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Abstract: Long-chain omega-3 PUFAs, specifically eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA), are of increasing interest because of their favorable effect on cardiometabolic 
risk. This study explores the association between omega 6 and 3 fatty acids intake and cardiometa-
bolic risk in four African-origin populations spanning the epidemiological transition. Data are ob-
tained from a cohort of 2500 adults aged 25–45 enrolled in the Modeling the Epidemiologic Transi-
tion Study (METS), from the US, Ghana, Jamaica, and the Seychelles. Dietary intake was measured 
using two 24 h recalls from the Nutrient Data System for Research (NDSR). The prevalence of car-
diometabolic risk was analyzed by comparing the lowest and highest quartile of omega-3 (EPA+ 
DHA) consumption and by comparing participants who consumed a ratio of arachidonic acid 
(AA)/EPA + DHA ≤ 4: 1 and >4:1. Data were analyzed using multiple variable logistic regression 
adjusted for age, gender, activity, calorie intake, alcohol intake, and smoking status. The lowest 
quartile of EPA + DHA intake is associated with cardiometabolic risk 2.16 (1.45, 3.2), inflammation 
1.59 (1.17, 2.16), and obesity 2.06 (1.50, 2.82). Additionally, consuming an AA/EPA + DHA ratio of 
>4:1 is also associated with cardiometabolic risk 1.80 (1.24, 2.60), inflammation 1.47 (1.06, 2.03), and 
obesity 1.72 (1.25, 2.39). Our findings corroborate previous research supporting a beneficial role for 
monounsaturated fatty acids in reducing cardiometabolic risk. 
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1. Introduction 
Metabolic syndrome or, more recently, cardiometabolic risk, is captured by a cluster 

of abnormalities that includes hypertension, central obesity, elevated fasting glucose, and 
dyslipidemia [1]. These abnormalities are associated with a state of chronic inflammation 
and an increased risk of developing both type 2 diabetes and cardiovascular disease 
(CVD) [2]. Globally, the prevalence of this cluster of cardiometabolic abnormalities is in-
creasing at alarming rates [3]. In low-middle income countries (LMICs), the increasing 
prevalence of both obesity and type 2 diabetes are thought to be attributed to the epide-
miological transition. This describes a complex change in disease patterns based on the 
interactions between demographic, economic and sociologic determinants [4]. Behavioral 
modifications, such as promoting a healthy diet, and weight reduction have been associ-
ated with a reduction in cardiometabolic risk factors [5]. Although weight control is cen-
tral to addressing the rise in cardiometabolic risk factors, the impact of different dietary 
components (e.g., fatty acids) remains unclear. 

Many studies have focused on the benefits of fiber and mono and polyunsaturated 
fatty acids in terms of reducing the cardiometabolic risk [6]. To date, however, the major-
ity of studies exploring the relationship between dietary intake and cardiometabolic risk 
have been conducted in predominantly European-origin populations, with little existing 
data exploring this relationship in African-origin populations. To our knowledge, there 
are limited studies that assess how these dietary factors affect health outcomes in coun-
tries as they span the epidemiologic transition, as indicated by the human development 
index (HDI), a country ranking indicating a country’s overall social and economic achieve-
ments. Therefore, the objective of this study is to examine the associations between daily 
consumption of dietary fiber, omega 3 and 6 fatty acids, and monounsaturated fatty acids, 
and cardiometabolic risk, obesity, and inflammation, in four African-origin populations 
spanning the epidemiologic transition. 

1.1. Dietary Fiber Intake 
Dietary fiber refers to a group of complex carbohydrates that are not hydrolyzed by 

digestive enzymes, and thus, are not digested or absorbed in the gut [7]. Dietary fiber has 
been shown to directly reduce cardiometabolic risk factors such as blood pressure, cho-
lesterol, and levels of inflammatory biomarkers [7–9], although the exact mechanism is 
not known. The two main categories of dietary fiber are soluble fiber and insoluble fiber. 
Both soluble and insoluble fiber are resistant to digestion; however, soluble fiber is fer-
mented to short-chain fatty acids (SCFA) by colonic bacteria in the large intestine [8]. 
SCFAs have been shown to suppress proinflammatory mediators, such as TNF-α and IL-
6 [7]. Insulin resistance is due to the upregulation of these inflammatory markers in insu-
lin-target tissues, such as the liver, adipose tissue, and muscles [10]. Insoluble fiber im-
proves insulin sensitivity by stimulating the secretion of glucagon-like peptide (GLP-1). 
GLP-1 is an incretin hormone that stimulates postprandial release of insulin and protects 
beta-cell function [11]. 

1.2. Polyunsaturated Fatty Acids (PUFAs) 
There are two main types of polyunsaturated fatty acids (PUFAs): omega-3 and 

omega-6. Omega-6 fatty acids are largely represented by linoleic acid (LA 18:2 𝜔𝜔-6) and 
omega-3 fatty acids by alpha-linolenic acid (ALA 18:3 𝜔𝜔-3) [12]. Western diets contain dis-
proportionate levels of omega-6 PUFAs, notably because of increased consumption of 
corn and other foods that are rich in omega-6 PUFAs. The typical western diet has a ratio 
of approximately 15/1–16/1, whereas a ratio of 4/1 is recommended for secondary preven-
tion of cardiovascular disease [13]. Diets high in Omega-6 fatty acids are shown to be pro-
thrombotic and proinflammatory, which increases cardiometabolic risk [14], although 
there is some evidence which indicates that this effect may be muted [15]. A possible 
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mechanism is that the eicosanoid byproducts of omega-6 PUFAs, prostaglandin PGE2 and 
leukotriene LTB4, are potent mediators of thrombosis and inflammation [16]. 

Long-chain omega-3 PUFAs, specifically eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA), are of increasing interest because of their favorable effect on 
cardiometabolic risk [17]. For example, Stanton et al. conducted a double-blind study 
which demonstrated that eating foods enriched in omega-3 resulted in a clinically signif-
icant reduction in diastolic blood pressure and heart rate [18]. Additionally, studies have 
found that long-chain omega-3 fatty acids can improve lipid profiles by decreasing serum 
triglycerides and LDL levels and by increasing HDL levels [19,20]. Omega-3 PUFAs have 
also been shown to decrease platelet aggregation and thrombus formation [21]. 

1.3. Monounsaturated Fatty Acid Intake 
Monounsaturated fatty acids (MUFA) contain a single double bond, as opposed to 

polyunsaturated fatty acids which contain two or more double bonds [22]. The main type 
of MUFA found in our diet is oleic acid, which is primarily derived from vegetable oil 
[23]. Prior randomized controlled trials demonstrate the benefits of a high-MUFA diet 
compared to a high carbohydrate diet. These studies report improvements in metabolic 
risk factors such as glycemic control, serum lipids, and blood pressure in both healthy and 
diabetic patients [24–27]. Compared to high carbohydrate diet, consumption of MUFAs is 
associated with decreased glycemic load, which reduces the demand for insulin and in-
creases insulin sensitivity [28]. Additionally, some studies show that oleic acid can reduce 
blood pressure by improving cell membrane fluidity and by binding to alpha-2-adrener-
gic receptors [29]. 

2. Methods 
2.1. Study Population and Ethics Approval 

The Modeling the Epidemiologic Transition Study (METS) [25] is a prospective co-
hort study of 2500 African-origin participants. Participants were recruited from five coun-
tries as they span the epidemiologic transition, and include: Ghana, Jamaica, South Africa, 
the Seychelles and the United States. Using the UN Human Development Index (HDI) 
2010, Ghana is a low HDI country, South Africa is a middle HDI country, Seychelles and 
Jamaica are high HDI countries, and the United States is a very high HDI country [30]. 
However, for the current analysis, data from South Africa were dropped due to concerns 
about the quality of the collected dietary data. Baseline measures were obtained between 
January 2010 and December 2011. A detailed description of recruitment, measures and 
protocols has been previously published [25]. The protocols were approved by the Insti-
tutional Review Board of Loyola University, Chicago, IL, USA (LU#200038); the Commit-
tee on Human Research Publication and Ethics of Kwame Nkrumah University of Science 
and Technology, Kumasi, Ghana; the Research Ethics Committee of the University of 
Cape Town, South Africa; the Board for Ethics and Clinical Research of the University of 
Lausanne, Switzerland; and the Ethics Committee of the University of the West Indies, 
Kingston, Jamaica. Written informed consent was obtained from all participants. 

