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ABSTRACT 
 

The Mediterranean diet is cardioprotective, however underlying mechanisms are 

unknown. We examined the association between the Mediterranean diet and 

inflammation/oxidative stress, and between alpha-linolenic acid (ALA) and inflammation 

related to cellular response to interleukin-6 (IL-6), evaluating whether the associations 

persisted after further controlling for familial factors. We used data from raised-together 

middle-aged male twins, including monozygotic and dizygotic twins, in the Twins Heart 

Study (THS) at Emory University. Dietary data over the previous one year was collected 

with the Willett Food Frequency Questionnaire. We derived a diet score measuring 

adherence to the Mediterranean diet following a published algorithm. Mixed-effect 

regression analysis was used to partition the association into between- and within-twin 

pair differences. When examining within-pair effects, twins were matched for 

sociodemographic and familial factors. After adjusting for energy intake, other nutritional 

factors, known cardiovascular risk factors, and medication use, a  one-unit increment in 

the diet score was associated with 5% lower interleukin-6 (IL-6) levels (P=0.008) and a 

7% higher ratio of reduced (GSH) to oxidized glutathione (GSSG) (P=0.03), but not C-

reactive protein (CRP) levels. A one-gram increment in habitual dietary ALA intake was 

associated with 11.4% lower levels of soluble IL-6 receptor (sIL-6R) (P=0.009). The 

association persisted within twin pairs: a one-unit within-pair absolute difference in the 

diet score was associated with 9.2% lower IL-6 levels (P <0.0001) and a 10% higher 

GSH/GSSG ratio (P=0.007); a one-gram within-pair absolute difference in dietary ALA 

intake was associated with 12.2% lower sIL-6R levels (P=0.005). In conclusion, the 

association between the Mediterranean diet and systemic inflammation/oxidative stress, 



 

and that between habitual dietary ALA intake and sIL-6R is not confounded by genetic 

and shared environmental factors. Decreased inflammation and /or oxidative stress are 

plausible mechanisms linking Mediterranean diet to reduced cardiovascular risk, and 

habitual dietary ALA may contribute to the cardioprotective properties of the 

Mediterranean diet. 

 

 



 

Protective mechanisms of the Mediterranean diet on cardiovascular disease: a twin study 
 
 
 

By 
 
 

Jun Dai, 
M.D., Sun Yat-sen University of Medical Sciences, 1991, China 
M.Sc., Sun Yat-sen University of Medical Sciences, 1998, China 

 
 

Adviser: Viola Vaccarino, M.D., Ph.D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A dissertation submitted to the Faculty of the Graduate 
School of Emory University in partial fulfillment  

of the requirements for the degree of  
Doctor of Philosophy 

 
 
 
 
 
 
 
 

Graduate Division of Biological and Biomedical Sciences 
Nutrition and Health Science Program 

 
2008



 

 

 

 

PROTECTIVE MECHANISMS OF THE MEDITERRANEAN DIET ON 

CARDIOVASCULAR DISEASE: A TWIN STUDY 

 

 

By 

 

Jun Dai



 1

ACKNOWLEDGEMENTS 
 
 

I would like to acknowledge the guidance and support of my academic adviser, Dr. Viola 
Vaccarino. Her generous and insightful comments and advice were invaluable in the 
completion of my research and dissertation. Her door was always open when I had any 
questions and needed her assistance. She is one of the best advisers and teachers I have 
ever had. I would also like to thank my committee members: Dr. Ziegler, Dr. Jones, Dr. 
Bostick, and Dr. Manatunga, who gave me encouragement, advice and guidance.  
 
My deep appreciation goes to all those who helped me to finish my Ph.D. training at 
Emory. I am very grateful for the generous financial assistance I received from the 
Ellison Medical Foundation and from Dr. Vaccarino. I would like to thank the American 
Heart Association for giving an F1-visa holder, like myself, the opportunity to apply for 
their grants. This opportunity was invaluable for me in starting my early career in the US. 
I was delighted to be awarded the American Heart Association Predoctoral Fellowship 
after strong competition. Without the support of this fellowship, I could not have 
survived in the US with my whole heart on the dissertation research. 
 
I also would like to thank Dr. Anh-Le for his guidance and strong support. My thanks 
also go to the faculty and staff of EPICORE (Emory Program in Cardiovascular 
Outcomes Research and Epidemiology). They were like my family during the 3.5 years I 
spent in EPICORE and made my life bright and colorful. Special thanks to Drs. Willis 
Williams, Emir Veledar, Peter W. Wilson, and Ms. Jones Linda. They were the loyal 
audience for my presentation and gave me great and sharp comments to improve the 
presentation.  
 
I would like to thank my parents, sister, son, and friends. I cannot thank my family and 
friends enough for their strong support.  



 2

LIST OF TABLES 
TABLE A.1............................................................................................................... 85 

Age, Lifestyle, Clinical and Biochemical Characteristics of Subjects According to 
the Mediterranean Diet Score ................................................................................... 85 

TABLE A.2............................................................................................................... 88 

Intraclass Correlation Coefficients ........................................................................... 88 

TABLE A.3............................................................................................................... 89 

Associations between the Mediterranean Diet Score (MDS) and Inflammatory 
Biomarker  Concentrations in the Entire Sample. .................................................... 89 

TABLE A.4............................................................................................................... 92 

Within-Pair Differences in Inflammatory Biomarker Concentrations per 1-Unit 
Mediterranean Diet Score (MDS), Overall and by Zygosity.................................... 92 

Appendix Table A-I. ................................................................................................. 95 

Dietary Components Used to Construct the Mediterranean Diet Score ................... 95 

Appendix Table A-II................................................................................................. 97 

Medians of Dietary Components (adjusted to 2500 kcal) Used for the Mediterranean 
Diet Score Calculation or Otherwise Used in the Analysis. ..................................... 97 

TABLE B.1. ............................................................................................................ 124 

Characteristics according to the Mediterranean diet score in the entire sample..... 124 

TABLE B.2. ............................................................................................................ 129 

Associations between the Mediterranean diet score and plasma concentrations of 
oxidative stress biomarkers in the entire sample .................................................... 129 

TABLE B.3 ............................................................................................................. 133 

Within-pair percent difference in geometric means of plasma oxidative stress 
biomarker concentrations per 1-unit within-pair difference in Mediterranean diet 
score, overall and by zygosity................................................................................. 133 

Appendix TABLE B-I............................................................................................. 139 

Dietary components (adjusted to 2,500 kcal) used for the Mediterranean diet score 
calculation or otherwise used in the analysis.......................................................... 139 

Appendix TABLE B-II ........................................................................................... 143 

Correlations for MDS, IL-6, and sIL-6R between MZ and DZ co-twins. .............. 143 



 3

Table C.1................................................................................................................. 168 

Nutritional, Sociodemographic, Lifestyle, Clinical and Biochemical Characteristics 
of Subjects According to Dietary Intake of Alpha-linolenic Acid ......................... 168 

Table C.2................................................................................................................. 173 

Associations between Dietary ALA and Plasma Concentrations of Interleukin-6 and 
its Soluble Receptor sIL-6R.................................................................................... 173 

Table C.3................................................................................................................. 177 

Within-Pair Percent Differences in Plasma Concentrations of Interleukin-6 and its 
Soluble Receptor sIL-6R per 1-gram Within-pair Absolute Difference in Habitual 
Dietary ALA Intake ................................................................................................ 177 

 



 4

LIST OF FIGURES 
 

Figure 1. Reproducibility of some biomarkers of inflammation or oxidative stress ........ 20 

Figure 2. Discrimination ratio for each inflammatory marke . ......................................... 21 

Figure 3. Conversion of alpha-linolenic acid into long chain ω-3 fatty acids competing 
with other fatty acids......................................................................................................... 32 

Figure C. Correlations for ALA, IL-6, and sIL-6R between MZ and DZ co-twins. ...... 180 
 
 



 5

TABLE OF CONTENTS 
 

ACKNOWLEDGEMENTS................................................................................................ 1 
LIST OF TABLES.............................................................................................................. 2 
LIST OF FIGURES ............................................................................................................ 4 
TABLE OF CONTENTS.................................................................................................... 5 
 
CHAPTER I ........................................................................................................................ 7 
INTRODUCTION .............................................................................................................. 7 
 
CHAPTER II..................................................................................................................... 11 
LITERATURE REVIEW ................................................................................................. 11 

I. Pathophysiology in inflammation, oxidative stress and atherosclerotic cardiovascular 
disease ........................................................................................................................... 11 
Biomarkers of low-grade systemic inflammation......................................................... 15 
Biomarkers of oxidative stress...................................................................................... 17 
Biomarkers of inflammation and oxidative stress in the epidemiological study .......... 19 
II. The Mediterranean diet ............................................................................................ 21 
Quantitative methods to evaluate dietary patterns ........................................................ 22 
III. The Mediterranean diet and cardiovascular disease ............................................... 27 
IV. Mechanisms of the cardioprotective properties of the Mediterranean diet ............ 28 
The Mediterranean diet and low-grade systemic inflammation ................................... 28 
The Mediterranean diet and oxidative stress ................................................................ 29 
The Mediterranean diet, alpha-linolenic acid, cardiovascular disease, and inflammatory 
biomarkers of cellular response to interleukin-6 .......................................................... 30 
Genetic factors, cardiovascular disease, inflammation and oxidative stress ................ 33 
Genetic factors, the Mediterranean diet, habitual dietary alpha-linolenic acid ............ 34 
Other environmental factors ......................................................................................... 34 
References..................................................................................................................... 35 

 
CHAPTER III ................................................................................................................... 61 
ADHERENCE TO THE MEDITERRANEAN DIET IS INVERSELY ASSOCIATED 
WITH CIRCULATING INTERLEUKIN-6 AMONG MIDDLE-AGED MALES: A 
TWIN STUDY.................................................................................................................. 61 

Abstract ......................................................................................................................... 63 
Introduction................................................................................................................... 65 
Methods......................................................................................................................... 66 
Results........................................................................................................................... 72 
Discussion..................................................................................................................... 74 
Acknowledgments......................................................................................................... 78 
References..................................................................................................................... 79 

 
CHAPTER IV ................................................................................................................... 99 



 6

ASSOCIATION BETWEEN ADHERENCE TO THE MEDITERRANEAN DIET AND 
OXIDATIVE STRESS ..................................................................................................... 99 

Abstract ....................................................................................................................... 102 
Introduction................................................................................................................. 104 
Subjects and Methods ................................................................................................. 105 
Results......................................................................................................................... 111 
Discussion................................................................................................................... 113 
Acknowledgments....................................................................................................... 117 
References................................................................................................................... 118 

 
CHAPTER V .................................................................................................................. 144 
A HIGH HABITUAL DIETARY ALPHA-LINOLENIC ACID INTAKE IS 
ASSOCIATED WITH DECREASED SOLUBLE INTERLEUKIN-6 RECEPTOR 
LEVELS AMONG MALE TWINS................................................................................ 144 

Abstract ....................................................................................................................... 148 
Condensed Abstract .................................................................................................... 149 
Introduction................................................................................................................. 150 
Methods....................................................................................................................... 151 
Results......................................................................................................................... 157 
Discussion................................................................................................................... 158 
Acknowledgments....................................................................................................... 162 
References................................................................................................................... 163 

 
 
 
 

 



 7

CHAPTER I 

INTRODUCTION 
 

The term Mediterranean diet refers to a dietary pattern typical of many regions in 

Greece and southern Italy in the early 1960s, including a high intake of fruits, vegetables, 

bread, other forms of cereals, potatoes, beans, nuts and seeds; low to moderate amounts 

of dairy products, fish, poultry and wine; low amounts of red meat; eggs consumed no 

more than four times weekly; and olive oil as an important fat source.1 The term, the 

Mediterranean diet, is used in this context to emphasize the overall, whole function of the 

diet, a combination of a variety of foods containing numerous known nutrients and 

biofactors and unknown factors. Since diet is heterogeneous across individuals, and 

patterns of diet can be close to, although it is not necessarily equal to, the 1960’s 

Mediterranean diet.1 In observational epidemiological studies, the Mediterranean diet 

becomes a conceptual term to describe any diet that has elements of the originally 

described diet. 

