid 

is found in seed oil plants (Guo et al., 2009), and gondoic acid is found in wild fruits (Ouoba et al., 

2018), mustard seed and rapeseed (Chowdhury et al., 2007) in small quantities. Nervonic and 

gondoic acids can also be formed by de novo synthesis through the elongation of OA and 

converted to other FAs (Ratnayake & Galli, 2009). Therefore, this pattern may be related to DNL 

rather than dietary intake, because the study participants had low intakes of wild fruits, mustard 

seed, rapeseed and marine fish (Richter et al., 2014). Unfortunately, global data in this field of 

research (FA patterns) is still lacking and presents a challenge of comparing our study against 

others.  

7.6 Discussion 

This study pioneered the investigation of (1) baseline associations of dietary and plasma 

phospholipid FA patterns with measures of adiposity and MetS in black Africans; (2) baseline 

comparison of dietary and plasma phospholipid FAs in metabolically healthy and unhealthy 

phenotypes; and (3) 10-year prospective association of plasma phospholipid FA patterns with 

changes in anthropometric indices in obesity in a selected group of black South Africans. 

In the 1st manuscript, we investigated dietary FA patterns in association with obesity and MetS 

and in the 3rd manuscript, we report levels of dietary FAs in metabolically healthy and unhealthy 

phenotypes. In both manuscripts, we document a low intake of n–3 PUFAs in this population in 

comparison with the FAO/WHO recommendations. However, the higher intakes of particular 

dietary FAs observed in the MUO group in the 3rd manuscript may be due to generally higher 

dietary intakes of all nutrients. We found higher than expected levels of DHA in plasma 

phospholipids in this selected group of black South Africans and confirm the results documented 

earlier in the same population (Richter et al. 2014). Most countries in sub-Sahara Africa score 

very low for both seafood and plant n–3 PUFAs intakes (Micha et al., 2014). Furthermore, the 

highest global mean intake of seafood n–3 PUFAs intakes were identified in island nations 

whereas and highest mean plant n–3 PUFAs consumption has been reported in some countries 
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in Africa; Tunisia, Angola, Senegal and Algeria. Blood levels of EPA and DHA vary across the 

globe, with most of the countries and regions reporting levels that are reflected as low to very low 

(Stark et al., 2016), although global mapping of blood levels of EPA and DHA tend to agree with 

earlier reports of dietary intake of n–3 PUFAs from seafood (Micha et al., 2014). Moreover, blood 

levels are less liable to errors, and thus blood level targets are better associated with specific 

chronic disease outcomes and events (Stark et al., 2016). Our participants are not high 

consumers of seafood or plant n–3 PUFAs. Therefore, the presumed up-regulation of the 

endogenous synthesis of n–3 LC-PUFAs, and relationship to long-term risk of obesity should be 

investigated in prospective studies.  

In the 1st and 2nd manuscripts, we identified some similar plasma FA patterns in 711 and 412 

participants, respectively. The high-Satfat pattern was positively associated with measures of 

adiposity at baseline and changes in anthropometric indices at 10-year follow-up. The high-Satfat 

pattern had positive loadings on VLC-SFAs (SA, arachidic, behenic and lignoceric acid). 

Concurrently, the levels of these VLC-SFAs in the 1st manuscript were higher in overweight/obese 

participants than in normal-weight counterparts and higher in MHO participants when compared 

the MUO group in the 3rd manuscript. We speculate that higher plasma levels of VLC-SFAs 

observed in the MHO groups in our study participants may be protective of MetS among adults 

with a BMI higher than 25 kg/m2, but, longitudinal studies are recommended to confirm this cross-

sectional finding. This conclusion is based on evidence from other studies, that have 

demonstrated inverse associations of VLC-SFAs with various cardiometabolic risk factors (Fretts 

et al., 2016; Lemaitre et al., 2015; Malik et al., 2015). The mechanisms underlying the relations 

of VLC-SFAs with health are not well established, even though evidence from animal experiments 

suggests that these VLC-SFAs may actively regulate lipid metabolism and insulin sensitivity 

through multiple pathways (Kawamura et al., 1981). We, however, cannot explain why these VLC-

SFAs, were positively associated with measures of adiposity, while as a single nutrient group, 

they tend to be protective against MetS. Also, literature is not clear as to whether these VLC-

SFAs are associated with dietary intake or endogenous metabolism since they are also not 

common in the diet (Fretts et al., 2016). Therefore, metabolic studies, which include OMICS 

(collective technologies used to explore the roles, relationships, and actions of the various types 

of molecules that make up the cells of an organism) in black South Africans are necessary.  