2.2. Anthropometry and Biochemical Measures 
Body weight (kg) height (cm), and waist circumference (cm) were measured in light 

clothing and no shoes using standardized equipment across all sites. Body mass index 
(BMI) was calculated as weight/height2 (kg/m2), and participants were classified as normal 
weight (BMI: <25 kg/m2), overweight (BMI > 25 kg/m2 and <30 kg/m2) or obese (BMI > 30 
kg/m2). 

Fasting blood samples were drawn first thing in the morning for analysis of glucose, 
insulin, lipids, and C-reactive protein (CRP), as previously described [25]. 
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2.3. Dietary Intake 
A detailed description of the method for capturing dietary intake has previously been 

published [25]. Briefly, each study participant completed two 24-h recalls using the mul-
tiple pass method, separated by 1 week [31–33]. Food identification and portion size esti-
mation were approximated from photographs of local foods at each site following meth-
odology developed by the Medical Research Council South Africa [34]. Dietary analysis 
was performed using the Nutrient Data System for Research (NDSR; University of Min-
neapolis, MN, USA) [31–33]. The primary endpoint measures of interest were total energy 
intake and macronutrient composition. 

2.4. Physical Activity Measurement 
Physical activity (PA) was assessed using triaxial accelerometers (Actical, Phillips 

Respironics, Bend, OR, USA) as previously described [35,36]. Briefly, the Actical monitor 
was worn on the right hip over an 8-day period. Using a SAS macro program [37] and the 
protocol from the National Center for Health Statistics for the analysis of accelerometry 
data in the continuous National Health and Nutrition Examination Survey [38]. Daily 
moderate, and vigorous physical activity minutes were used to estimate total daily 
minutes of moderate-to-vigorous activity (min/per day). 

2.5. Clinical Outcomes 
Cardiometabolic disease was defined according to the Adult Treatment Panel III cri-

teria [39,40], which stipulate that individuals have at least three of the following cardi-
ometabolic components: 
1. Waist circumference >102 cm in males and >88 cm in females; 
2. Elevated blood pressure (≥130/85 mmHg) or receiving treatment; 
3. Hypertriglyceridemia (≥150 mg/dL) or receiving treatment; 
4. Low high-density lipoprotein (HDL) cholesterol (<40 mg/dL in males and <50 mg/dL 

in female) or receiving treatment; 
5. Elevated fasting plasma glucose (>100 mg/dL) or receiving treatment. 

Inflammation was defined as CRP concentrations > 3.0 mg/L [41,42]. Individuals with 
a BMI ≥30 kg/m2 were defined as obese [41]. 

2.6. Statistical Analyses 
Participant characteristics and cardiometabolic risk factors were summarized using 

means ± standard deviations (SD), after being examined for normality. Proportions were 
calculated and presented as n (%) for dichotomous variables. Quartiles of total fiber, sol-
uble fiber, and insoluble fiber, and summation of EPA and DHA were determined for each 
site as well as across all sites based on mean individual dietary intake (g/day). We also 
calculated the ratio of arachidonic acid (AA) divided by the sum of EPA and DHA [18]. 
Quartiles of the AA/EPA + DHA ratio were determined for each site as well as across all 
sites. %Total Energy Consumption (TEC) of monounsaturated acid was determined by 
subtracting %TEC of fat by %TEC of saturated, polyunsaturated, and trans fatty acids. 
Quartiles of %TEC of monounsaturated fatty acids were determined for each site as well 
as across all sites. Comparison of cardiometabolic risks at each site was performed by 
Pearson’s chi-squared test with statistical significance noted for p ≤ 0.05. Multi-variable 
logistic regression was performed with cardiometabolic outcomes, inflammation, and 
obesity after adjusting for age, gender, energy intake, smoking, alcohol intake, and PA. 
Statistical analyses were performed using SAS (version 9.4, Manufacturer, Cary, NC, 
USA). 

  



Nutrients 2021, 13, 2442 5 of 15 
 

 

3. Results 
Table 1 presents descriptive characteristics of participants by site. Weight, height, and 

therefore, BMI, varied greatly across all sites. Ghanaians were shorter (162.6 ± 8.2 cm), 
lighter (63.4 ± 11.5 kg), and had lower body mass indices (24.1 ± 4.5 kg/m2) compared to 
participants in all the other sites. Conversely, US participants were the tallest (169.9 ± 8.2 
cm), heaviest (91.9 ± 24.2 kg) and had the highest body mass indices (31.9 ± 8.4 kg/m2). 
Similarly, Ghanaians had the lowest average waist circumference (81.2 ± 12.0 cm), while 
US participants were on the highest end (99.6 ± 20.4 cm). Additionally, systolic and dias-
tolic blood pressures were lowest in Ghanaian participants (113.8 ± 14.8 mmHg and 67.1 
± 11.3 mmHg, respectively) and highest in the USA (122.6 ± 16.3 and 80.5 ± 12.7, respec-
tively). 

Table 1. Descriptive characteristics of study population by site. 

 Ghana 
(n = 487) 

Jamaica 
(n = 398) 

Seychelles 
(n = 484) 

United States 
(n = 444) 

Demographics:     
Female (n, %) 287 (58.9) 244 (61.3) 261 (53.9) 227 (51.2) 

Age 34.2 ± 6.7 34.4 ± 6.1 36.2 ± 5.6 35.3 ± 5.6 
Anthropometrics     

Weight (kg) 63.4 ± 11.5 75.9 ± 17.1 75.9 ± 17.0 92.2 ± 24.3 
Height (cm) 162.6 ± 8.2 168.1 ± 8.9 167.2 ± 8.8 169.9 ± 9.0 
BMI (kg/m2) 24.1 ± 4.5 27.0 ± 6.5 27.1 ± 5.6 32.0 ± 8.5 

Waist circumference (cm) 81.2 ± 12.0 87.1 ± 14.1 88.7 ± 12.0 99.8 ± 20.4 
Systolic blood pressure (mmHg) 113.8 ± 14.8 118.4 ± 14.2 116.2 ± 14.7 122.6 ± 16.3 
Diastolic blood pressure (mmHg) 67.1 ± 11.3 71.7 ± 11.3 73.0 ± 10.7 80.5 ± 12.7 

Biochemical Measures     
Cholesterol (mg/dL) 161.3 ± 35.3 162.8 ± 33.9 170.9 ± 35.4 181.0 ± 38.4 

HDL-C (mg/dL) 46.1 ± 14.4 46.5 ± 12.1 47.7 ± 12.8 50.8 ± 14.6 
Triglycerides (mg/dL) 81.8 ± 40.2 73.2 ± 36.4 79.8 ± 60.6 97.5 ± 57.5 
Blood glucose (mg/dL) 100.3 ± 12.3 92.9 ± 9.3 100.6 ± 29.2 103.2 ± 32.9 

C-reactive peptide (mg/dL) 4.7 ± 13.3 4.2 ± 6.3 3.1 ± 4.5 6.0 ± 11.0 
Lifestyle habits     

Smoker or ex-smoker (n, %) 21 (4.3) 130 (32.7) 106 (21.9) 224 (50.6) 
Consumes alcohol (n, %) 66 (13.6) 160 (40.2) 204 (42.2) 206 (46.5) 

Moderate to vigorous PA (min/day) 34.3 ± 22.6 23.2 ± 19.3 28.9 ± 20.9 23.3 ± 28.9 

The US participants had the highest mean values of all biochemical measures of car-
diometabolic risk factors (total cholesterol, triglycerides, blood glucose, and CRP). The 
lowest mean values of biochemical measures of cardiometabolic risk were distributed 
amongst the lower and mid HDI countries. Participants from Ghana had the lowest total 
cholesterol and blood glucose while participants from the Seychelles had the lowest CRP 
level. The highest proportion of current and former smokers were from the US (50.6%) 
and the lowest proportion were from Ghana (4.3%). The US had the highest proportion of 
participants who consumed alcohol (46.5%) and Ghana had the lowest (13.6%). Not sur-
prisingly, participants from Ghana reported the highest level of daily moderate-to-vigor-
ous PA (34.3 ± 22.6 min/day) while US participants reported least amount of daily activity 
(23.3 ± 28.9). 