The Mediterranean diet is cardioprotective with clinically substantial magnitude. 

For example, American people with the greatest adherence to the Mediterranean diet 

were at 20-24% lower risk to die from cardiovascular disease than those with the lowest 

adherence.2 Large-size randomized controlled trials suggested that patients on the 

Mediterranean diet had a 33% to 50% lower risk for the recurrence of adverse cardiac 

events than those on either the step I National Cholesterol Education Program (NCEP) 

prudent diet3 or the prudent Western-type diet.4 This cardioprotective role of the 
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Mediterranean diet against a recurrence of myocardial infarction after the first myocardial 

infarction lasted up to 4 years.4 

At the nutrient level, since the Mediterranean diet is rich in plant foods, it is 

suggested that alpha-linolenic acid (ALA) contributes to the cardioprotective properties 

of this diet.5 ALA, a plant 18-carbon ω-3 long-chain polyunsaturated fatty acid (18:3ω-3), 

is essential for humans because it cannot be synthesized in vivo due to lack of Δ12 and 

Δ15 desaturases. Humans can synthesize ω-3 long-chain polyunsaturated fatty acid 

derivatives with 20 or more carbons (ω-3 ≥ 20C-PUFA) from ALA, including mostly 

eicosapentaenoic (20:5ω-3) and docosapentaenoic acid (22:5ω-3), but also a limited 

amount of docosahexaenoic acid (22:6ω-3). Dietary alpha-linolenic acid (ALA) has been 

suggested to be protective against cardiovascular diseases.6 

The precise mechanisms of the cardioprotective properties of the Mediterranean 

diet are unclear.  It is well known that diet is closely associated with immunity,7 and diet 

utilization in vivo involves intensively oxidative reactions.5 Although dietary deficiency 

of essential fatty acids, either linoleic (18:3ω-6) or linolenic acid, is rare in the US 

general population, greater intake of linoleic acid relative to ALA results in an imbalance 

of ω-6 to ω-3 fatty acids, which may create a pro-inflammatory milieu.8 Therefore, it is 

likely that the Mediterranean diet influences systemic inflammation and oxidative stress, 

which are established pathways in the pathogenesis of atherosclerosis, and also that 

habitual dietary ALA intake affects inflammation.  

The association between the Mediterranean diet and systemic inflammation9-11 and 

oxidative stress12-15 were not consistently found in randomized controlled trials. Previous 
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studies of the association of dietary ALA with inflammation have also yielded 

inconsistent results.16-21 A possible reason for the inconsistent findings may be due to 

genetic differences in the response to diet.   

In addition, since dietary habits are acquired while growing up,22-24 they are likely 

to be associated with other environmental conditions shared by members of the same 

family, such as unmeasured socioeconomic and lifestyle factors, which can also influence 

inflammation and oxidative stress, and thus act as confounders. However, no prior study 

has controlled for the influence of familial factors (either genetic, common environmental 

factors or both) in the association between the Mediterranean diet and inflammation. 

Twins are a powerful resource to dissect complex associations, because they 

allow us to control for unmeasured and unknown confounding, such as genetic factors 

and socioeconomic, behavioral and lifestyle characteristics acquired by twins growing up 

in the same family. Since monozygotic (MZ) twins share 100% of their genes while 

dizygotic (DZ) twins share on the average 50% of their genes, if genetic factors 

contribute to a trait, MZ twins should be more similar on this trait than DZ twins. By 

comparing each twin with the co-twin in a sample of MZ and DZ middle-aged male twins 

raised in the same family, we can determine if the association persists after accounting 

for common genetic and environmental factors. If the association is found within twin 

pairs, it is not confounded by early environmental/familial factors. If the association is 

observed within MZ pairs, it is also independent of genetic factors. 

In chapter III, we explore the association between adherence to the Mediterranean 

diet and systemic inflammation, and whether this association persists after further 

controlling for common genes and environment. Following the same strategy, in chapter 
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IV, we explore the association between adherence to the Mediterranean diet and 

oxidative stress, and in chapter V explore the association between habitual intake of 

alpha-linolenic acid and inflammation related to cellular response to interleukin-6.  

The current study greatly contributes to epidemiological research and public 

health promotion. Disentangling the genetic influence on the diet-disease association will 

sharpen insights into the nutritional plausibility of cardioprotective properties of the 

Mediterranean diet, and substantiate the protective role of the Mediterranean diet per se 

against cardiovascular risk. The facts are that forty-three percent of all deaths in the 

United States each year are related to cardiovascular disease (CVD);25 the cost for 

cardiovascular disease is estimated at 403.1 billion dollars for 2006;26 and diet is a 

modifiable life-long factor, while genetic factors are not, consuming a healthier diet, such 

as the Mediterranean diet, to prevent from cardiovascular disease, is feasible in the 

USA.27 Our findings will strongly support the benefits of the Mediterranean diet in 

preventing cardiovascular disease. 
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CHAPTER II 

LITERATURE REVIEW 

I. Pathophysiology in inflammation, oxidative stress and atherosclerotic 

cardiovascular disease  

Atherosclerosis is thought to be an inflammatory process.28 Innate and acquired 

immune responses as well as cytokine production work in concert in inflammation.28, 29 

In the early stage of atherosclerosis, two significant innate immune events involved in 

inflammation occur: the migration of monocytes from blood into vascular intima 

(emigration); and the subsequent transformation of monocytes into macrophages. 

Emigration of leukocytes including monocytes is mediated via cellular adhesion 

molecules (CAMs).30 This migration includes three successive steps in the movement of 

circulating leukocytes toward the vascular wall: rolling of the leukocytes, adhering to the 

endothelial lining of the vascular wall endothelial cells (stopping), and then escaping into 

the vessel wall through the tight joint-gap between endothelial cells.30, 31 The selectin 

family of CAMs, including sialyl-Lewisx, P-selectin, E-selectin and L-selectin, mediates 

the weak adhesive interaction between leukocytes and endothelial cells. This interaction 

slows down the movement of leukocytes in the blood flow and makes them roll on the 

venular endothelium (rolling).30, 31 The immunoglobin superfamily of CAMs, such as 

intercellular cell adhesion molecule (ICAM-1) and vascular cell adhesion molecule 

(VCAM-1), further firms adherence of leukocytes to the endothelium, so called 

“stopping”.30, 31 Then, the concentration gradient of chemoattractants directs leukocytes 
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to move into the intima.32 For example, monocyte chemoattractant protein-1 (MCP-1)33 is 

crucial for the recruitment, migration, and accumulation of monocytes in the intima, 

where they are transformed into macrophages. In the preceding step, monocyte-derived 

macrophages take up and accumulate lipids and become foam cells, the early hallmark of 

atherosclerosis.28  

In acquired immune responses, B and T cells are activated after being exposed to 

antigens.29 Activated B cells produce specific autoantibodies against oxidized low-

density lipoproteins (ox-LDL), prime autoantigens, that are thought to play a role in the 

pathogenesis of atherosclerosis.34 Activated pro-inflammatory T help-1 cells generate 

pro-inflammatory cytokines including tumor necrotic factor-alpha (TNF-α) and 

interleukin (IL)-1, which increase the secretion of IL-6.29 On the other hand, activated T 

cells along with T helper-2 cells can release anti-inflammatory cytokines, including IL-4, 

IL-10, and IL-11, and hamper the atherosclerotic formation.29, 35 Cytokines, in turn, 

further regulate the activity of cells involved in innate and acquired immunity via 

corresponding receptors.36 

Cytokines also regulate other non-immune cells including vascular endothelial 

cells. These non-immune cells and/or their products participate in the development of 

atherosclerosis. IL-6 increases the endothelial expression of CAMs37 resulting in the 

localized endothelial dysfunction, a very early feature in atherosclerosis.38 IL-6 

accelerates coagulation without affecting fibrinolysis39 and thus promotes advanced 

atherosclerosis. Although TNF-α, IL-1 and IL-6 regulate the hepatic production of acute 

phase proteins such as C-reactive protein (CRP) and fibrinogen,40, 41 IL-6 is the dominant 

stimulator in humans.42 The IL-6 hepatic product CRP, an activator of innate immunity 
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and a modulator of adaptive immune responses,43 binds to ox-LDL,44 causes the 

aggregation of ox-LDL,45 and enhances binding of ox-LDL to monocytic/macrophage-

like cells via Fcgamma receptors.46 Consequently, CRP promotes the uptake of ox-LDL 

by monocyte-derived macrophages through a CD32-independent pathway,45 and therefore 

contributes to the foam cell formation. These evidences imply that CRP may not only be 

a risk marker, but may also play a role in atherogenesis.44 Fibrinogen participates in the 

development and progression of atherosclerotic plaques47 via the enhancement of blood 

coagulation, blood rheology and platelet aggregation as well as direct effects on the 

vascular wall.48 In addition, pro-inflammatory cytokines act on arterial smooth muscle 

cells and thus accelerate atherosclerosis. Influenced by these cytokines, arterial smooth 

muscle cells undergo a phenotype change (from physiological contractile to secretory 

phenotype), proliferate, and migrate from arterial media into the intima,38 the feature of 

the intermediate lesions of atherosclerosis.  

Innate and acquired immunity as well as cytokines also affect the vulnerability of 

atherosclerostic plaques.49 Inflammation, cytokines and inflammatory mediators inhibit 

collagen synthesis and increase collagenolysis, leading to the unstable plaques. The 

rupture of the unstable plaques including a fibrous cap causes the acute adverse cardiac 

events.49  

Oxidative stress also contributes to atherosclerosis, in concert with 

inflammation.50 Oxidative stress is conceptualized as a disruption of redox signaling and 

control.51 Reactive oxygen species (ROS) are involved in this process. ROS include free 

radicals and non-free radicals. Free radicals have an unpaired electron such as superoxide 

anion (O•2-), hydroxyl radical (•OH), and nitric oxide (•NO). In contrast, non-free radicals, 
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such as hydrogen peroxide (H2O2) and singlet oxygen (1O2),52 do not have an unpaired 

electrons. The major cellular thiol/disulfide systems, including reduced (GSH)/oxidized 

glutathione (GSSG), thioredoxin-1 (-SH2/-SS-), and cysteine/cystine 

(Cys/CySS), also play pivotal roles in redox signaling and control.51 

 

Oxidative stress involves virtually all aspects of atherosclerosis including 

endothelial dysfunction, ox-LDL formation, and vascular remodeling. For example, ROS 

impair NO-dependent vasodilation through reducing nitric oxide (NO) bioavailability,53, 

54 and thus result in endothelial dysfunction, the very early characteristic of 

atherosclerosis. ROS oxidize LDL into ox-LDL, the major trigger for macrophages to 

take up lipids.55, 56 ROS are also involved in the  remodeling of vascular tissue.29 The 

inflammatory process is accompanied by the ROS burst, in turn, ROS and their products 

regulate cytokines and immune signaling by activating NF-kappa B through the toll-like 

receptor 4.57, 58 The activation of NF-kappaB regulates the gene expression of cytokines 

and other immune response genes. This vicious cycle between inflammation and 

oxidative stress exaggerates atherosclerosis.50 

Another example is how the GSH/GSSG modulates atherosclerosis. The 

GSH/GSSG redox directly decreases lipid hydroperoxides by reducing these peroxides 

into alcohols.52, 59 The GSH/GSSG redox also decreases the production of hydrogen 

peroxide and thus indirectly inhibits the generation of  the lipid hydroperoxides.52, 59 

Decreased lipid hydroperoxides, in turn, decrease oxidized low-density lipoproteins and 

thus may inhibit atherosclerosis.52, 59 Additionally, a lower GSH/GSSG ratio may result 

in: 1) protein glutathionylation, 2) oxidatively altered GSH-GSSG redox signaling,60 3) 
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modulated gene expression, and 4) apoptosis. All these consequences may contribute to 

atherosclerosis.  