The n–9 LC-MUFA pattern was inversely associated with MetS and some measures of adiposity 

at baseline, whereas at 10-year follow-up, it was positively associated with 10-year increases in 

all anthropometric indices. This pattern had positive loadings of both nervonic and gondoic acids 

at both time points. However, we observed that the n–9 LC MUFA pattern was not maintained for 
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10-years when we studied its reproducibility and stability, by comparing the two patterns identified 

at baseline and at 10-year follow-up. This may indicate that this pattern was protective of obesity 

and MetS in our study participants at baseline, but because this FA pattern was not sustained, 

the protection against weight gain was lost during the 10 years of follow-up. Notably, nervonic 

acid was higher in overweight and obese women but not men; however, gondoic acid was higher 

in leaner men only. Nervonic acid is found in seed oil plants (Guo et al., 2009), and gondoic acid 

is found in wild fruits (Ouoba et al., 2018), mustard seed and rapeseed (Chowdhury et al., 2007) 

in small quantities. Nervonic and gondoic acids can also be formed by de novo synthesis through 

the elongation of OA and converted to other FAs (Ratnayake & Galli, 2009). Therefore, this 

pattern may be related to DNL rather than dietary intake. On the contrary, in the 3rd manuscript, 

lower plasma levels of gondoic acid were associated with unhealthy metabolic profiles as reported 

elsewhere (Ma et al., 2015; Patel et al., 2010). Gondoic acid observed in the MUO group maybe 

associated with an elevated risk of metabolic disorders, and might play a significant role in 

metabolic regulation and influence the pathogenesis of T2DM (Ma et al., 2015; Patel et al., 2010). 

Further research is required to establish whether these MUFAs are protective or deleterious for 

obesity and MetS in this selected group of black Africans. 

In the three manuscripts, we observed higher plasma levels of POA and OA in leaner participants, 

even though the goals of the 1st and 2nd manuscripts were to investigate the association of FAs 

patterns rather than individual FAs. In the 1st manuscript, POA, cis-vaccenic acid, OA and gondoic 

acids were higher in leaner participants in both sexes, than in the overweight counterparts. In the 

2nd manuscript, we demonstrated that the leaner participants of both sexes had significantly higher 

plasma levels of POA and OA than their overweight counterparts. In the 3rd manuscript, POA and 

OA were lower for both the overweight/obese (MHO and MUO) groups compared to the MHNW 

group. These higher levels in leaner participants may be indicative of the protective nature of POA 

and OA in obesity in this selected group of black South Africans. Other studies have demonstrated 

different associations between POA and OA with obesity (Aglago, 2017; Paillard et al., 2008; 

Pickens et al., 2015). In a French population of healthy men, higher plasma levels of POA were 

associated with higher WC and was therefore considered a marker of abdominal obesity (Paillard 

et al., 2008). Also, POA in plasma phospholipids was positively associated with BMI in men and 

women in diverse populations (Aglago, 2017; Pickens et al., 2015). In line with our findings, Cao 

et al. (2008) have shown that increased lipogenesis of POA in adipose tissue can efficiently 

suppress adipose-specific activation of DNL and may play a role in decreased total body weight 

with improved metabolic profiles in a genetic mouse model (Cao et al., 2008). However, human 

studies are yet to prove this hypothesis. It has been shown that POA can benefit weight loss, 
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through increased energy expenditure of white adipose tissue stores, FA oxidation and oxygen 

consumption and, thus, raising cell energy metabolism (Cruz et al., 2018). Furthermore, POA is 

virtually absent in standard dietary intake but is a key product of desaturation from PA through 

the SCD-1 activity in liver and adipose tissue (Paillard et al., 2008). POA is principally produced 

by the liver, catalysed by intake of low-fat, high-carbohydrate diets, heavy alcohol use; or excess 

energy consumption (Chong et al., 2008; Siler et al., 1999; Warnet et al., 1985). The difference 

between the results of this present study and the results of other studies include the following; 

first of all, higher levels of plasma POA have been observed in participants of other studies, 

namely 3.8% (Paillard et al., 2008), 2.1% (Vinknes, 2013) 3.3% in men and 3.2% in women 

(Warensjo, 2006), in comparison with 0.77% in men and 0.66% women in our group of black 

South African adults. Aglago (2017) and Pickens (2015) also reported lower plasma levels of POA 

as compared to levels in this present study. Secondly, plasma FAs are a complex reflection of 

metabolism, influenced by dietary intake, climate and seasons affecting food supply, aging and 

geographical locations, processing, storage and cooking methods (Baylin & Campos, 2006; 