Table 2 summarizes habitual dietary intake at the four sites based on the 24-hr dietary 
recall. The US participants consumed the most calorie-dense diet (2294.5 ± 891.8 kcal/day) 
compared to the other sites. The US diet was highest in fat (36.6% ± 7.0%), including % 
saturated fat (11.8% ± 2.9%), high in protein (15.5% ± 4.1%), and low in carbohydrates (45.8 
± 9.4%). Interestingly, participants in the Seychelles had the highest protein intake (18.4 ± 
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4.7%), reflecting the high quantity of seafood consumed in this island nation. The Ghana-
ian diet was lowest in fat (21.6% ± 9.1%) and protein (11.9% ± 4.0%), but high in carbohy-
drates (65.8% ± 10.4%). 

Table 2. Dietary analysis of study population by site. 

 
Ghana 

(n = 487) 
Jamaica 
(n = 398) 

Seychelles 
(n = 484) 

United States 
(n = 444) p-Value 

Energy (kcal) 1848.8 ± 496.3 1893 ± 582.8 1843.6 ± 593.9 2294.5 ± 891.8 <0.0001 
% Energy from fat 21.6 ± 9.1 25.7 ± 6.6 28.4 ± 7.7 36.6 ± 7.0 <0.0001 

% Energy from saturated fat 7.1 ± 4.1 9.5 ± 4.0 8.4 ± 2.9 11.8 ± 2.9 <0.0001 
% Energy from monounsaturated fat 8.2 ± 3.7 8.5 ± 2.7 9.0 ± 3.0 13.6 ± 3.1 <0.0001 
% Energy from polyunsaturated fat 4.6 ± 2.5 5.4 ± 2.1 8.6 ± 3.4 7.9 ± 2.8 <0.0001 

% Energy from carbohydrates 65.8 ± 10.4 58.6 ± 8.4 51.3 ± 9.4 45.8 ± 9.4 <0.0001 
% Energy from protein 11.9 ± 4.0 14.6 ± 3.9 18.4 ± 4.7 15.5 ± 4.1 <0.0001 

Dietary fiber 24.9 ± 9.7 15.9 ± 8.3 13.6 ± 7.2 14.2 ± 7.1 <0.0001 
Soluble fiber (g) 6.0 ± 2.8 4.7 ± 2.6 3.9 ± 2.2 4.6 ± 2.4 <0.0001 

Insoluble fiber (g) 18.8 ± 7.5 11.2 ± 6.1 9.6 ± 5.4 9.5 ± 5.4 <0.0001 
Meeting 14 g fiber/1000 kcal (n, %) 207 (42.5) 35 (8.8) 28 (5.8) 14 (3.2) <0.0001 

Omega 3:      
Average EPA + DHA g/day 0.65 ± 0.81 0.30 ± 0.40 0.69 ± 0.64 0.15 ± 2.7 <0.0001 

EPA + DHA > 0.5 g/day (n, %) 193 (39.6) 76 (19.1) 252 (52.1) 32 (7.2) <0.0001 
AA/EPA + DHA ratio      

Average AA/EPA + DHA ratio 10.0 ± 9.5 8.3 ± 3.1 1.0 ± 2.7 6.5 ± 25.2 <0.0001 
AA/EPA + DHA ratio < 4:1 (n, %) 85 (17.3) 32 (6.4) 31 (6.3) 3 (0.7) <0.0001 

Monounsaturated fatty acids:      
%TEC 10.0 ± 4.2 10.8 ± 3.1 11.4 ± 3.6 16.8 ± 3.7 <0.0001 

>15% TEC (n, %) 66 (13.5) 32 (8.0) 76 (15.7) 309 (69.8) <0.0001 

Participants in the US consumed the lowest quantity of total dietary fiber (142. ± 7.1 
g/day) and insoluble fiber (9.5 ± 5.4 g/day). On the other hand, Ghanaians had the highest 
intake of total dietary fiber (24.9 ± 9.7) and insoluble fiber (18.8 ± 7.5 g/day). Overall, 43% 
of Ghanaians met the Institute of Medicine (IOM) fiber guidelines (>14 g fiber/1000 
kcal/day), compared to only 9% of Jamaicans, 6% of participants from the Seychelles, and 
only 3% of participants in the US [42]. 

US participants also consumed the lowest amount of EPA + DHA (0.15 ± 2.7 g/day) 
while participants in the Seychelles consumed the highest amount of EPA + DHA (0.69 ± 
0.64 g/day). Overall, 52.1% of participants in the Seychelles met the International Society 
for the Study of Fatty Acids and Lipids (ISSFAL) guidelines (≥0.50 g/day of EPA and 
DHA) compared to 7.2% of US participants [43]. US participants consumed highest ratio 
of AA/EPA + DHA (6.5 ± 25.2 g/day) while participants in Ghana consumed the lowest 
AA/EPA + DHA ratio (0.43 ± 1.4). Overall, 7.2% of US participants consumed a ratio of 
AA/EPA + DHA < 4:1 versus 17.3% of participants in Ghana. In patients with cardiovas-
cular disease, an AA/EPA + DHA ratio of <4:1 has been associated with a 70% decrease in 
mortality [14]. 

US participants consumed the highest %TEC of monounsaturated fatty acids at (16.8 
± 3.7 %TEC) while participants in Ghana consumed the least amount of %TEC of mono-
unsaturated fatty acids (10.0 ± 4.2%TEC). Overall, 69.8% of US participants exceeded the 
American Heart Association’s guidelines to consume <15% of TEC from MUFA compared 
to only 8% of participants in Jamaica [44]. 
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3.1. Cardiometabolic Risk across the Epidemiologic Transition 
Figure 1 compares cardiometabolic risk by site. Participants in the US had the great-

est prevalence of cardiometabolic risk factors. Overall, 33% of US participants had 3/5 car-
diometabolic risk factors, 41% had inflammation defined as a CRP level > 3, and 52% were 
obese. Participants in Jamaica had the lowest percentage of participants who met 3/5 car-
diometabolic risk factors. However, while the prevalence of cardiometabolic risk was low 
in Jamaica, 32% of participants presented with inflammation and 31% were obese. Gha-
naians had lowest percentage of participants with inflammation (21%) and obesity (9.9%). 

 
Figure 1. Comparison of prevalence for participants with at least 3/5 cardiometabolic risk factors 
by site. 

3.2. Dietary Fiber Analysis 
Table 3, the adjusted multivariate logistic regression models demonstrate an inverse 

relationship between dietary fiber intake and cardiometabolic risk. After adjusting for age, 
gender, energy intake, physical activity, smoking, and alcohol use, it is established that 
increasing total fiber, soluble fiber, and insoluble fiber intakes are associated with lower 
cardiometabolic risk, inflammation, and obesity. Participants who met 3/5 cardiometa-
bolic risk factors were 1.96 times (1.25, 3.06) as likely to be in the lowest quartile of total 
fiber intake, 1.83 times (1.17, 2.84) as likely to be in the lowest quartile of soluble fiber 
intake, and 1.80 times (1.16, 2.79) as likely to be in the lowest quartile of insoluble fiber 
intake compared to participants in the highest quartile of fiber intake. Additionally, par-
ticipants with elevated CRP were 1.70 times (1.28, 2.43) as likely to be in the lowest quartile 
of total fiber intake and 1.46 times (1.03, 2.07) as likely to be in the lowest quartile of insol-
uble fiber. Finally, participants in the lowest quartile of total, soluble, and insoluble fiber 
were more likely to be obese; however, these associations were no longer statistically sig-
nificant after controlling for site. 

Table 3. Adjusted odds ratios for cardiometabolic risk based on quartiles of total fiber, soluble fiber, and insoluble fiber 
intake in four countries across the epidemiological transition. 