In summary, inflammation and oxidative stress, work in concert, leading to 

endothelial dysfunction and atherosclerotic lesions,28 the instability of atherosclerotic 

plaque, and the formation of thrombosis. These pathologically vascular alterations lead to 

ischemic CVD61-68 because of reduced or blocked blood flow. 

Biomarkers of low-grade systemic inflammation  

Inflammatory biomarkers include acute phase proteins, cytokines (such as TNF-

alpha, IL-1, and IL-6) and their soluble receptors, and inflammatory cells (such as white 

blood cells). Acute phase proteins are defined as any protein whose plasma concentration 

increases or decreases by 25% or more during certain inflammatory disorders.69 The 

acute phase proteins include C-reactive protein (CRP), serum amyloid A (SAA), 

fibrinogen, von Willebrand factor, and others.69 Since the concentration of CRP, SAA, 

fibrinogen, or von Willebrand factor rises in inflammation, they are also called positive 

acute-phase proteins.69 IL-1 can stimulate the synthesis of TNF-alpha in different cells 

such as monocytes, endothelial cells and fibroblasts.70 IL-6, IL-1 alpha and TNF-alpha in 

various combinations are all capable of influencing synthesis of SAA in the human 

hepatoma cells whereas only IL-6 and IL-1 alpha can influence CRP synthesis.71 

Compared with IL-1, IL-6 has a greater capacity to stimulate the hepatic synthesis of 

CRP in humans.40  

Soluble IL-6 receptor (sIL-6R) enhances and broadens IL-6 actions on target cells, 

and thus sIL-6R and IL-6 work in concert in systemic inflammation related to cellular 
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response to IL-6 which has been linked to atherosclerosis.72 Through the formation of the 

IL-6/sIL-6R complex, sIL-6R prolongs the IL-6 half-life, amplifies responses of cells 

with membrane-bound-IL-6 receptors (mIL-6R ) to IL-6, enables mIL-6R-deficient cells 

responsive to IL-6,73 and augments IL-6 actions on many aspects of atherosclerosis.29 

Both IL-6 and sIL-6R have been related to increased susceptibility to cardiovascular 

diseases.66, 68 

Not all inflammatory biomarkers have a clear cutoff point for defining a clinical 

normal value. The circulating CRP concentration in most healthy subjects is usually 1 

mg/L with a normal value being defined as <10 mg/L regarding clinically active infection 

and inflammation.74 On the contrary, there is no clinical cutoff for the normal plasma 

concentration of IL-6. Data from apparently healthy men participating in the Physicians’ 

Health Study in the US showed that IL-6 levels ranged between 0.015 and 10.01 pg/mL, 

virtually identical to that expected from fresh blood samples obtained in otherwise 

healthy populations (0.01 to 11.5 pg/mL; data on file, R&D Systems, Minneapolis, 

Minn).66 Some factors may affect the concentrations of inflammatory biomarkers. For 

instance, age-related elevations in the levels of circulating cytokines and acute-phase 

proteins have been reported.75  

Systemic low-grade inflammation is a very loose term to describe a subtle and 

persistent alteration in the immune response. Systemic low-grade inflammation may be 

suggested as a status, in which plasma concentrations of cytokines and acute phase 

proteins rise by the two to three fold;75 however, there is no consensus on the cutoff to 

define low-grade systemic inflammation. For example,  CRP level less than 3 mg/L has 

been used as a cutoff for low-grade systemic inflammation.76  A common approach in  
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epidemiological research is to compare people in the highest category generated by tertile, 

quartile, quintile, decile or centile with those in the lowest group based on concentrations 

of inflammatory biomarkers among the study population.77  

Biomarkers of oxidative stress  

Oxidative stress biomarkers that reflect oxidative-antioxidant status in vivo are 

numerous and can be categorized into several groups. Each group of oxidative stress 

biomarkers may signal a specific oxidative stress pathway. 

The first group includes circulating concentrations of ox-LDL and autoantibodies 

against ox-LDL.78 The second group contains lipid peroxidation products including 

malondialdehyde (MDA), thiobarbituric acid reactive substances (TBARS), and a family 

of isoprostanes. Among a variety of peroxides, MDA or TBARS have been widely used 

as biomarkers for oxidative stress for a long time. MDA is one of the terminal aldehyde 

products of lipid peroxidation, while TBARS mainly includes MDA. In the family of 

isoprostanes, F2-isoprostanes are a series of prostaglandin F2-like compounds produced 

through the radical-catalyzed lipid peroxidation in vivo, independent of cyclooxygenase. 

F2-isoprostanes are derived mainly through the arachidonic acid pathway.79 One of the 

most abundant F2-isoprostane in humans is 8-epi-PGF2alpha (8-isoprostane). Urinary or 

circulating concentrations of 8-isoprostane is used as the biomarker for systemic 

oxidative stress in the recent years.80, 81 Fluorescent oxidation products of lipid 

peroxidation is the most recent biomarker for oxidative stress.82   

The concentration and/or the activity of antioxidant or oxidative enzymes are used 

as the third group of biomarkers to indicate oxidative stress. Common antioxidant 

enzymes include superoxide dismutase (SOD), glutathione peroxidase (GPx), and 
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catalase (CAT). Myeloperoxidase is an oxidative enzyme used as a biomarker for 

oxidative stress and atherosclerosis.83 

The fourth group of oxidative stress biomarkers is the antioxidant levels in 

different biological specimens. Plasma concentrations of vitamin C, alpha-tocopherol, 

carotenes, carotenoids, and uric acid are used to reflect the anti-oxidative defense. 

Reduced glutathione (GSH), the smallest intracellular thio (-SH), is a very important 

antioxidant molecule. In the reduction-oxidation reaction, GSH is converted to oxidized 

glutathione, glutathione sulfide (GSSG). The ratio of GSH to GSSG and the glutathione 

redox potential for the GSH-GSSG couple (Eh GSH/GSSG) are measures of oxidative 

stress. Both glutathione indices may be preferable to either GSH or GSSG alone as an 

overall indicator of redox status, because they quantify the dynamic balance between 

oxidants and antioxidants.60, 84 The calculation of the ratio of GSH to GSSG 

concentrations is simple, while the Eh GSH/GSSG has to be calculated based on the 

Nernst equation.60.  Eh GSH/GSSG is proportional to [GSH]2/[GSSG] because 2 GSH 

molecules are oxidized per 1 molecule of GSSG formed, therefore the Eh GSH/GSSG is 

more sensitive to the GSH concentration.60, 84 The higher the GSH/GSSG ratio or the 

lower Eh GSH/GSSG, the lower the oxidative stress.  

The fifth group of oxidative stress biomarkers includes oxidative adducts of 

biological macromolecules, such as DNA, due to the oxidative damage. For example, the 

8-OH-dG concentration is commonly used to represent DNA oxidative damage.85  

Antioxidant capacity, the sixth group of oxidative stress biomarkers, is measured 

using different methods. The susceptibility of LDL to metal-induced oxidation, measured 

as the lag time, is a biomarker for antioxidant capacity.86 The longer the lag time, the 
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greater is the antioxidant capacity of LDL.86 Another biomarker for antioxidant capacity 

is total antioxidant capacity (TAC). Several methods have been used to measure TAC 

including the oxygen radical absorbance capacity (ORAC) assay,87 the Randox Trolox-

equivalent antioxidant capacity (Randox-TEAC) assay,88 the ferric reducing ability 

(FRAP) assay,88  and the detection of reactive oxygen metabolite (d-ROMS). However, 

FRAP may not be suitable for serum and plasma samples, since the FRAP test is more 

suitable for non-protein samples.89 

Finally, the ROS concentrations can be directly measured and used to indicate 

oxidative stress.  For example, the free oxygen radical test (FORT) examines levels of 

organic hydroperoxides.90 

Biomarkers of inflammation and oxidative stress in the epidemiological study 

Not all biomarkers have been thoroughly investigated for their applications in the 

epidemiological study regarding their reproducibility and their capacity in ranking 

individuals.  

The reproducibility of biomarker levels over a given time period is important in 

epidemiological studies in order to demonstrate the usual levels of inflammation or 

oxidative stress. The majority of the biomarkers of inflammation and oxidative stress is 

stable over the given time periods.82, 91, 92 (Figure 1) For example, among men, plasma 

CRP, reactive oxygen metabolites (ROM), and free radical antioxidant potency (FRAP) 

were measured using samples approximately 5 years apart,91 and their reproducibility was 

similar to that of cholesterol measured as intraclass correlation coefficients (ICC) (ICC 

for CRP, ROM, FRAP and cholesterol was 0.61, 0.43, 0.8, and 0.58, respectively).91  
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Figure 1. Reproducibility of some biomarkers of inflammation or oxidative stress 

 

In addition, ranking individuals in the population is another critical issue in the 

epidemiological study. In term of ranking individuals, fasting plasma ox-LDL levels over 

1 week are similar to that of cholesterol over 6 months.93 Discrimination ratio and index 

of individuality are used to reflect the degree of ranking individuals of a biomarker. For 

instance, discrimination ratio (a ratio of the between-subject variation (SDB) to the 

within-subject variation (SDW)) for the circulating IL-6 levels, measured 6-month apart, 

is better than that for CRP, fibrinogen, SAA, or TNF-alpha (Figure 2),94 indicating that 

IL-6 level is the best inflammatory biomarker in ranking individuals. Another example is 

that CRP levels  and  cholesterol concentration over 6 months are comparable in ranking 

individuals  reflected by index of individuality (within-subject variation coefficient 

divided by between-subject variation coefficient).95, 96 Prior evidences do not support the 
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usage of fibrinogen levels in the epidemiological study due to the poor ability to rank 

individuals.94, 95  

 

 

Figure 2. Discrimination ratio for each inflammatory marker (error bars represent 95% 

confidence interval). Adapted from Browning LM et al. Metabolism. 200494 . 