Calder, 2015) and further influenced by cultural and religious dietary practices (Smuts & Malan, 

2016). Nevertheless, the significant difference in plasma POA and its association observed in this 

group of black South Africans, and in other studies from Europe (Paillard et al., 2008; Vinknes, 

2013; Warensjo, 2006), South America (Aglago, 2017) and USA (Pickens et al., 2015) warrants 

further investigation to establish the benefit of higher POA levels in lean black Africans. Besides, 

dietary OA has also been reported to prevent palmitate-induced metabolic impairment (Salvadó 

et al., 2013) as well as protects against insulin resistance, improves endothelial dysfunction, 

inflammation and reduces proliferation that may contribute to atherosclerotic process (Perdomo 

et al., 2015). 

As mentioned earlier, POA is a key product of desaturation through the SCD-1 activity in liver and 

adipose tissue and catalysed by low-fat, high-carbohydrate diets (Paillard et al., 2008; Chong et 

al., 2008). Therefore, these findings propose that low SCD-1 activity may have been an essential 

influence in the low proportion of plasma POA content in our overweight and obese participants. 

Furthermore, lower estimated SCD-1 activity observed in our overweight/obese (MHO and MUO) 

participants is different from what has been reported in cross-sectional studies (Kim et al., 2013; 

Sethom et al., 2011) as well as in a longitudinal study (Warensjo, 2006). This finding warrants 

further research to elucidate the influence of SCD-1 activity on plasma POA levels and its 

influence on obesity and metabolic health in black South Africans. 
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7.7 Conclusion  

In summary, our results indicate that the dominating patterns of plasma phospholipid FAs, 

explaining most of the variance in our participants, may be associated with the long-term risk of 

obesity and MetS. In a study population with low-fat and high carbohydrate intakes, plasma FA 

levels may reflect endogenous FA production rather than dietary intakes which could result in 

different findings than those reported in the literature. This may further explain the weaker 

association of dietary patterns but stronger associations of plasma phospholipid FA patterns with 

obesity and MetS in the 1st manuscript. Plasma levels of VLC-SFAs, POA and DHA, reported in 

our study participants are possibly associated with endogenous FA metabolism. These results 

further add understanding of plasma phospholipid FA patterns and their associations, as well as 

the reproducibility of FA patterns we derived in our participants.  

Prospective cohort studies generally provide the best epidemiological evidence (in addition to 

experimental studies) about causation and the most direct measurement of the risk of developing 

the disease after exclusion of bias and confounders. In our study, we add evidence of associations 

of plasma phospholipid FA patterns with obesity in both cross-sectional and the prospective study. 

In the cross-sectional study, we report lower levels of DNL pathway FAs, PA, POA, OA, cis-

vaccenic and gondoic acids, lower estimated desaturase activities (D5D and SCD-1), as well as 

higher D6D activity in the MUO group. These differences from the normal weight healthy group 

may be suggestive of biomarkers of abnormal metabolic health in our study participants. However, 

being a cross-sectional study, no conclusions can be made of causal associations. Higher plasma 

levels of behenic and lignoceric acids (VLC-SFAs) observed in the healthy participants (MHNW 

and MHO groups) in our study participants may be associated with a lower risk of MetS. 

Prospective studies should investigate the roles of both DNL FAs and VLC-SFAs in metabolic 

health in African populations with diverse dietary fat, alcohol and carbohydrate intakes. In 

addition, the high-Satfat pattern was positively associated with adiposity, whereas the n–9 LC-

MUFA pattern was inversely associated with adiposity. In the longitudinal study, the high-Satfat 

pattern was maintained over 10 years in an important proportion of the study participants and and 

predicted adiposity gain, as measured by weight, BMI, WC and WHtR. The plasma phospholipid 

FAs patterns may suggest possible differences in FA metabolism between lean and 

overweight/obese individuals. In a study population with low-fat intakes, such as the PURE 

participants, plasma FA levels may reflect endogenous FA generation rather than dietary intakes, 

which could result in different findings than those reported in other studies from affluent 

communities with different diets.  
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We have also provided evidence from the literature that factors such as low-fat and high-

carbohydrate intake may significantly impact FAs in circulation in this selected group of black 

Africans. Also, lifestyle factors may influence obesity and related risk factors in different directions. 