Total Fiber Analysis 
 Not Controlled for Site Controlled for Site 

Quartiles of Total  
Fiber 

3/5 CM Risk Fac-
tors Inflammation Obesity 

3/5 CM Risk Fac-
tors Inflammation Obesity 

0.0–10.34 g (Q1) 1.96 (1.25, 3.06) * 1.70 (1.18, 2.43) * 2.76 (1.90, 4.02) * 1.43 (0.85, 2.42) 1.27 (0.84, 1.93) 1.05 (0.68, 1.62) 
10.34–15.05 g (Q2) 1.60 (1.05, 2.42) * 1.67 (1.20, 2.32) * 2.52 (1.78, 3.57) * 1.40 (0.86, 2.25) 1.37 (0.95, 1.99) 1.23 (0.82, 1.83) 
15.05–22.03 (Q3) 0.97 (0.63, 1.49) 1.21 (.87, 1.67) 1.62 (1.14, 2.29) * .86 (0.54, 1.36) 1.07 (0.76, 1.51) 1.01 (0.69, 1.48) 

>22.03(Q4) Reference Reference  Reference  Reference  Reference  Reference 
Soluble Fiber Analysis 
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Quartiles of Soluble 
Fiber 

3/5 CM Risk Fac-
tors Inflammation Obesity 3/5 CM Risk Fac-

tors Inflammation Obesity 

0.0–3.00 g (Q1) 1.83 (1.17, 2.84) * 1.25 (0.88, 1.80) 1.85 (1.28, 2.67) * 1.59 (0.98, 2.56) 1.08 (0.74, 1.58) 1.13 (0.75, 1.67) 

3.00–4.34 g (Q2) 1.37 (0.90, 2.08) 1.56 (1.12, 2.16) 1.78 (1.26, 2.51) 1.19 (0.76, 1.87) 1.37 (0.97, 1.93) 1.15 (0.79, 1.67) 

4.34–6.00 (Q3) 1.16 (0.77, 1.76) 1.08 (0.78, 1.49) 1.55 (1.11, 2.16) 1.05 (0.68, 1.61) 1.01 (0.72, 1.40) 1.28 (0.90, 1.84) 

>6.00 (Q4) Reference  Reference  Reference  Reference  Reference  Reference  

Insoluble Fiber Analysis 
Quartiles of Insolu-

ble Fiber 

3/5 CM Risk Fac-
tors Inflammation Obesity 3/5 CM risk Fac-

tors Inflammation Obesity 

0.0–6.99 g (Q1) 1.80 (1.16, 2.79) * 1.46 (1.03, 2.07) * 2.68 (1.86, 3.86) * 1.25 (0.74, 2.09) 1.05 (0.70, 1.57) 1.01 (0.66, 1.55) 

6.99–10.57 g (Q2) 1.52 (1.00, 2.30) * 1.59 (1.15, 2.20) * 2.32 (1.65, 3.28) * 1.24 (0.77, 1.99) 1.23 (0.85, 1.78) 1.06 (0.71, 1.58) 

10.57–16.29 (Q3) 1.01 (0.65, 1.56) 1.04 (0.75, 1.45) 1.54 (1.08, 2.18) * 0.95 (0.60, 1.51) 0.91 (0.64, 1.29) 1.00 (0.67, 1.46) 

>16.29 (Q4) Reference  Reference  Reference  Reference  Reference  Reference  

Multivariate model adjusted for age, gender, energy intake, physical activity, alcohol intake, and smoking. * p ≤ 0.05. CM 
= cardiometabolic. 

3.3. Omega-3 and Omega-6 Fatty Acid Analysis 
The prevalence of cardiometabolic risk was analyzed by chi-square analysis compar-

ing the lowest quartile of EPA+ DHA (Q1) with the highest quartile (Q4), and by compar-
ing participants who consumed an AA/EPA + DHA ratio of ≤4:1 and >4:1. The trend for 
the lower prevalence of cardiometabolic risk factors with increased intake of EPA and 
DHA and a total AA/EPA + DHA ratio of ≤4:1 was seen for cardiometabolic conditions in 
some sites. However, it should be noted that differences in the prevalence of cardiometa-
bolic risk factors and EPA and DHA intake and an AA/EPA + DHA ratio ≤ 4: 1 and >4:1 
were modest, with statistical significance achieved only in the prevalence of increased 
cardiometabolic risk in the Seychelles based on an AA/EPA + DHA ratio of ≤ 4: 1 and 
>4:1. 

In Table 4, the adjusted multivariate logistic regression models demonstrate an in-
verse relationship between EPA + DHA intake and cardiometabolic risk. After adjusting 
for age, gender, energy intake, physical activity, smoking, and alcohol, increasing EPA + 
DHA intake is associated with protection from higher cardiometabolic risk (2.16 (1.45, 
3.20)), inflammation (1.59 (1.17, 2.16)), and obesity (2.06 (1.50, 2.82)). However, these asso-
ciations are no longer seen after controlling for site. The adjusted multivariate logistic re-
gression models demonstrate how an AA/EPA + DHA ratio of ≤4:1 also protects against 
increased cardiometabolic risk (1.80 (1.24, 2.60)), inflammation (1.47 (1.06, 2.03)), and obe-
sity (1.72 (1.25, 2.39)). However, these associations are no longer seen after controlling for 
site. 

Table 4. Adjusted odds ratios for cardiometabolic risk based on the AA/EPA + DHA ratio of 4:1 intake in four countries 
across the epidemiological transition. 

 Not Controlled for Site Controlled for Site 

AA/EPA + DHA 4:1 3/5 CM Risk Fac-
tors 

Inflammation Obesity 3/5 CM Risk 
Factors 

Inflammation Obesity 

≤4:1 Reference  Reference  Reference  Reference  Reference  Reference  
>4:1 1.80(1.24, 2.60) * 1.47 (1.06, 2.03) * 1.72 (1.25, 2.39) * 1.03 (0.69, 1.55) 1.04 (0.74, 1.47) 0.85 (0.60, 1.22) 

Quartiles of EPA + 
DHA 

3/5 CM Risk Fac-
tors Inflammation Obesity 3/5 CM Risk  

Factors Inflammation Obesity 

0.0–0.07 g (Q1) 2.16(1.45, 3.20) * 1.59 (1.17, 2.16) * 2.06(1.50, 2.82) * 1.05 (0.65, 1.70) 0.98 (0.69, 1.41) 0.80 (0.54, 1.18) 
0.07–0.23 g (Q2) 1.30 (0.85, 1.97) 1.08 (0.78, 1.49) 1.20 (0.87, 1.67) 0.83 (0.52, 1.34) 0.82 (0.58, 1.15) 0.72 (0.49, 1.04) 
0.23–0.58 (Q3) 1.23 (0.80, 1.87) .83 (0.60, 1.15) 1.04 (0.75, 1.44) 1.19 (0.77, 1.85) 0.74 (0.53, 1.03) 0.85 (0.60, 1.21) 

>0.58 (Q4) Reference  Reference  Reference  Reference  Reference  Reference  
Multivariate model adjusted for age, gender, energy intake, physical activity, alcohol intake, and smoking. * p≤ 0.05. CM 
= cardiometabolic. 
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3.4. The Association of Monounsaturated Fatty Acids and Cardiometabolic Risk across the 
Epidemiological Transition 

The prevalence of cardiometabolic risk factors was analyzed by chi-square analysis 
comparing the lowest quartile of %TEC monounsaturated fatty acids (Q1) with the highest 
quartile (Q4), and by comparing participants who consumed <15% TEC of monounsatu-
rated fatty acids and ≥15% TEC. The trend for the lower prevalence of cardiometabolic 
risk with increased %TEC of monounsaturated fatty acid intake and ≥15% TEC of mon-
ounsaturated fatty acids was seen at some sites. 

In Table 5, the adjusted multivariate logistic regression models demonstrates no sig-
nificant association between higher cardiometabolic risk, obesity, and inflammation when 
comparing quartiles of %TEC of MUFA or when comparing a diet with %TEC of MUFA 
≥15% or <15%. 

Table 5. Adjusted odds ratios for cardiometabolic risk based on %TEC monounsaturated fatty acids <15% and >15% in 
four countries across the epidemiological transition. 