II. The Mediterranean diet 

The term Mediterranean diet refers to a dietary pattern typical of many regions in 

Greece and southern Italy in the early 1960s. It includes a high intake of fruits, vegetables, 

bread, other forms of cereals, potatoes, beans, nuts and seeds; low to moderate amounts of 

dairy products, fish, poultry and wine; low amounts of red meat; eggs consumed no more 

than four times weekly; and olive oil as an important fat source.1, 97 In the randomized 

trial, this diet can be accurately prescribed and prepared, but in the general population, 
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this diet is rare in Western countries. In the general population, diet is heterogeneous 

across individuals, and a pattern of individual’s diet can be close to, although not 

necessarily equal to, the original definition of the Mediterranean diet.1, 97 Therefore, in 

observational epidemiological studies, the Mediterranean diet becomes a conceptual term 

to describe any diet that has the elements of this diet. The term, “adherence to the 

Mediterranean diet”, has also been used to quantitatively describe the similarity of 

individuals’ diet to the Mediterranean diet in comparison to other people within their 

population.97 

Quantitative methods to evaluate dietary patterns 

Diets are diverse because they are influenced by the culture, tradition, economics, 

and food supply including food resources, food accessibility, food storage, food 

processing and food acceptability. Despite this diversity, people in a geographical area 

share common dietary features that can be qualitatively and/or quantitatively described as 

a dietary pattern such as the Mediterranean diet.97 A dietary pattern can be described 

using food items/groups, nutrient intakes, or both. The terms food pattern,98 food 

consumption pattern,99 or eating pattern,100 are alternative terms for describing a dietary 

pattern based on food items or groups.98-100 At the individual level, a dietary pattern 

characterizes the usual or habitual diet of a person.  

The rationale to focus on the whole diet (dietary pattern) when examining effects 

on health, rather than nutrients, has been reviewed by Hu FB.101 Briefly, it is based on 

four conceptual and methodological facts: 1) human beings are exposed to a combination 

of various foods in their diet, containing diverse nutrients; 2) there are cumulative effects 
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of foods on humans; 3) there are extensive interactions among nutrients and non-nutrient 

biofactors during absorption, metabolism and physiological function in vivo; and 4) the 

whole diet analysis can avoid the potential confounding effects in the ‘single 

nutrient/food’-disease relationship caused by the association between the intake of 

nutrients/foods and a certain diet. Such confounding effects can not be totally removed 

using adjustment in multivariate analysis. 

A quantitative method is often used to describe a dietary pattern in 

epidemiological research on the diet-disease relation. There is no one unique method to 

obtain a dietary pattern that fits all research interests, because both diet and research 

objectives are diverse. The construction of a diet score is a common approach to 

quantitatively describe the similarity of an individual’s diet to a defined diet model like 

the Mediterranean diet. Either descriptive or advanced statistical approaches have been 

used to derive a diet score. The dietary pattern derived using descriptive statistical 

approach is called a theoretically derived dietary patterns.102 On the contrary, the dietary 

pattern derived using advanced statistical approaches, is called empirical dietary 

patterns.102 Both dietary patterns can be derived from the same existing dietary data from 

a population. However, it is simpler and more convenient to obtain the theoretically 

derived dietary patterns because of only using descriptive statistics.   

Theoretically derived dietary pattern    An example of a theoretically derived dietary 

pattern was the Mediterranean diet. This dietary pattern has been described1, 97 and 

quantitatively illustrated in the national dietary guideline in the Mediterranean areas such 

as  Greece dietary guideline.103 Trichopoulou’s team proposed an algorithm to obtain a 

Mediterranean diet score,104, 105 which ranked individuals according to the similarity of 
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their usual or habitual diet to the Mediterranean diet.1, 97  This score is constructed 

through several subsequent steps. First, the components of a diet score are defined a 

priori based on the previous studies on the diet-disease association, dietary guidelines, 

and nutrition knowledge. These components are then a priori classified into the 

beneficial or harmful group regarding the cardiovascular system. Second, descriptive 

statistical analyses are used to define the cutoff point to dichotomize intakes of food 

items/groups or nutrients. Third, a value of either 0 or 1 is assigned to each intake 

category. Finally, the diet score is calculated as the sum of all the component values.  

Three types of diet scores have been reported based on features of score 

components: 1) food items or groups as score components, such as recommended foods 

score (RFS)106 and recommended foods and behavior score (RFBS);107 2) both food items 

and/or groups and nutrients as score components, such as Mediterranean dietary score 

(MDS), health diet indicator (HDI),108 healthy eating index (HEI),109 diet quality index 

(DQI)110 and its variations including diet quality index-revised (DQI-R)111 and diet 

quality index-International (DQI-I);112 and 3) nutrients as score components, such as the 

composite dietary score.113 For example, Schröder H et al. used folate, vitamin C, vitamin 

E, β-carotene, dietary fiber, cholesterol, saturated fatty acids, and sodium as components 

to construct the composite dietary score.113 Some dietary indices derived from the intake 

of limited types of nutrients for a very specific purpose can be considered as the specific 

cases of the composite dietary score, but not a measure of the dietary pattern. For 

instance, Keys score was constructed using intakes of saturated, polyunsaturated fatty 

acids and cholesterol, and used to assess the dietary risk for CVD.114 
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Empirical dietary pattern    Cluster analysis102, 115 and factor analysis98, 116, 117 are the 

most popular dimension-reduction statistical methods used to obtain the dietary 

pattern.102  In recent years, other statistical methods have been used to derive the dietary 

pattern such as reduced rank regression. 

Cluster analysis is an approach that classifies subjects into a limited number of 

subsets on the basis of similarities in quantitative intake of each food item/group or 

nutrient. The components within subsets share more similarities than those between 

subsets. Before performing cluster analysis, food items from the original dietary data 

usually are classified into food groups in order to reduce the numbers of variables. The 

cluster can be generated based on selected nutrients,118, 119 culinary use,115 and 

compositions of food and nutrients.120 However, the selected nutrition variables for the 

cluster analysis should not be highly correlated, as the inclusion of multiple highly 

correlated measures may cause the factor they have in common to create its own cluster, 

even if it is not an important factor.118 Prior to the cluster analysis, dietary data can be 

processed to obtain standardized food intakes in weight,121 standardized number of 

servings,120 percentage of calorie intake from each food group,122 adjusted mean nutrient 

intakes,123 or a combination of dietary and biochemical measures.124 The standardized 

food intake in gram weight or in the number of servings can minimize the potential for 

greater effects from the variables with larger variances on the resulting clusters.121 

Usually less than ten runs of the cluster analysis are needed to determine the optimal 

number of clusters.115, 120 

Factor analysis is another method to reduce the dimension, where a latent factor  

is used to explain variations among observed variables.102 Principle component analysis 
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is the most widely used factor analysis to derive a statistical dietary pattern. In contrast to 

cluster analysis, principle component analysis generates dietary patterns (factors) based 

on the correlation rather than the similarity. Similar to cluster analysis, before conducting 

factor analysis, dietary data are processed, such as categorizing food items into food 

groups. As a consequence, dependent variables can be explained largely or entirely in 

terms of a much smaller number of variables called factors.102  

Reduced rank regression (RRR) method  is recently used as a statistical approach 

to generate the dietary pattern.125, 126 It works simultaneously for predictors and 

responses.127 RRR identifies linear functions of predicators that explain as much variation 

in the response variable as possible.126 Hoffmann K and colleagues reported a dietary 

pattern derived from RRR could strongly explain variations in biomarkers related to the 

risk of coronary artery disease.126 

Effects of variations in diet score constructions on associations between a diet score 

and biomarkers or diseases    Fung TT et al.128 evaluated the associations of five scores 

with biomarkers of inflammation and endothelial dysfunction using dietary data from the 

Nurses' Health Study in the US. These scores include Healthy Eating Index (HEI),109 

Alternate Healthy Eating Index (AHEI),129 Diet Quality Index Revised (DQI-R),111 

Recommended Food Score (RFS),106 and the alternate Mediterranean Diet Index 

(aMED).128 All scores reflect the theoretically derived dietary pattern. The aMED was 

based on the Mediterranean diet score from the Trichopoulou’s team105 with some 

modifications. Fung TT et al. modified the original scale105 by separating fruits and nuts 

into two groups, eliminating the dairy group, including whole-grain products only, 

including only red and processed meats for the meat group, and assigning alcohol intake 
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between 5 and 15 g/d for one point.128 They found that higher AHEI and aMED scores 

were associated with lower concentrations of CRP, IL-6 and E-selectin, respectively, 

after adjusting for age, smoking status, physical activity, alcohol intake, total energy 

intake, and body mass index.128 However, they did not provide data on the association 

between the original Trichopoulou’s Mediterranean diet score105 and biomarkers of 

inflammation and endothelial function.  

In a national 5 year-follow up study in the US, Mitrou and collegues2 found 

similar associations of adherence to the Mediterranean diet measured as either 

Trichopoulous’s MED105 or Fung’s aMED128 with death due to all causes, cancer or CVD.  

III. The Mediterranean diet and cardiovascular disease 

A large body of ecological, observational and experimental evidence supports the 

beneficial effect of the Mediterranean diet on the cardiovascular system. Consistent 

findings from epidemiological studies (1 ecological,130 1 case-control,131 1 cross-

sectional,132 and 8 cohort2, 104, 105, 133-138studies) show that the Mediterranean diet 1) 

decreases overall mortality2, 104, 105, 133-138 and CHD death;2, 105, 133 and 2) reduces the 

occurrence of first myocardial infarction131 and acute coronary syndromes.132 The 

protective magnitude of the Mediterranean diet is substantial. For each one-unit increase 

in the Mediterranean diet score (MDS) indicating greater adherence to the Mediterranean 

diet, mortality dropped between 7% and 31% in elders104, 135-137 and in younger and older 

persons with coronary heart disease (CHD).105 Decreased CHD death is a major 

contributor to the drop in the mortality; for each 2-point increment in MDS, the adjusted 

hazard ratio for death due to CHD was 0.75 (95% CI: 0.64 to 0.87) after controlling for 
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gender, age, waist-to-hip ratio, energy expenditure, years of education, smoking status, 

BMI, consumption of potatoes, consumption of eggs and total energy intake.133 With the 

same MDS, the US national 5-year follow-up study showed that the adjusted hazard ratio 

comparing high to low adherence to the Mediterranean diet for cardiovascular disease 

(CVD) mortality were 0.76 (95% CI, 0.68-0.85) in men, and that a 20% decreased risk of 

CVD mortality was seen in women.2 

Large-size randomized controlled trials in CVD patients support the 

cardioprotective effects of the Mediterranean diet in comparison with either the step I 

National Cholesterol Education Program (NCEP) prudent diet3 or the prudent Western-

type diet.4 In the Lyon Heart Study, patients on the Mediterranean diet had 54% lower 

risk of death due to myocardial infarction and other CVD diseases than those on the 

prudent Western-type diet.4 Of importance, the protective role of the Mediterranean diet 

against the recurrence after the first myocardial infarction lasted up to 4 years.4  

IV. Mechanisms of the cardioprotective properties of the Mediterranean diet 

The mechanisms of the cardioprotective properties of the Mediterranean diet are 

still unclear, although beneficial effects of the Mediterranean diet on the cardiovascular 

system may be through reducing low-grade inflammation128, 139 and oxidative stress,13, 14 

both of which are the established pathophysiological pathway to atherosclerosis. Other 

possible mechanisms involve circulating lipids3, 14 and endothelial function.14, 140  

The Mediterranean diet and low-grade systemic inflammation 
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Large-scale cross-sectional studies suggest that the greater adherence to the 

Mediterranean diet is associated with the lower low-grade systemic inflammation in 

populations.128, 139 The ATTICA study139 showed that Greek people in the highest tertile 

of a Mediterranean diet score had the lower systemic-inflammation than those in the 

lowest tertile, measured as CRP levels, IL-6 levels, and white blood cell counts.139 This 

association remained after adjusting for known CVD risk factors, including age, gender, 

smoking, physical activity, education status, presence of hypertension, diabetes, 

hypercholesterolemia, family history of coronary heart disease, and body mass index 