Therefore, to evaluate causation in an epidemiological study several dynamics have to be 

considered, such as consistency with previous studies, strengths of the associations, type of study 

design and lines of evidence that leads to the same conclusion. In the case of FA research, 

population studied, geographical location and habitual dietary intake are important 

considerations. In this PhD study, we have provided results that highlight new objectives and 

research recommendations that should be explored in future FA studies in black populations in 

Africa. 

One of the strengths of this PhD study is the use of a rigorous methodological approach of 

sequential regression modelling enabled us to investigate the associations between dietary FAs 

and plasma phospholipid FA patterns, respectively, and measures of adiposity and MetS which 

is a preferred method to investigate the association between diet and diseases. Another strength 

of our study is the use of both dietary and plasma phospholipid FA patterns, which complemented 

the dietary FAs, that may be prone to recall bias or systematic errors from the calculation of 

nutrient composition of foods. The measurements of plasma phospholipid FAs were performed at 

two different time points, and the reproducibility of four plasma phospholipid FA patterns may 

represent the longer-term status of plasma FAs in this group of black South Africans. In addition, 

(1) these biomarkers have not been widely reported in Africa. (2) The cross-sectional design in 

the 1st and 3rd manuscripts allowed us to examine the association of FA patterns with obesity and 

MetS and levels of these individual FAs from diet and plasma phospholipids in metabolically 

healthy and unhealthy phenotypes in adults. (3) In the 2nd manuscript, the 10-year prospective 

design limited the possibility of reverse causation and allowed us to examine associations 

between plasma phospholipid FAs patterns and measures of adiposity as well as the stability of 

these patterns. Finally, this work as a whole adds new information on dietary and plasma 

phospholipid FAs and its relation to cardiometabolic risk in a population where these associations 

have not been investigated. 

Our study is the first to examine the associations of dietary and plasma phospholipid FA patterns 

with obesity and MetS, as well as reports 10-year prospective changes in anthropometric indices 

in black Africans. Our study addresses a gap in the field and indicates that more research is 

necessary to investigate the association of FA patterns with obesity and MetS. 
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7.8 Recommendations  

1. Research suggests that there is a need to consider the quality as well as the quantity of fat in 

the diets of different populations. The field of FA research has developed, and knowledge on 

metabolism and influence of FAs on obesity and MetS have been studied and documented in 

different parts of the world. However, data in populations of African descent are limited. It is 

therefore imperative that we investigate the association of dietary FAs, and plasma FAs in 

association with health and diseases in Africa, to provide data and to shed light on its influence 

on health. Some of the research recommendations include; 

(i) The scope to which dietary and lifestyle exposures impact DNL or concentrations of SA, 

PA, POA, OA, cis-vaccenic and gondoic acids in our study participants is not established. 

Factors known to stimulate DNL include carbohydrate and alcohol intake. Further research 

is needed to determine how dietary intake and lifestyle habits may influence DNL synthesis 

in populations of African descent. 

(ii) More research is necessary to investigate the influence of SCD-1 activity on plasma POA 

levels and its influence on obesity and metabolic health in black South Africans. Also, 

research is required to establish the association between selected MUFAs, such as 

nervonic and gondoic acids, obesity and MetS in black Africans. 

(iii) The plasma DHA levels in this selected group of black Africans were higher than expected, 

given the low dietary intake of n–3 PUFAs reported in study participants of this present 

study. For this reason, it would be interesting to pursue further research that may explain 

and comprehend the endogenous conversion of n–3 PUFAs in black African populations 

with low dietary intake of n–3 PUFAs. 

(iv) To improve the understanding of plasma VLC-SFAs, metabolic studies (which include 

collective technologies used to explore the roles, relationships, and actions of the various 

types of molecules that make up the cells of an organism) in black South Africans are 

necessary. 

(v) The reproducibility of some of the plasma FA patterns identified demonstrates that these 

FA patterns of our study participants are likely to be consistent over a period of 10 years, 

thus, supporting the need to further explore plasma FAs patterns and cardiometabolic risk, 

longitudinally. 
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2. Dimension reduction studies, including dietary and nutrient pattern research, have great 

potential for use in nutrition research, particularly as it demonstrates the importance of total 

diet in health promotion. These dietary and nutrient patterns can be used for future research 

and development of dietary interventions in this black African population. The use of both FA 

biomarkers and dietary patterns could be appreciated in future studies to capture a complete 

picture of dietary practices in populations of African descent.  

3. The findings of this study may complement the data in the field and further supplement the 

knowledge and importance of FA status as potential novel biomarkers of obesity-related 

health outcomes.  
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