 Not Controlled for Site Controlled for Site 

% of MUFA Intake 3/5 CM Risk Fac-
tors Inflammation Obesity 3/5 CM Risk Fac-

tors Inflammation Obesity 

<15% 0.52 (0.38, 0.70) 0.72 (0.57, 0.91) 0.50 (0.39, 0.65) 1.25 (0.86, 1.82) 0.97 (0.72, 1.31) 1.12 (0.81, 1.54) 
≥15% Reference  Reference  Reference  Reference  Reference  Reference  

 Not Controlled for Site Controlled for Site 
Quartile of %TEC 

MUFA Intake 
3/5 CM Risk Fac-

tors Inflammation Obesity 3/5 CM Risk Fac-
tors Inflammation Obesity 

0.0–8.9 0.39 (0.26, 0.60) 0.51 (0.36, 0.71) 0.31 (0.21, 0.45) 1.08 (0.64, 1.81) 0.80 (0.54, 1.19) 0.94 (0.61, 1.45) 
8.9–11.8 0.42 (0.28, 0.63) 0.70 (0.51, 0.95) 0.47 (0.34, 0.65) 1.16 (0.72, 1.88) 1.04 (0.72, 1.50) 1.13 (0.76, 1.68) 

11.8–15.30 0.60 (0.42, 0.86) 0.74 (0.55, 1.00) 0.82 (0.61, 1.11) 1.15 (0.77, 1.72) 0.97 (0.70, 1.36) 1.54 (1.08, 2.20) 
>15.3 Reference  Reference  Reference  Reference  Reference  Reference  

4. Discussion 
In our study, we found a heterogeneous pattern of cardiometabolic risk factors in the 

four populations spanning the epidemiologic transition. Despite this, the prevalence of 
cardiometabolic risk factors is lowest in Ghana (lowest HDI) and highest in the US (high-
est HDI) compared to the other study. The data also suggest that LMICs may be experi-
encing a rise in obesity rates and nutrition-related noncommunicable diseases by adopting 
a more western-style diet. Indeed, as populations become more affluent, both the total 
calories consumed as well as the macronutrient component changes, with the consump-
tion of inexpensive ultra-processed foods. A systemic evaluation conducted by the Bill 
and Melinda Gates foundation found that a suboptimal diet is responsible for more deaths 
globally than other risk factors, including tobacco smoking [45]. While significant empha-
sis has been placed on promoting diets that are low in sodium, sugar, and fat, the assess-
ment shows that diets low in whole grains, fruits, nuts and seeds, vegetables, and omega-
3 fatty acids account for more than 2% of global deaths [46]. 

4.1. Dietary Fiber Intake 
When comparing the prevalence of cardiometabolic risk between participants con-

suming either the lowest or highest daily total, soluble, and insoluble dietary fiber across 
all sites, a significant association is seen for higher cardiometabolic risk, inflammation (in-
dicated by elevated CRP levels), and obesity in the participants with the lowest total, sol-
uble, and insoluble fiber intake. The only exception is the association between inflamma-
tion and soluble fiber intake. This study corroborates previous studies that demonstrate 
how dietary fiber can be protective against cardiometabolic risk [7–9]. Similarly to fiber, 
meat and saturated fats are not completely digested and are fermented in the gut to pro-
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duce short chain fatty acids. However, the metabolism of meats and saturated fats pro-
duces inflammatory and pro-neoplastic nitrogenous metabolites, such as nitrosamines, 
phenolics, and p-cresol [47]. However, high fiber diets can counteract these inflammatory 
and neoplastic pathways [48]. The Institute of Medicine (IOM) recommends consuming 
at least 14 g of fiber per day, and the US Department of Agriculture (USDA) recommends 
that women consume at least 22 g of fiber per day and that men consume 38 g/d [42]. 
While 42.2% of participants in Ghana met the 14 g/day cut-off recommendation by the 
IOM, less than 10% of participants in the Seychelles, Jamaica, and the United States met 
these guidelines. 

4.2. Omega-3 and Omega-6 Fatty Acid Intake 
A significant association is seen between higher cardiometabolic risk, inflammation 

(indicated by elevated CRP levels), and obesity in the participants consuming the lowest 
quantity of EPA and DHA versus participants in the highest quartile. Our study supports 
previous studies that demonstrate the beneficial effects of EPA and DHA in reducing the 
risk of cardiometabolic outcomes [18–21]. Unfortunately, in most countries and regions, 
the intake of omega-3 fatty acids is substandard [49]. ISSFAL recommends consuming ≥
0.50 g/day of EPA and DHA [50], while the American Heart Association (AHA) recom-
mends that patients with coronary artery disease consume 1 g of EPA and DHA per day 
and that patients with hypertriglyceridemia consume 2–4 g of EPA and DHA per day [51]. 
In the Seychelles, 52.2% of participants met these guidelines. However, across the other 
sites, most participants did not meet the ISSFAL guidelines. In fact, only 7.2% of partici-
pants in the United States consumed the recommended amount of EPAH and DHA. 

Across all sites, a significant association is seen between cardiometabolic risk, inflam-
mation, and obesity in the participants consuming an AA/EPA + DHA ratio of >4:1. Only 
0.7% of US participants consumed a diet with an AA/EPA + DHA ratio <4:1. In Ghana, 
17.2% of participants consumed a diet with an AA/EPA + DHA ratio <4:1. The increased 
omega-6 fatty acid consumption in western diets can be attributed to high intake of pro-
cessed foods and the increased use of corn or sunflower oil (which are rich in omega-6 
fatty acids) [52]. Additionally, animal feed is now predominantly grain instead of grass in 
many countries. This has caused an increase in the level of arachidonic acid, a type of 
omega-6 fatty acid, in meat, eggs, and dairy products [53]. 

4.3. Monounsaturated Fatty Acid Intake 
When comparing the prevalence of cardiometabolic risk between participants con-

suming either the lowest and highest %TEC of monounsaturated fatty acids across all 
sites, no significant association was seen with cardiometabolic risk, inflammation, and 
obesity. Similarly, no significant association was seen with cardiometabolic risk, inflam-
mation, and obesity when comparing participants who consumed %TEC of monounsatu-
rated fatty acids greater than or less than 15%. Current studies investigating the relation-
ship between MUFA intake and cardiometabolic risk report inconsistent findings [54,55]. 
A possible explanation for the discrepancy is that the source of MUFA is often not speci-
fied. In Western diets, MUFA is mainly derived from animal-based sources, such as dairy 
and meat. Animal-based sources of MUFA are higher in saturated fats compared to plant-
based sources, such as olive oil, nuts, or avocado, which could be confounding the results 
[56]. While plant-based sources of MUFA have been associated with health benefits, 
health organizations such as the United States Department of Agriculture and the Amer-
ican Diabetes Association do not provide specific dietary recommendations for MUFA 
intake for healthy individuals or for individuals with chronic conditions. The current 
MUFA recommendations vary between 12% and 25% of TEC, equaling a remarkable 
range of ~30–70 g/day for a 2500 kcal diet [57]. 
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4.4. Significance of Site 
After we controlled our analysis for country of origin, the association between die-

tary factors and cardiometabolic risk was no longer significant. This could be attributed 
to the disproportionate number of participants in the US who have cardiometabolic risk 
(33.3%) compared to <10% of the population at the other three sites. Overall, the preva-
lence of metabolic risk factors, such as waist circumference and cholesterol levels, is much 
lower in Ghana (lowest HDI) compared to the US (highest HDI), while sites with a me-
dium HDI fall between those observed in Ghana and the United States. This underlies 
large differences in other risk factors that are highly related to mean BMI across the in-
cluded countries. 

Despite these trends, the overall quality of diet across all of the sites remains poor. 
The epidemiologic transition has caused a shift in dietary patterns resulting in an increase 
in the quantity and a decline in the quality of macronutrients, mainly fats and carbohy-
drates. In many of these countries, traditional foods that are rich in whole grains and die-
tary fiber are being replaced by highly refined carbohydrates [57]. In addition, there has 
been an increase in the consumption of refined sugars and sugar-sweetened beverages, 
along with animal products [58]. 

Popkin et al. conducted a study to analyze trends in obesity and waist circumference 
across low-and-middle income countries, from 1990 to 2010, among adults aged 19–49. 
The study found an increase in BMI at each percentile in most countries, particularly at 
the 95th percentile. For example, in 1993, the BMI cut-off for the 95th percentile for women 
aged 30 years was 28.7. However, in 2008, the BMI cut-off for the 95th percentile was 31.3 
[59]. In addition to an increase in BMI cut-offs, the study found an overall increase in waist 
circumference at each BMI cut-off. Many studies show an association between waist cir-
cumference and an increased cardiometabolic risk [60]. The nutrition transition has re-
sulted in dietary changes that can stray away from traditional healthful diets and towards 
a pattern of highly processed and refined foods. The data demonstrate the need to develop 
policy at a global level to improve education and access to nutritious foods, and to pro-
mote the avoidance of over nutrition (particularly sugar beverages), in order to slow down 
the high rates of obesity and the tremendous societal health and economic costs associated 
with it. 