(BMI).139 

The causal relationship between the Mediterranean diet and the low-grade 

systemic inflammation has been explored using randomized controlled trials (RCT).9-11 

Each of the trials studied a different European population – Italian,9 Spanish10 and 

German,11 respectively, with inconsistent results. One of the RCTs, conducted among 

Italian patients with metabolic syndrome over 2 years, showed that the Mediterranean 

diet, compared with prudent diet, decreased the low-grade inflammation measured as IL-

6 and CRP.9 The Mediterranean diet emphasizing on olive oil, but not the Mediterranean 

diet emphasizing on nuts, in comparison to a low-fat diet, reduced CRP levels among the 

asymptomatic Spanish at high cardiovascular risk.10 However, the Mediterranean diet did 

not attenuate CRP levels compared with the usual diet in German patients with 

established and treated coronary artery disease.11 

The Mediterranean diet and oxidative stress   
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Research on the association of the Mediterranean diet with oxidative stress is very 

limited with inconsistent results. Three intermediate-term RCTs showed that the 

Mediterranean diet decreased oxidative stress and enhanced antioxidant defense, 

compared with a high fat diet in male volunteers after 3 month ingestion,12 a low-fat 

isocalorie diet (2500 kcal for men, 2000 kcal for women) in kidney grafting patients over 

6 month intervention,13 or a low-fat diet in asymptomatic subjects at high risk for CHD 

over 3 month intervention,141 respectively. On the contrary, the short-term RCTs failed to 

show the favorable effect of a Mediterranean diet on oxidative stress in comparison with 

a Swedish diet.14, 15 One RCT was a 4-week intervention conducted in healthy subjects,14 

and the other was a 3-week intervention performed in patients with rheumatoid arthritis.15 

In these prior trials, oxidative stress has been measured with various markers, such as 

plasma antioxidants (vitamin C,12 gamma-tocopherol,15 beta-carotene,15 lycopene,15 and 

uric acid15), plasma lipid peroxidation products (TBARS13 and MDA15), antioxidant 

enzymes (erythrocyte SOD13), plasma ox-LDL,141 oxidative DNA damage,12 and urinary 

F2-isoprostane.14 

The Mediterranean diet, alpha-linolenic acid, cardiovascular disease, and 

inflammatory biomarkers of cellular response to interleukin-6  

The rich content of alpha-linolenic acid (ALA) in the Mediterranean diet 

contributes to its cardioprotective feature at the nutrient level.6 Several large-size 

observational studies142-145 suggest a beneficial effect of dietary ALA on the 

cardiovascular system. To date, most randomized controlled trails (RCT) (1 primary146 

and 3 secondary prevention3, 4, 147), but not all (1 primary prevention148), indicated that a 
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high intake of dietary ALA reduced various adverse cardiac events.3, 4, 147 A meta-

analysis including 5 prospective studies and 3 RCTs shows that increasing intake of ALA 

by 1.2 g/d decreases the risk of fatal coronary heart disease by at least 20%.149 Taken 

together, the weight of the evidence favors recommendations for modest dietary 

consumption of ALA (2 to 3 g per day) for the primary and secondary prevention of 

CHD.6   

Dietary ALA is an essential n-3 fatty acid (18:3 n-3), because human beings can 

not synthesize ALA due to lack of the enzymes to introduce double bonds at carbon 

atoms beyond the ninth carbon from the carboxyl end.150 Humans, therefore, must obtain 

enough ALA from diet to sustain the healthy status. The primary dietary sources for ALA 

are plant foods.  

The metabolism of ALA in vivo (Figure 3) involves extensive interactions with 

other types of fatty acids including n-6, n-9 and trans-fatty acids. ALA is the precursor of 

all other n-3 long-chain polyunsaturated fatty acids (LCFA) including eicosapentaenoic 

acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA) in humans. 

ALA itself, its n-3 LCFA derivatives, and their metabolites such as series-3 prostaglandin 

(such as PGE3, PGF3, PGI3, and TXA3) and series-5 leukotrienes (such as LTA5, LTB5, 

LTC5, LTD5), are anti-inflammatory, anti-thrombotic, and anti-arrhythmic.6 

A high ALA intake also inhibits the production of 5-lipoxygenase-mediated 

series-4 leukotrienes (such as LTA4, LTB4, LTC4, LTD4, and LTE4) and cyclooxygenase 

2-mediated series-2 prostaglandins, leukotrienes, and thromboxanes (such as PGD2, PGE2, 

PGF2, and TXA2), crucial inflammatory and thrombotic mediators. These series-4 and 

series-2 mediators are derived from eicosanoid metabolites of n-6 linoleic acid, mainly 
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arachidonic acid (20:4 n-6). Therefore, compared with n-6 fatty acids, ALA may reduce 

systemic inflammation and thrombosis.6 Major antagonists for ALA to generate LCFA 

and their metabolites are n-6 linoleic acid (LA); minor antagonists are trans-fatty acids 

and n-9 monounsaturated fatty acids, because they compete with ALA for ∆6 desaturase.  

Figure 3. Conversion of alpha-linolenic acid into long chain ω-3 fatty acids competing 

with other fatty acids. * Affinities for ∆6 desaturase are ω-3> ω-6> trans->ω-9 fatty acids. 

†peroxisomal straight-chain acyl-CoA oxidase and D-bifunctional protein. Adapted from 

Wikipedia.151 

 

N-3 LCFA are also feedback inhibitors in the ALA-LCFA metabolic pathway. Briefly, 

ALA may be the central switch toward anti-inflammatory milieu in vivo.  

The mechanisms of cardioprotective properties of the Mediterranean diet through 

ALA are not completely clear. Limited RCT data19, 152 suggest that systemic 
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inflammation related to cellular response to IL-6, including IL-6 and its soluble receptor 

(sIL-6R), may be the underlying mechanism. A higher dietary ALA intake providing 5% 

versus 0.5% energy intake lowered sIL-6R levels in the four-day RCT,152 but had no 

affect on serum IL-6 concentrations in the 8-week RCT among healthy adults.153 Another 

RCT showed that 15 ml of linseed oil (rich in ALA) per day versus 15 ml of safflower oil 

(rich in linoleic acid) per day in the Mediterranean diet decreased serum IL-6 

concentrations in male dyslipidemic patients.19 However, ALA attenuated serum IL-6 

concentrations more profoundly when the background diet was rich in saturated fatty 

acids and poor in MUFA.154 

Genetic factors, cardiovascular disease, inflammation and oxidative stress 

Gene polymorphisms involved in inflammation155-158 and oxidative stress159 may 

contribute to CVD, where involve a variety of genes encoding cytokines, their receptors 

and other factors. For instance, variations in the IL-6 and its receptor gene may modulate 

the production of IL-6160 and CRP161 in response to inflammatory stimuli, and the cellular 

response to IL-6,162 which may translate into elevated CVD risk.163 Of two twin studies 

including monozygotic (MZ) and dizygotic (DZ) pairs,164, 165 one indicated that genetic 

factors contributed to 17~26% of the variations in plasma levels of IL-6, CRP, and TNF 

after controlling for age, gender and BMI.165 The other found that genetic factors 

accounted for about 44% of the variations in plasma concentration of fibrinogen, while 

the remaining variation was accounted for by individual-specific environmental 

factors.164 In addition, variants in genes encoding enzymes involved in ROS generation 
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such as NAD(P)H oxidase166, 167 and MPO83, 168-170 as well as in ROS clearance such as 

glutathione peroxidase171 may contribute to CVD.  

Genetic factors, the Mediterranean diet, habitual dietary alpha-linolenic acid  

To date, only one cohort study showed that genetic factors mediated the effect of 

the Mediterranean diet on CVD and/or CVD risk.172 After controlling for potential 

confounders, adherence to the Mediterranean diet was associated with reduced 

homocysteine concentrations in persons with methylenetetrahydrofolate reductase gene 

677C-->T mutation genotypes but not in persons without this gene mutation.172 Heritable 

and familial determinants might affect diet preference and thus ALA intake in a number 

of ways, including dietary behaviors such as food preference,173-180 food consumption 

frequency180 and perception of hunger,173 as shown in several twin studies.173-175, 177, 178 

However, genetic factors only account for 33-40% of dietary variability in middle-aged 

twins after the removal of influences of age and gender in regression analysis,178 while 

the remaining 60% variation is attributable to environmental factors. Of the latter, 

individual-specific environmental factors explain greater than 50% variation.178  

Other environmental factors  

A wide range of environmental factors, including smoking,181-185 obesity,186-189 

physical activity61, 190-193 and psychological factors,194, 195 may also contribute to low-

grade systemic inflammation and oxidative stress and thus contribute to CVD risk. 
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Abstract  

Background  The Mediterranean diet is protective against cardiovascular disease and a 

proposed mechanism is through reducing systemic inflammation. It is unknown to what 

extent the association between the Mediterranean diet and inflammation is due to genetic 

or other familial factors.  

Methods and Results  We administered the Willett food frequency questionnaire to 345 

middle-aged male twins and assessed adherence to the Mediterranean diet using a 

published adherence score. Fasting plasma levels of interleukin-6 (IL-6), C-reactive 

protein (CRP), and known cardiovascular risk factors were measured. Mixed-effect 

regression analyses were used to examine the relationship between the diet score and 

inflammatory biomarkers after accounting for known cardiovascular risk factors. 

Adherence to the Mediterranean diet was associated with reduced levels of IL-6 (P < 

0.001), but not CRP (P = 0.10), after adjusting for total energy intake, other nutritional 

factors, known cardiovascular risk factors, and use of supplements and medications. 

When the overall association of adherence to the diet with IL-6 levels was partitioned 

into between- and within-pair effects, the between-pair effect was not significant (P = 0.9) 

and the within-pair effect was highly significant (P < 0.0001). A one-unit within-pair 

absolute difference in the diet score was associated with a 9% (95% CI, 4.5 to 13.6) 

lower IL-6 level.  

Conclusions  Shared environmental and genetic factors are unlikely to play a major role 

in the association between adherence to the Mediterranean diet and systemic 

inflammation. These results support the hypothesis that reduced inflammation is an 

important mechanism linking Mediterranean diet to reduced cardiovascular risk.  
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Introduction 

Adherence to the Mediterranean diet appears to benefit the cardiovascular 

system,1, 2 but the underlying mechanisms are unclear. An inverse relationship between 

adherence to the Mediterranean diet and biomarkers of systemic inflammation, such as 

interleukin-6 (IL-6) and C-reactive protein (CRP)3, 4 has been reported, suggesting that 

inflammatory processes may be implicated. However, such relations were not 

consistently found in randomized controlled trials.5-7 A possible reason for the 

inconsistent findings may be due to genetic differences in the response to diet, since each 

of the trials studied a different European population – Italian,5 Spanish6 and German,7 

respectively. In addition, since dietary habits are acquired while growing up, they are 

likely to be associated with other environmental conditions shared by members of the 

same family, such as unmeasured socioeconomic and lifestyle factors, which can also 

influence inflammation and thus act as confounders. However, no prior study has 

controlled for the influence of familial factors in the association between the 

Mediterranean diet and inflammation.  

 

Twins are a powerful resource to dissect complex associations, because they 

allow to control for unmeasured and unknown confounding, such as genetic factors and 

socioeconomic, behavioral and lifestyle characteristics acquired by twins growing up in 

the same family. Using a sample of monozygotic (MZ) and dizygotic (DZ) middle-aged 

male twins raised in the same family, we examined the relationship between adherence to 

the Mediterranean diet and circulating biomarkers of inflammation. We sought to 
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determine if the association persisted after accounting for common genetic and 

environmental factors by comparing each twin with his co-twin.  

Methods 

Subjects 

The Twins Heart Study (THS) is an investigation of psychological, behavioral and 

biological risk factors for subclinical cardiovascular disease using twins. It included 180 

pairs of monozygotic (MZ) and dizygotic (DZ) male twins from the Vietnam Era Twin 

Registry8 who were born between 1946 and 1956 and were free of symptomatic 

cardiovascular diseases based on survey data collected in 1990.9 The Vietnam Era Twin 

Registry includes 7,369 middle-aged male-male twin pairs both of whom served in the 

United States military during the time of the Vietnam War. Zygosity was determined 

using similarity questionnaires supplemented with blood group typing data abstracted 

from military records.10 For the THS, random samples of twins in two strata were 

selected from the Registry: one stratum included twins discordant for a lifetime history of 

major depression and in a second stratum neither twin had a history of depression. All 

twins were examined at the Emory University General Clinical Research Center between 

March 2002 and March 2006, where their medical history was updated. We excluded 

twins with missing dietary data, implausible energy intake (≥ 6000 or <500 kcal/day),11 

or circulating IL-6 levels above 10 pg/mL, defined as a cutoff for low-grade systemic 

inflammation. The study protocol was approved by the Institutional Review Board at 

Emory University and informed consent was obtained from all subjects. 
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Diet Assessment 

We used the Willett self-administered semiquantitative food frequency 

questionnaire12 that collected dietary data over the past 12 months. The questionnaire 

classifies average food intake according to nine frequency categories ranging from 

“almost never or less than once per month” to “≥ 6 times/day”, using standardized 

portion sizes for each dietary item, including beverages and nutritional supplements. 

Questionnaires were scored by the Nutrition Questionnaire Service Center, Channing 

Laboratory, Harvard University, and nutrient intake data were derived following the 

nutrient database of the US Department of Agriculture. Daily food intake in grams was 

calculated from food intake frequency and portion sizes. 

 

Mediterranean Diet Score (MDS) 

The term Mediterranean diet refers to a dietary pattern typical of many regions in 

Greece and southern Italy in the early 1960s, including a high intake of fruits, vegetables, 

bread, other forms of cereals, potatoes, beans, nuts and seeds; low to moderate amounts of 

dairy products, fish, poultry and wine; low amounts of red meat; eggs consumed no more 

than four times weekly; and olive oil as an important fat source.13 We measured 

adherence to the Mediterranean diet using a Mediterranean Diet Score (MDS) described 

by Trichopoulou et al. based on a priori assumptions about nine desirable or undesirable 

dietary components (Appendix Table A-I.)1: 1) seven desirable dietary components for 

health including cereals (excluding potatoes); vegetables; fruits and nuts; legumes; fish; 

dietary ratio of monounsaturated to saturated fatty acids (mainly due to using olive oil as 

the main cooking oil in the Mediterranean diet); and moderate alcohol consumption; and 
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2) two undesirable dietary components for health, including meat and dairy food products. 

The score was constructed using zygosity-specific, rather than gender-specific, median of 

food intake (adjusted to 2500 kcal),14 in order to conduct analyses stratified by zygosity 

in our all-male sample. A value of 1 was assigned to a high intake (≥ median) of each 

desirable component; a value of 1 to a low intake (<median) of each undesirable foods; 

and a value of 0 to all other intakes.14 For alcohol, a value of 1 was assigned to moderate 

consumption, that is, intake above the zygosity-specific median (2.38 for MZ and 1.72 

gram/d for DZ) and at or below 33 g per day. The latter is the daily upper limit of alcohol 

intake considered to be “moderate” among American men,15 and equals approximately 

two alcoholic drinks per day.15, 16 The MDS was the sum of all values from the nine 

components, ranging from 0 to 9; the higher the score, the greater the adherence to the 

Mediterranean diet. 

We also devised three slight variations of the MDS in order to evaluate the 

robustness of our findings. First, we followed an earlier method published by 

Trichopoulou et al. to calculate a score, MDS1, ranging from 0 to 8, in which fish was 

included in the meat group17 and potatoes and eggs were included among cereals and 

meats, respectively.14 A second variant, MDS2, was similar to the MDS1 but fish was 

excluded from meat.17 Fish intake as a covariate was forced into the models. In a third 

variation of the score, MDS3, we excluded fish from the meat group and included fish as 

a desirable component.  

 

Assessment of Known Cardiovascular Risk Factors 
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We assessed smoking (never smoked, current and past smoker), education and 

marital status using standardized questionnaires. Physical activity was evaluated with the 

Atherosclerosis Risk in Communities study Baecke questionnaire.18 Waist and hip 

circumference were measured and used to calculate a waist-hip ratio. Systolic and 

diastolic blood pressures were measured using a mercury sphygmomanometer according 

to a standard protocol.19 Hypertension was defined as systolic blood pressure >140 and/or 

diastolic blood pressure > 90 mm Hg, or current use of antihypertensive medicines. 

Diabetes was defined as a fasting plasma glucose concentration >126 mg/dL,20 or current 

treatment with insulin or oral hypoglycemic agents. Depressive symptoms were measured 

with the Beck Depression Inventory (BDI) which yielded a continuous score.21 Current 

uses of aspirin and statins were also recorded. 

 

Biochemical Analysis 

Plasma samples were separated from nine-hour overnight fasting blood samples 

and stored at –80°C until analysis. Concentrations of glucose, triglycerides, and total, low- 

and high-density lipoprotein cholesterol were measured using standardized methods. 

Plasma IL-6 concentrations were determined using commercial enzyme-linked, high-

sensitivity immunosorbent kits (R&D Systems, Minneapolis, MN). High-sensitivity CRP 

(hsCRP) concentrations were tested using the high-sensitive Beckman Coulter assay. The 

inter- and intra-assay variability for all assays was less than 10%, the samples were 

analyzed blindly, and twin pairs were assessed in the same analytical run.  
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Statistical Analysis 

We ranked twins in each pair based on their MDS scores and calculated the 

within-pair absolute difference in the MDS as the difference between a twin with a higher 

MDS score and his twin brother with a lower MDS score. Inflammatory biomarkers were 

log-transformed due to skewed distributions. Intraclass correlation coefficients were 

calculated for the MDS and log-transformed inflammatory biomarkers in MZ and DZ 

twins. The association between the MDS and inflammatory markers was assessed by 

fitting linear regression models adapted for twin studies.22 We first used the entire sample 

by treating twins as individuals and accounting for the twin pair clustering. The MDS 

was analyzed primarily as a continuous variable and secondarily as a four-level variable 

categorized as 0 to 3, 4, 5, and 6 to 9. Category midpoints were used for analyses.23 

Because the dependent variables were log-transformed, and the association was inverse, 

we expressed the results as percent difference of the non-transformed values by using the 

following formula: [1-(expβ)] × 100 (%); β is the regression coefficient and expβ returns 

the exponential value of the parameter. The “base model” only adjusted for total energy 

intake and nutritional factors that were not part of the MDS, including potato and egg 

consumption.1 To this model we subsequently added sociodemographic factors, including 

age, years of education, and current marital status; lifestyle factors, such as smoking, 

waist-to-hip ratio, and physical activity; comorbidity and cardiovascular risk factors, 

including previous coronary heart diseases, depressive symptoms (BDI score), fasting 

glucose, systolic blood pressure, low-density lipoprotein cholesterol, and high-density 

lipoprotein cholesterol; supplements and medications such as fish oil supplements, and 

use of aspirin and statins.  Potential multicollinearity was investigated using condition 
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indices and variance decomposition proportions (VDP) by means of a SAS Macro, using 

criteria including both a condition index of 20 or more and at least two non-intercept 

variables with VDP values of 0.5 or higher.24 

Next, we performed within-pair analyses to examine differences in inflammatory 

biomarkers between co-twins in each pair. The within-pair effects are inherently 

controlled for demographic, shared familial and environmental influences; in addition, 

environmental factors during the day of testing are controlled since co-twins were 

examined at the same time and under the same conditions. We fitted mixed effects 

models for twins22 which allow for partitioning within- and between-pair differences in 

the dependent variable as a function of the independent variables. In these models the 

within-pair β coefficient describes the individual twin variation from the twin pair 

average; this formulation has the advantage of being independent of twin ordering; while 

the between-pair regression coefficient is just for the pair average. The within-pair 

coefficient is identical to the β coefficient from a model that fits the absolute difference 

between the co-twins.22 Thus, the percent difference calculated from the within-pair 

coefficient can be interpreted as the difference in inflammatory biomarker concentrations 

per one-unit absolute difference in the MDS between co-twins in a pair. Since twin pairs 

were raised together, and MZ pairs share 100% of their genetic material, any association 

between the MDS and inflammatory markers within MZ pairs cannot be ascribed to 

genes or family environment. DZ pairs also share familial factors, but on average only 

share 50% of their genetic material and as such are less tightly matched. These models 

included separated variance components for twin type to accommodate the different 

residual correlation in MZ and DZ pairs. MZ and DZ twins, however, were also 
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examined separately. Obesity is tightly associated with systemic inflammation;25 thus we 

further examined whether the diet-inflammation association was different among obese 

versus non-obese (body mass index ≥ 30 versus <30) twins. All analyses were conducted 

using mixed models to control for the pair clustering, using SAS software version 9.1 

(SAS Institute). Significance levels were set at 0.05, two-sided. The authors had full 

access to the data and take responsibility for its integrity. All authors have read and agree 

to the manuscript as written. 

Results 

Sample Characteristics 

From the initial sample of 360 twins, we excluded 15 subjects (one with no 

dietary data, six with implausible energy intake, and eight with plasma IL-6 levels above 

10 pg/mL). Therefore, our analyses were based on 345 twins (88 MZ and 77 DZ twin 

pairs, 5 MZ and 10 DZ unpaired twins). The sample was 94% Non-Hispanic White, 3% 

African-American, and 3% other race/ethnic groups. This distribution reflected the racial 

distribution of the Vietnam Era Twin Registry from which it was sampled. The median 

biomarker concentration was 1.7 pg/mL (interquartile 1.1 to 2.7) for IL-6 and 1.3 mg/L 

(interquartile 0.5 to 2.7) for hsCRP. Twins with higher MDS were older, more educated, 

less likely to be smokers and more likely to use fish oil supplements (Table A.1). The 

mean within-pair absolute difference in the MDS was 1.6 (range, 5) in MZ and 1.8 

(range, 7) in DZ twins. Intraclass correlation coefficients for the MDS, IL-6 and hsCRP 

were larger in MZ than DZ twin pairs (Table A.2), suggesting that genetic factors 

contribute to these traits.  
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Overall Associations  

Increasing MDS was associated with decreasing levels of IL-6 and hsCRP in a 

dose-response fashion (Table A.3). When the MDS was treated as a continuous variable, 

for each 1-unit increase in the MDS, IL-6 and hsCRP levels decreased by 6.6% (P = 

0.001) and 5.6% (P = 0.064), respectively, after adjusting for nutritional factors (Table 

A.3). After simultaneous adjustment for known cardiovascular risk factors the association 

between the MDS and hsCRP was no longer significant. However, even after full 

adjustment the relationship between the MDS and IL-6 remained strong (Model 4 in 

Table A.3): a one-unit increment in the MDS was associated with a 5.1% decrease in IL-

6 concentration (P = 0.005). Similar results were observed with the MDS as an ordinal 

variable, confirming the presence of a dose-response association (Table A.3). In the fully 

adjusted model, twins in the highest MDS category had an IL-6 level 21.3% (95% CI 

6.9~33.8%) lower than those in the lowest category, and there seem to be a threshold 

effect, such that subjects with a score at or above 6 had lower IL-6 levels than those with 

a score below 6. 