4.5. Limitations 
This study represents one of the few studies that examines cardiometabolic risk 

across multiple international sites spanning the epidemiological transition in people of 
African origin. This was achieved using central training of research staff, standardized 
questionnaires, protocols, analysis and methodology to allow us to conduct these com-
parisons across all sites. However, we recognize that there are limitations to our study. 
Firstly, dietary information was dependent on two self-reported 24-h recalls. Twenty-
four-hour recalls frequently result in an underestimation of the portion size and do not 
account for variations in diet across many days and seasons [61]. Additionally, how we 
quantified dietary data differs from other studies. For example, studies that looked into 
the association between omega-6 and omega-3 fatty acids and cardiometabolic risk use 
the omega-3 index as the primary outcome. The omega-3 index is calculated as the sum of 
EPA and DHA expressed as a percentage of the total fatty acids in erythrocyte membranes 
[18]. The omega-3 index correlates with the level of EPA and DHA in cardiac tissue [62], 
and is a predictor of cardiovascular events and all-cause mortality [19,63,64]. Lastly, 
within each site, the sample size was relatively small, and not necessarily representative 
of that country as a whole. The study has a fairly narrow age range and does not include 
individuals over the age of 50. While this allows for direct comparison across sites, indi-
viduals older than 50 are more likely to have cardiometabolic disease and, generally, 
higher levels of cardiovascular risk factors. 
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5. Conclusions 
Diet has become one of the most important risk factors to reduce the global burden 

of noncommunicable chronic diseases. The purpose of our study is to further elucidate 
our understanding of which dietary nutrients are commonly, or even universally, consid-
ered important. Given the likely benefits of fiber and omega-3 fatty acids shown in this 
study, further concerted effort, through multi-sectoral interventions and policy, should be 
made to improve availability and access to foods that are rich in these nutrients and to 
adjust food-based guidelines so that they are specific to a given country or region. 

Author Contributions: Conceptualization, S.M., L.R.D. and A.L.; methodology, S.M, L.R.D and 
A.L.; formal analysis, S.M. and L.R.D.; writing—original draft preparation, S.M. and L.R.D.; writ-
ing—review and editing, S.M., L.R.D, C.C.-K., P.B., K.B.-A., T.F., E.V.L., J.P.-R. and A.L. W.K. and 
W.R. performed the CM risk analysis, All authors have read and agreed to the published version of 
the manuscript. 

Funding: National Institutes of Health NIDDK R01DK080763. 

Institutional Review Board Statement: This study was conducted in accordance with the guide-
lines of the Declaration of Helsinki and approved by the Institutional Review Board of Loyola Uni-
versity Chicago (LU200038), the Committee on Human Research Publication and Ethics of Kwame 
Nkrumah University of Science and Technology, Kumasi, Ghana; the Research Ethics Committee of 
the University of Cape Town, South Africa; the Board for Ethics and Clinical Research of the Uni-
versity of Lausanne, Switzerland; and the Ethics Committee of the University of the West Indies, 
Kingston, Jamaica 

Informed Consent Statement: Written informed consent was obtained from all participants prior 
to study initiation. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Kassi, E.; Pervanidou, P.; Kaltsas, G.; Chrousos, G. Metabolic syndrome: Definitions and controversies. BMC Med. 2011, 9, 48, 

doi:10.1186/1741-7015-9-48. 
2. Calder, P.C.; Ahluwalia, N.; Brouns, F.; Buetler, T.; Clement, K.; Cunningham, K.; Esposito, K.; Nsson, L.S.; Kolb, H.; Lansink, 

M.; et al. Dietary factors and low-grade inflammation in relation to overweight and obesity commissioned by the ILSI Europe 
Metabolic Syndrome and Diabetes Task Force. Br. J. Nutr. 2011, 106, S5–S78, doi:10.1017/S0007114511005460. 

3. Eckert, S. Urbanization and Health in Developing Countries: A Systematic Review. World Health Popul. 2014, 15, 7–20, 
doi:10.12927/whp.2014.23722. 

4. Dugas, L.R.; Forrester, T.E.; Plange-Rhule, J.; Bovet, P.; Lambert, E.V.; Durazo-Arvizu, R.A.; Cao, G.; Cooper, R.S.; Khatib, R.; 
Tonino, L.; et al. Cardiovascular risk status of Afro-origin populations across the spectrum of economic development: Findings 
from the Modeling the Epidemiologic Transition Study. BMC Public Health 2017, 17, 438, doi:10.1186/s12889-017-4318-4. 

5. Johnson, W.D.; Brashear, M.M.; Gupta, A.K.; Rood, J.C.; Ryan, D.H. Incremental Weight Loss Improves Cardiometabolic Risk 
in Extremely Obese Adults. Am. J. Med. 2011, 124, 931–938, doi:10.1016/j.amjmed.2011.04.033. 

6. Liu, A.G.; Ford, N.A.; Hu, F.B.; Zelman, K.M.; Mozaffarian, D.; Kris-Etherton, P.M. A healthy approach to dietary fats: Under-
standing the science and taking action to reduce consumer confusion. Nutr. J. 2017, 16, 1–15, doi:10.1186/s12937-017-0271-4. 

7. Galisteo, M.; Duarte, J.; Zarzuelo, A. Effects of dietary fibers on disturbances clustered in the metabolic syndrome. J. Nutr. 
Biochem. 2008, 19, 71–84. 

8. Wong, J.M.W.; de Souza, R.; Kendall, C.W.C.; Emam, A.; Jenkins, D.J.A. Colonic Health: Fermentation and Short Chain Fatty 
Acids. J. Clin. Gastroenterol. 2006, 40, 235–243, doi:10.1097/00004836-200603000-00015. 

9. Marlett, J.; Slavin, J.L. Position of the American Dietetic Association: Health Implications of Dietary Fiber. J. Am. Diet. Assoc. 
1997, 97, 1157–1159, doi:10.1016/s0002-8223(97)00279-4. 

10. Shoelson, S.E.; Lee, J.; Goldfine, A.B. Inflammation and insulin resistance. J. Clin. Investig. 2006, 116, 1793–1801. 
11. Weickert, M.O.; Mohlig, M.; Pfeiffer, A.F.H.; Koebnick, C.; Holst, J.J.; Namsolleck, P.; Ristow, M.; Osterhoff, M.; Rochlitz, H.; 

Rudovich, N.; et al. Impact of cereal fibre on glucose-regulating factors. Diabetologia 2005, 48, 2343–2353, doi:10.1007/s00125-005-
1941-x. 

12. Simopoulos, A.P. An Increase in the Omega-6/Omega-3 Fatty Acid Ratio Increases the Risk for Obesity. Nutrients 2016, 8, 128, 
doi:10.3390/nu8030128. 



Nutrients 2021, 13, 2442 13 of 15 
 

 

13. Raheja, B.S.; Sadikot, S.M.; Phatak, R.B.; Rao, M.B. Significane of the n-6/n-3 ratio for insulin action in diabetes. Ann. N. Y. Acad. 
Sci. 1993, 683, 258–271. 

14. Simopoulos, A.P. The importance of the omega-6/omega-3 Fatty Acid ratio in cardiovascular disease and other chronic disease. 
Exp. Biol. Med. 2008, 233, 674–688. 

15. Nicholls, S.J.; Lincoff, A.M.; Garcia, M.; Bash, D.; Ballantyne, C.M.; Barter, P.J.; Davidson, M.H.; Kastelein, J.J.P.; Koenig, W.; 
McGuire, D.K.; et al. Effect of High-Dose Omega-3 Fatty Acids vs. Corn Oil on Major Adverse Cardiovascular Events in Patients 
at High Cardiovascular Risk: The STRENGTH Randomized Clinical Trial. JAMA 2020, 324, 2268–2280. 