 

Zygosity-Specific Within-Pair Results  

For MZ pairs, a one-unit within-pair absolute difference in the MDS was 

associated with an 8.6% (95% CI 1% to 15%) and a 7.7% (95% CI 1% to 14%) lower IL-

6 level before and after adjusting for the other risk factors, respectively (Table A.4). The 

IL-6 results for DZ twins were similar. Neither MZ nor DZ twin pairs showed significant 

within-pair associations for hsCRP. The interaction between within-pair differences in 

the MDS and zygosity was not significant (Table A.4). The between-pair associations of 
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the MDS with inflammatory markers were not significant for either IL-6 or hsCRP 

(P=0.9 for IL-6 and P=0.5 for hsCRP in the fully adjusted model), suggesting that shared 

familial factors were not important. 

Because inflammation is a strong correlate of obesity, we also examined whether 

the within-pair association between the MDS and inflammatory markers differed by 

obesity. The interaction between within-pair differences in the MDS and obesity was not 

significant for either IL-6 or hsCRP in the fully adjusted model for the entire sample and 

by zygosity status (all P values >0.25).  

Finally, we repeated the analyses after excluding subjects with a previous history 

of coronary heart disease and by using published variations of the Mediterranean diet 

score (MDS1, MDS2 and MDS3). The results were very similar and are not shown. 

Discussion 

We found an inverse association between adherence to the Mediterranean diet and 

inflammation as measured by IL-6, independent of a wide range of known cardiovascular 

risk factors. This finding persisted when comparing co-twins within pairs, either MZ or 

DZ, suggesting that shared familial factors do not confound the association between 

adherence to the Mediterranean diet and systemic inflammation as measured by IL-6. 

Results were robust and persisted after exclusion of persons with a previous history of 

coronary heart disease and when slight variations of the Mediterranean diet score were 

used.  

Prior studies on the association between the Mediterranean diet and systemic IL-6 

levels are limited. Inverse associations between adherence to the Mediterranean diet and 
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IL-6 were reported in observational studies among healthy subjects,3, 4 and intermediate-6 

or long-term5 randomized controlled trials among subjects at high risk for cardiovascular 

disease,5, 6 but not in a short-term trial among healthy individuals,26 perhaps due to lack 

of sufficient time to observe potential effects. 

Although previous studies adjusted for socio-demographic and cardiovascular risk 

factors, no study has accounted for familial or genetic influences that may be shared 

between adherence to the Mediterranean diet and inflammatory response. Heritable and 

familial determinants affect both inflammatory biomarkers27 and dietary behavior, 

including food preference,28 food consumption frequency,29 and perception of hunger.30 A 

variety of other unmeasured environmental and behavioral factors that twins share, may 

confound the diet-inflammation association, and provide spurious associations. However, 

by comparing twins within pairs, we found that the MDS and IL-6 association was not 

diminished, which points to a conclusion that genetic influences or other familial factors 

do not play major roles.  

We found an independent association between adherence to the Mediterranean 

diet and plasma levels of IL-6 but not CRP. In the base model, CRP was marginally 

associated with the Mediterranean diet score (P=0.06), but after controlling for known 

cardiovascular risk factors, this relationship was substantially reduced. Several studies 

have found that the association between CRP and cardiovascular disease is attenuated 

after adjustment for confounding factors.31-35 One possible explanation is that IL-6 is a 

more sensitive indicator of atherosclerosis and cardiovascular risk than CRP.36-39 IL-6 has 

numerous biological actions40 that may promote atherosclerosis, including regulation of 

immune cells, recruitment of lymphocytes via stimulation of endothelial synthesis of 
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cellular adhesion molecules, pro-coagulant effects, and stimulation of the hepatic 

synthesis of CRP. Thus, IL-6 may have a direct atherogenic role,36, 37, 39, 40 and CRP may 

mostly serve as a marker of IL-6 or of other atherogenic risk factors.41  

While the within-pair effect was robust, the between-pair effect was weak and 

non-significant. This may be related to less confounding in the within-pair analyses. 

Since our twins were raised together, within-pair analyses naturally controlled for 

unmeasured confounding factors related to family environment or early development, 

which may act as negative confounders in this association. In general, a strong within-

pair effect with a small or absent between-pair effect is consistent with a causal 

mechanism.22  

There are some limitations to our study. The sample was restricted to middle-aged 

male Vietnam era veterans, and our results may not be generalizable to females. As in 

other common food frequency questionnaires used across the United States, combined 

food items, containing two or more components of the MDS, may misclassify individual 

MDS components. However, we carefully decomposed combined items into individual 

ingredients using appropriate recipes, therefore minimizing misclassification. Our results 

only reflect the cumulative effects of various foods in the Mediterranean diet score,42 and 

our findings should not be extrapolated to a single food component. As in all 

observational studies, our results may be affected by unmeasured confounding. However, 

we controlled for many known lifestyle factors, and compared twins raised in the same 

family; thus it is unlikely that other behavioral factors confound substantially the 

association between the MDS and inflammation.  
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In conclusion, using a twin sample we were able to demonstrate that shared 

environmental and genetic factors do not confound the association between adherence to 

the Mediterranean diet and systemic inflammation. Our findings add weight to the 

biological plausibility of the cardioprotective effect of the Mediterranean diet, and 

substantiate the protective effect of the Mediterranean diet on cardiovascular risk. 

Furthermore, our data support the importance of behavioral interventions that encourage 

consumption of a healthier diet to prevent cardiovascular disease. 
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TABLE A.1. 

Age, Lifestyle, Clinical and Biochemical Characteristics of Subjects According to 

the Mediterranean Diet Score 

Variable 

Mediterranean Diet Score 

       (0-3)             (4)            (5)            (6-9) 

    (n=104)        (n=70)     (n=81)       (n=90) P value*

Age, y  53.8±0.3 54.3±0.3 54.5±0.3 54.8±0.3 0.02 

Education, y 13.8±0.2 14.1±0.2 14.7±0.2 14.5±0.2 0.003 

Body mass index, kg/m2 29.6±0.5 29.5±0.6 29.5±0.5 28.5±0.5 0.13 

Waist to hip ratio 0.94±0.01 0.95±0.01 0.95±0.01 0.94±0.01 0.75 

Physical activity, unit 7.15±0.16 7.34±0.19 7.69±0.18 7.49±0.17 0.07 

Smoking status, n (%)     0.001 

Former  29 (27.9) 24 (34.3) 33 (40.7) 44 (48.9)  

Current  41 (39.4) 34 (48.6) 13 (16.0) 9 (10.0)  

Never  34 (32.7) 12 (17.1) 35 (43.2) 37 (41.1)  

Married, n (%) 77 (74.0) 54 (77.1) 66 (81.5) 77 (85.6) 0.07 

Employed, n (%) 78 (75.0) 58 (82.9) 64 (79.0) 74 (82.2) 0.28 

Depressive symptoms, BDI score  6.04±0.62 4.44±0.74 4.15±0.70 3.98±0.67 0.02 

Plasma glucose, mg/dL 98.2±1.8 102.7±2.1 100.0±2.0 103.3±1.9 0.052 
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TABLE A.1 (Con’t.) 

Age, Lifestyle, Clinical and Biochemical Characteristics of Subjects According to 

the Mediterranean Diet Score  

Variable 

Mediterranean Diet Score 

            (0-3)            (4)                (5)            (6-9) 

          (n=104)        (n=70)         (n=81)        (n=90) 

P  

value* 

Systolic blood pressure, mm Hg 130.3±1.6 129.5±1.8 128.5±1.7 129.3±1.6 0.61 

Diastolic blood pressure, mm Hg 80.8±1.1 80.6±1.2 79.8±1.2 82.3±1.1 0.37 

Blood Lipids, mg/dL      

Total triglycerides 176.6±10.0 192.9±11.6 179.2±11.6 182.5±10.5 0.75 

Total Cholesterol 185.3±3.7 193.2±4.4 186.0±4.2 189.1±4.0 0.57 

HDL-Cholesterol 38.9±0.9 38.4±1.0 39.7±1.0 37.7±1.0 0.41 

LDL-Cholesterol 124.0±3.3 125.9±3.9 120.8±3.7 125.0±3.5 0.96 

Previous coronary heart disease, n (%) 13 (12.5) 2 (2.9) 12 (14.8) 6 (6.7) 0.31 

Diabetes mellitus, n (%) 8 (7.7) 8 (11.6) 11 (13.6) 10 (11.1) 0.35 

Hypertension, n (%) 36 (34.6) 21 (30.0) 24 (29.7) 26 (28.9) 0.40 

Use of fish oil supplements, n (%) 2 (1.9) 2 (2.9) 5 (6.2) 10 (11.1) 0.01 

Use of statins, n (%) 26 (25.0) 11 (15.7) 27 (33.3) 22 (24.4) 0.79 

Use of aspirin, n (%) 29 (27.9) 12 (17.1)  25 (30.9) 21  (23.3) 0.67 
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TABLE A.1 (Con’t.) 

Age, Lifestyle, Clinical and Biochemical Characteristics of Subjects According to the 

Mediterranean Diet Score 

Variable 

Mediterranean Diet Score 

    (0-3)                (4)                  (5)              (6-9) 

 (n=104)           (n=70)           (n=81)          (n=90) 

P  

value* 

Plasma inflammatory biomarkers     

IL-6, pg/mL† 2.1 (1.8~2.3) 1.9 (1.6~2.2)1.8 (1.6~2.1) 1.5 (1.3~1.7) <0.0001

hsCRP, mg/L† 1.4 (1.1~1.7) 1.3 (1.0~1.7)1.1 (0.9~1.4) 1.0 (0.8~1.3) 0.02 

 

Results are expressed as means ± SEM when appropriate. Variables (%) are 

dichotomous except smoking status. BDI indicates Beck Depression Inventory; IL-6, 

interleukin-6; hsCRP, high-sensitivity CRP; HDL, high-density lipoprotein; and LDL, 

low-density lipoprotein. 

* Test for trend across diet groups. All P values are corrected for pair clustering. Mixed 

models were used for continuous variables, generalized estimating equation (GEE) 

logistic models for dichotomous variables, and repeated proportional odds model with 

GEE for the three-level ordinal smoking variable. 

† Geometric means (95% confidence intervals). 
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TABLE A.2. 

Intraclass Correlation Coefficients* 

 MZ DZ 

MDS, unit 0.26 0.0 

IL-6, pg/mL 0.35 0.16 

hsCRP, mg/L 0.70 0.26 

Calculated using linear mixed model with SAS. 
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TABLE A.3. 

Associations between the Mediterranean Diet Score (MDS) and Inflammatory 

Biomarker  Concentrations in the Entire Sample. 