16. Dennis, E.A.; Norris, P. Eicosanoid storm in infection and inflammation. Nat. Rev. Immunol. 2015, 15, 511–523, 
doi:10.1038/nri3859. 

17. Balk, E.M.; Lichtenstein, A.H.; Chung, M.; Kupelnick, B.; Chew, P.; Lau, J. Effects of omega-3 fatty acids on serum markers of 
cardiovascular disease risk: A systematic review. Atherosclerosis 2006, 189, 19–30, doi:10.1016/j.atherosclerosis.2006.02.012. 

18. Stanton, A.V.; James, K.; Brennan, M.M.; O’Donovan, F.; Buskandar, F.; Shortall, K.; El-Sayed, T.; Kennedy, J.; Hayes, H.; Fahey, 
A.G.; et al. Omega-3 index and blood pressure responses to eating foods naturally enriched with omega-3 polyunsaturated fatty 
acids: A randomized controlled trial. Sci. Rep. 2020, 10, 15444, doi:10.1038/s41598-020-71801-5. 

19. Harris, W.S.; Del Gobbo, L.; Tintle, N.L. Te Omega-3 Index and relative risk for coronary heart disease mortality: Estimation 
from 10 cohort studies. Atherosclerosis 2017, 262, 51–54. 

20. Harris, W.S.; Harris, W.S. n-3 fatty acids and serum lipoproteins: Human studies. Am. J. Clin. Nutr. 1997, 65, 1645S–1654S, 
doi:10.1093/ajcn/65.5.1645s. 

21. Eslick, G.D.; Howe, P.; Smith, C.; Priest, R.; Bensoussan, A. Benefits of fish oil supplementation in hyperlipidemia: A systematic 
review and meta-analysis. Int. J. Cardiol. 2009, 136, 4–16, doi:10.1016/j.ijcard.2008.03.092. 

22. Adili, R.; Hawley, M.; Holinstat, M. Regulation of platelet function and thrombosis by omega-3 and omega-6 polyunsaturated 
fatty acids. Prostaglandins Lipid Mediat. 2018, 139, 10–18, doi:10.1016/j.prostaglandins.2018.09.005. 

23. Schwingshackl, L.; Hoffmann, G. Monounsaturated Fatty Acids and Risk of Cardiovascular Disease: Synopsis of the Evidence 
Available from Systematic Reviews and Meta-Analyses. Nutrients 2012, 4, 1989–2007, doi:10.3390/nu4121989. 

24. Nutrition Committee; Kris-Etherton, P.M. AHA Science Advisory: Monounsaturated Fatty Acids and Risk of Cardiovascular 
Disease. J. Nutr. 1999, 129, 2280–2284, doi:10.1093/jn/129.12.2280. 

25. Schwingshackl, L.; Strasser, B.; Hoffmann, G. Effects of monounsaturated fatty acids on glycemic control in patients with ab-
normal glucose metabolism: A systematic review and metaanalysis. Ann. Nutr. Metab. 2011, 58, 290–29, doi:10.1159/000331214. 

26. Garg, A. High-monounsaturated-fat diets for patients with diabetes mellitus: A meta-analysis. Am. J. Clin. Nutr. 1998, 67, 577S–
582S, doi:10.1093/ajcn/67.3.577s. 

27. Shah, M.; Adams-Huet, B.; Garg, A. Effect of high-carbohydrate or high-cis-monounsaturated fat diets on blood pressure: A 
meta-analysis of intervention trials. Am. J. Clin. Nutr. 2007, 85, 1251–1256, doi:10.1093/ajcn/85.5.1251. 

28. Miura, K.; Stamler, J.; Brown, I.J. Relationship of dietary monounsaturated fatty acids to blood pressure: The International Study 
of Macro/Micronutrients and Blood Pressure. J. Hypertens. 2013, 31, 1144–1150. 

29. Teres, S.; Barceló-Coblijn, G.; Benet, M.; Alvarez, R.; Bressani, R.; Halver, J.E.; Escriba, P.V. Oleic acid content is responsible for 
the reduction in blood pressure induced by olive oil. Proc. Natl. Acad. Sci. USA 2008, 105, 13811–13816. 

30. Luke, A.; Bovet, P.; Brage, S.; Ekelund, U.; Steyn, N.P.; Forrester, T.; Lambert, E.V.; Plange-Rhule, J.; Schoeller, D.; Dugas, L.R.; 
et al. Protocol for the modeling the epidemiologic transition study: A longitudinal observational study of energy balance and 
change in body weight, diabetes and cardiovascular disease risk. BMC Public Health 2011, 11, 927, doi:10.1186/1471-2458-11-927. 

31. Barro, R.J.; Lee, J.W. A New Data Set of Educational Attainment in the World, 1950–2010; The National Bureau of Economic 
Research: Cambridge, MA, USA, 2011. Available online: http://www.nber.org/papers/w15902 (accessed on 15 May 2018). 

32. Carriquiry, A.L. Estimation of Usual Intake Distributions of Nutrients and Foods. J. Nutr. 2003, 133, 601S–608S, 
doi:10.1093/jn/133.2.601s. 

33. Carriquiry, A.L.; Fuller, W.A.; Goyeneche, J.J.; Dodd, K.W. Estimation of the Usual Intake Distributions of Ratios of Dietary Compo-
nents; Center for Agricultural and Rural Development, Iowa State University: Ames, IA, USA, 1995. 

34. Guenther, P.; Kott, P.; Carriquiry, A.L. Development of an Approach for Estimating Usual Nutrient Intake Distributions at the 
Population Level. J. Nutr. 1997, 127, 1106–1112, doi:10.1093/jn/127.6.1106. 

35. Steyn, N.P.; Nel, J.H.; Parker, W.-A.; Ayah, R.; Mbithe, D. Dietary, social, and environmental determinants of obesity in Kenyan 
women. Scand. J. Public Health 2010, 39, 88–97, doi:10.1177/1403494810384426. 

36. Luke, A.; Bovet, P.; Plange-Rhule, J.; Forrester, T.; Lambert, E.V.; Schoeller, D.; Dugas, L.R.; Durazo-Arvizu, R.; Shoham, D.; 
Cao, G.; et al. A mixed ecologic-cohort comparison of physical activity & weight among young adults from five populations of 
African origin. BMC Public Health 2014, 14, 397, doi:10.1186/1471-2458-14-397. 

37. Dugas, L.R.; Bovet, P.; Brage, S.; Ekelund, U.; Luke, A.; Forrester, T.; Lambert, E.V.; Plange-Rhule, J.; Durazo-Arvizu, R.; Sho-
ham, D.; et al. Comparisons of intensity-duration patterns of physical activity in the US, Jamaica and 3 African countries. BMC 
Public Health 2014, 14, 882, doi:10.1186/1471-2458-14-882. 

38. SAS Programs for Analyzing NHANES 2003–2004 Accelerometer Data. 2014. Available online: http://appliedresearch.can-
cer.gov/nhanes_pam/ (accessed on 25 July 2014). 

39. Troiano, R.P.; Berrigan, D.; Dodd, K.W.; Masse, L.C.; Tilert, T.; McDowell, M. Physical activity in the United States measured 
by accelerometer. Med. Sci. Sports Exerc. 2008, 40, 181–188. 



Nutrients 2021, 13, 2442 14 of 15 
 

 

40. National Cholesterol Education Program; Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in 
Adults. Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, and Treat-
ment of High Blood Cholesterol in Adults (Adult Treatment Panel III) final report. Circulation 2002, 106, 3143–3421. 

41. American Heart Association; Heart, L.N.; Grundy, S.M.; Cleeman, J.I.; Daniels, S.R.; Donato, K.A.; Eckel, R.H.; Franklin, B.; 
Gordon, D.J.; Krauss, R.M.; et al. Diagnosis and management of the metabolic syndrome. An American Heart Association/Na-
tional Heart, Lung, and Blood Institute Scientific Statement. Exec. Summ. Cardiol. Rev. 2006, 13, 322–327. 

42. Ford, E.S.; Giles, W.H.; Mokdad, A.H.; Myers, G.L. Distribution and Correlates of C-Reactive Protein Concentrations among 
Adult US Women. Clin. Chem. 2004, 50, 574–581, doi:10.1373/clinchem.2003.027359. 

43. Institute of Medicine (U.S.). Panel on Macronutrients. II.; QP141.D529 2005; Institute of Medicine (U.S.), Standing Committee on 
the Scientific Evaluation of Dietary Reference Intakes: Washington, DC, USA, 2005. 

44. The Global Organisation for EPA and DHA recommendations for EPA and HHA. Available online: 
https://www.issfal.org/goed-recommendations-for-epa-dha (accessed on 12 July 2021). 

45. The Facts on Fats. 50 Years of American Heart Association: Dietary Fats Recommendations. Available online: 
https://www.heart.org/-/media/files/healthy-living/company-collaboration/inap/dietary-fat-recommendations-timeline-pdf-
ucm_474998.pdf (accessed on 12 July 2021). 

46. GBD 2017 Diet Collaborators. Health effects of dietary risks in 195 countries, 1990–2017: A systematic analysis for the Global 
Burden of Disease Study 2017. Lancet 2019, 393, 1958–1972, doi:10.1016/S0140-6736(19)30041-8. 

47. GBD 2013 Risk Factors Collaborators; Forouzanfar, M.H.; Alexander, L. Global, regional, and national comparative risk assess-
ment of 79 behavioural, environmental and occupational, and metabolic risks or clusters of risks in 188 countries, 1990–2013: A 
systematic analysis for the Global Burden of Disease Study 2013. Lancet 2015, 386, 2287–2323. 

48. Windey, K.; De Preter, V.; Verbeke, K. Relevance of protein fermentation to gut health. Mol. Nutr. Food Res. 2011, 56, 184–196, 
doi:10.1002/mnfr.201100542. 

49. Humphreys, K.J.; Conlon, M.A.; Young, G.; Topping, D.L.; Hu, Y.; Winter, J.; Bird, A.R.; Cobiac, L.; Kennedy, N.A.; Michael, 
M.Z.; et al. Dietary Manipulation of Oncogenic MicroRNA Expression in Human Rectal Mucosa: A Randomized Trial. Cancer 
Prev. Res. 2014, 7, 786–795, doi:10.1158/1940-6207.capr-14-0053. 

50. Stark, K.D.; Van Elswyk, M.E.; Higgins, M.R.; Weatherford, C.A.; Salem, N. Global survey of the omega-3 fatty acids, docosahex-
aenoic acid and eicosapentaenoic acid in the blood stream of healthy adults. Prog. Lipid Res. 2016, 63, 132–152, doi:10.1016/j.pli-
pres.2016.05.001. 

51. Kleber, M.E.; Delgado, G.E.; Lorkowski, S.; März, W.; Von Schacky, C. Omega-3 fatty acids and mortality in patients referred 
for coronary angiography. The Ludwigshafen Risk and Cardiovascular Health Study. Atherosclerosis 2016, 252, 175–181, 
doi:10.1016/j.atherosclerosis.2016.06.049. 

52. US Department of Agriculture; US Department of Health and Human Services. Dietary Guidelines for Americans, 7th ed.; US 
Government Printing Office: Washington, DC, USA, 2010. 

53. Bederska-Łojewska, D.; Orczewska-Dudek, S.; Pieszka, M. Metabolism of arachidonic acid, its concentration in animal products 
and influence on inflammatory processes in the human body: A review/Metabolizm kwasu arachidonowego, jego stężenie w 
produktach zwierzęcych i wpływ na procesy zapalne w organizmie człowieka—artykuł przeglądowy. Ann. Anim. Sci. 2013, 13, 
177–194, doi:10.2478/aoas-2013-0001. 

54. Jakobsen, M.U.; O’Reilly, E.J.; Heitmann, B.L.; Pereira, M.; Bälter, K.; Fraser, G.E.; Goldbourt, U.; Hallmans, G.; Knekt, P.; Liu, 
S.; et al. Major types of dietary fat and risk of coronary heart disease: A pooled analysis of 11 cohort studies. Am. J. Clin. Nutr. 
2009, 89, 1425–1432, doi:10.3945/ajcn.2008.27124. 

55. Wang, D.D.; Li, Y.; Chiuve, S.E.; Stampfer, M.J.; Manson, J.E.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Association of Specific Dietary 
Fats with Total and Cause-Specific Mortality. JAMA Intern. Med. 2016, 176, 1134–1145, doi:10.1001/jamainternmed.2016.2417. 

56. Rohem, E. The evidence-based Mediterranean diet reduces coronary heart disease risk, and plant-derived monounsaturated 
fats may reduce coronary heart disease risk. Am. J. Clin. Nutr. 2009, 90, 697–698. 

57. Gaesser, G. Perspective: Refined Grains and Health: Genuine Risk, or Guilt by Association? Adv. Nutr. 2019, 10, 361–371, 
doi:10.1093/advances/nmy104. 

58. Odegaard, A.O.; Koh, W.-P.; Arakawa, K.; Yu, M.C.; Pereira, M.A. Soft Drink and Juice Consumption and Risk of Physician-
diagnosed Incident Type 2 Diabetes: The Singapore Chinese Health Study. Am. J. Epidemiol. 2010, 171, 701–708, 
doi:10.1093/aje/kwp452. 

59. Popkin, B.M.; Du, S. Dynamics of the Nutrition Transition toward the Animal Foods Sector in China and its Implications: A 
Worried Perspective. J. Nutr. 2003, 133, 3898S–3906S, doi:10.1093/jn/133.11.3898s. 

60. Popkin, B.M.; Slining, M.M. New dynamics in global obesity facing low- and middle-income countries. Obes. Rev. 2013, 14, 11–
20, doi:10.1111/obr.12102. 

61. Ismail, I.; Keating, S.; Baker, M.; Johnson, N.A. A systematic review and meta-analysis of the effect of aerobic vs. resistance 
exercise training on visceral fat. Obes. Rev. 2011, 13, 68–91, doi:10.1111/j.1467-789x.2011.00931.x. 

62. Kang, M.; Park, S.-Y.; Boushey, C.J.; Wilkens, L.R.; Monroe, K.R.; Le Marchand, L.; Kolonel, L.N.; Murphy, S.P.; Paik, H.-Y. 
Portion Sizes from 24-Hour Dietary Recalls Differed by Sex among Those Who Selected the Same Portion Size Category on a 
Food Frequency Questionnaire. J. Acad. Nutr. Diet. 2018, 118, 1711–1718, doi:10.1016/j.jand.2018.02.014. 



Nutrients 2021, 13, 2442 15 of 15 
 

 

63. Metcalf, R.G.; Cleland, L.G.; Gibson, R.; Roberts-Thomson, K.C.; Edwards, J.R.; Sanders, P.; Stuklis, R.; James, M.J.; Young, G.D. 
Relation between blood and atrial fatty acids in patients undergoing cardiac bypass surgery. Am. J. Clin. Nutr. 2010, 91, 528–
534, doi:10.3945/ajcn.2009.28302. 

64. Harris, W.S.; Tintle, N.L.; Etherton, M.R.; Vasan, R.S. Erythrocyte long-chain omega-3 fatty acid levels are inversely associated 
with mortality and with incident cardiovascular disease: Te Framingham Heart Study. J. Clin. Lipidol. 2018, 12, 718–727. 


	1. Introduction
	1.1. Dietary Fiber Intake
	1.2. Polyunsaturated Fatty Acids (PUFAs)
	1.3. Monounsaturated Fatty Acid Intake

	2. Methods
	2.1. Study Population and Ethics Approval
	2.2. Anthropometry and Biochemical Measures
	2.3. Dietary Intake
	2.4. Physical Activity Measurement
	2.5. Clinical Outcomes
	2.6. Statistical Analyses

	3. Results
	3.1. Cardiometabolic Risk across the Epidemiologic Transition
	3.2. Dietary Fiber Analysis
	3.3. Omega-3 and Omega-6 Fatty Acid Analysis
	3.4. The Association of Monounsaturated Fatty Acids and Cardiometabolic Risk across the Epidemiological Transition

	4. Discussion
	4.1. Dietary Fiber Intake
	4.2. Omega-3 and Omega-6 Fatty Acid Intake
	4.3. Monounsaturated Fatty Acid Intake
	4.4. Significance of Site
	4.5. Limitations

	5. Conclusions
	References