 
 
 

Geometric Means of IL-6 or hsCRP levels
(95% CI) 

Outcome 

Difference 
(%)  

Per 1-Unit 
Increment 

in MDS 
(95% CI) 
(n=345) 

P 
value

MDS=0-3
(n=104) 

MDS=4
(n=70)

MDS=5 
(n=81) 

MDS=6-9
(n=90) 

P 
value* 

Model 1: Adjusted for zygosity and other nutritional factors not included in the MDS†. 

IL-6, pg/mL 
-6.6  

( -10.1, -2.9) 

0.001 
2.1 

(1.8, 2.3) 

1.9 

(1.6, 2.2)

1.8 

(1.6, 2.1) 

1.5 

(1.3, 1.7) 
<0.0001

hsCRP, mg/L 
-5.6 

(-11.3, 0.3) 0.064 

1.4 

(1.1, 1.7) 

1.3 

(1.0, 1.7)

1.2 

(0.9, 1.5) 

1.0 

(0.8, 1.3) 
0.06 

Model 2: Further adjusted for demographic and lifestyle factors╪.  

IL-6, pg/mL 
-4.6 

(-8.2, -0.9) 0.016 

2.1 

(1.9, 2.4) 

2.1 

(1.8, 2.4)

2.0 

(1.8, 2.4) 

1.7 

(1.5, 1.9) 
0.007 

hsCRP, mg/L 
-3.7 

(-9.5, 2.4) 0.22 

1.3 

(1.1, 1.7) 

1.3 

(1.0, 1.7)

1.3 

(1.0, 1.6) 

1.1 

(0.9, 1.4) 
0.22 



Chapter III  

 90

 
 

TABLE A.3 (Con’t) 

Associations between the Mediterranean Diet Score (MDS) and Inflammatory 

Biomarker Concentrations in the Entire Sample. 

 
 
 

Geometric Means of IL-6 or hsCRP 
levels (95% CI) 

Outcome 

Difference 
(%)  

Per 1-Unit 
Increment 
 in MDS 
(95% CI) 
(n=345) 

P 
value

MDS=0-3
(n=104) 

MDS=4 
(n=70) 

MDS=5 
(n=81) 

MDS=6-9
(n=90) 

P 
value* 

Model 3: Further adjusted for comorbidity and cardiovascular risk factors§. 

IL-6, pg/mL 
-5.1 

(-8.6, -1.4)

0.007 
2.1 

(1.9, 2.4)

2.1 

(1.8, 2.4)

2.1 

(1.8, 2.4)

1.7 

(1.5, 1.9) 
0.005 

hsCRP, mg/L 
-4.0 

(-9.7, 2.0) 

0.18 
1.4 

(1.1, 1.7)

1.3 

(1.0, 1.7)

1.3 

(1.0, 1.7)

1.1 

(0.9, 1.4) 
0.17 

Model 4: Further adjusted for use of supplements and medications║. 

IL-6, pg/mL 
-5.1 

(-8.2, -0.9)

0.008 
2.1 

(1.7, 2.5)

2.0 

(1.6, 2.5)

2.0 

(1.7, 2.4)

1.6 

(1.3, 1.9) 
0.005 

hsCRP, mg/L 
-3.9 

(-9.6, 2.2) 

0.20 
1.2 

(0.9, 1.7)

1.2 

(0.8, 1.7)

1.2 

(0.9, 1.7)

1.0 

(0.7, 1.3) 
0.18 
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TABLE A.3 (Cont.)  

The percent difference was calculated from the β coefficient of the MDS in mixed 

models treating twins as separate individuals but accounting for clustering within a pair. 

MDS indicates Mediterranean diet score; IL-6, interleukin-6; and hsCRP, high-

sensitive C-reactive protein. 

* Test for trend across diet groups. 

† Total energy intake, egg and potato consumption.  

‡ Age, education, marital status, smoking, waist-to-hip ratio, and physical activity.  

§ Previous coronary heart disease, depressive symptom score, plasma glucose, systolic 

blood pressure, low- and high-density lipoprotein cholesterol.  

║ Fish oil supplements, statins and aspirin. 
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TABLE A.4.  

Within-Pair Differences in Inflammatory Biomarker Concentrations per 1-Unit 

Mediterranean Diet Score (MDS), Overall and by Zygosity 

MZ+DZ (n=345)  MZ (n=181) DZ (n=164) 

Outcome 

Within-Pair 
Difference (%) 

(95% CI) 
P  

Value 

Within-Pair 
Difference (%)

(95% CI) 
P 

 Value

Within-Pair 
Difference (%) 

(95% CI) 
P 

Value

P  
Value║ 

 

Model 1: Adjusted for zygosity and other nutritional factors not included in the MDS*. 

IL-6, 

pg/mL 

-9.9 

(-14.3, -5.2) 
<0.0001

 

-8.6 

(-15.4, -1.3)
0.022

-11.3 

(-17.0, -4.9) 
0.001 0.55 

hsCRP, 

mg/L 

-5.4 

(-12.2     1.8) 
0.14 

 

-3.9 

(-12.5, 6.2)
0.45

-6.8 

(-17.4, 5.2) 
0.26 0.69 

Model 2: Further adjusted for demographic and lifestyle factors†. 

IL-6, 

pg/mL 

-8.8 

(-13.2    -4.1) 
<0.0001

 

-8.6 

(-15.4, -1.6)
0.018

-10.4 

(-16.1, -3.6) 

0.003

 
0.92 

hsCRP, 

mg/L 

-4.4 

(-11.3     3.0) 
0.21 

 

-3.0 

(-11.9, 7.4)
0.58 

-6.8 

(-17.1, 6.2) 
0.28 0.66 
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TABLE A.4 (Con’t).  

Within-Pair Differences in Inflammatory Biomarker Concentrations per 1-Unit 

Mediterranean Diet Score (MDS), Overall and by Zygosity 

MZ+DZ (n=345)  MZ (n=181) DZ (n=164) 

Outcome 

Within-Pair 
Difference (%) 

(95% CI) 
P  

Value 

Within-Pair 
Difference (%)

(95% CI) 
P 

 Value

Within-Pair 
Difference (%) 

 (95% CI) 
P 

Value

P  
Value║ 

 

Model 3: Further adjusted for comorbidity and cardiovascular risk factors‡. 

IL-6, 

pg/mL 

-9.2 

(-13.6, -4.6) 
<0.0001

-9.5 

(-15.7, -2.6) 
0.009

-11.3 

(-16.8, -4.7) 
0.001 0.85 

hsCRP, 

mg/L 

-4.4 

(-11.2,  2.8) 
0.22 

-3.0 

(-11.6, 6.6) 
0.53 

-6.8 

(-17.5, 5.4) 
0.26 0.57 

Model 4: Further adjusted for use of supplements and medications§. 

IL-6, 

pg/mL 

-9.2 

(-13.6, -4.5) 
<0.0001

-7.7 

(-14.4, -0.8) 
0.029

-11.3 

(-17.1, -4.7) 
0.001 0.80 

hsCRP, 

mg/L 

-4.1 

(-10.8,  3.2) 
0.26 

-0.5 

(-9.5, 9.5) 
0.93 

-7.7 

(-18.0, 4.8) 
0.22 0.46 
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TABLE A.4 (Cont.). 

 

The within-pair difference (%) is calculated from the β coefficient and is expressed 

per 1-unit difference in the MDS between two twins in a pair. MDS indicates 

Mediterranean diet score; MZ, monozygotic twins; DZ, dizygotic twins; IL-6, 

interleukin-6; and hsCRP, high-sensitive C-reactive protein.  

* Total energy intake, egg and potato consumption.  

† Age, education, marital status, smoking, waist-to-hip ratio, and physical activity.  

‡ Previous coronary heart disease, depressive symptom score, plasma glucose, 

systolic blood pressure, low- and high-density lipoprotein cholesterol.  

§ Fish oil supplements, statins and aspirin. 

║for interaction for with zygosity 
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APPENDIX 

Appendix Table A-I.  

Dietary Components Used to Construct the Mediterranean Diet Score 

  Dietary Component Foods Included Criteria for 1 Point 

Desirable components   

Vegetables All vegetables except potatoes ≥  median intake (g/d) 

Legumes Peas and beans ≥  median intake (g/d) 

Fruits and nuts All fruits and juices, all nuts and peanut 

butter 

≥  median intake (g/d) 

Cereals All cereal foods included as follows: 

Cold cereals, white bread, dark bread, 

rice, pasta, as well as cereals in hotdog, 

pie, cake, cookie, and hamburger.  

Sugar and potatoes were excluded. 

≥  median intake (g/d) 

Fish Fish ≥  median intake 

Ratio of monounsaturated to 

saturated fatty acids 

The whole diet ≥  median intake 

Ethanol Wine, beer and liquor median~33 g/d 

 Undesirable components   

Dairy products All dairy products  < median intake (g/d) 
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Appendix Table A-I (Con’t) 

Dietary Components Used to Construct the Mediterranean Diet Score 

  Dietary Component Foods Included Criteria for 1 Point 

Meats All meats excluding eggs < median intake (g/d) 

 
   Medians for dietary components were zygosity-specific. 
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APPENDIX (Cont.) 

Appendix Table A-II.  

Medians of Dietary Components (adjusted to 2500 kcal) Used for the Mediterranean 

Diet Score Calculation or Otherwise Used in the Analysis. 

Dietary Component MZ DZ 

Dietary components for the score calculation 

Desirable components 

Vegetables (g/day) 138.4 125.7 

Legumes (g/day) 34.6 33.1 

Fruits and nuts (g/day) 298.3 259.5 

Cereals (g/day) 131.2 127.2 

Fish (g/day) 18.8 20.0 

Ratio of monounsaturated to 

saturated fatty acids 

1.106 1.091 

Ethanol (g/day) 2.38 1.72 

Undesirable components   

Dairy products (g/day) 308.1 319.5 

Meats (g/day) 123.7 143.4 
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APPENDIX (Cont.) 

Appendix Table A-II.  

Medians of Dietary Components (adjusted to 2500 kcal) Used for the Mediterranean 

Diet Score Calculation or Otherwise Used in the Analysis. 

Dietary Component MZ DZ 

Food groups forced into models 

Eggs (g/day) 19.3 28.8 

Potatoes (g/day) 139.0 156.9 

Total energy intake (kcal/day)* 1426.7 1447.1 

To convert values for energy intake to kJ, multiplied by 4.184. 

MZ indicates monozygotic twins; DZ: dizygotic twins. 
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Abstract  
BACKGROUND:  The cardioprotective property of the Mediterranean diet has been 

attributed to its antioxidant capacity, but direct investigation of this mechanism is 

limited.   

OBJECTIVE: We examined the association between the Mediterranean diet and an 

established plasma marker of oxidative stress, the ratio of reduced to oxidized 

glutathione (GSH/GSSG), in a well-controlled study of twins. 

DESIGN: We administered the Willett Food Frequency Questionnaire to 138 

monozygotic and dizygotic paired twins and 21 unpaired twins, and derived a score 

measuring adherence to the Mediterranean diet. Fasting plasma GSH and GSSG 

concentrations were measured to calculate the GSH/GSSG ratio. The higher the ratio, 

the lower oxidative stress. Mixed-effect regression analysis was used to partition the 

association into between- and within-twin pair differences. When examining within-

pair effects, twins are matched for sociodemographic and familial factors. 

RESULTS: A one-unit increment in the diet score was associated with a 7% higher 

GSH/GSSG ratio (P=0.03), after adjusting for energy intake, other nutritional factors, 

cardiovascular risk factors and medication use. The association persisted within twin 

pairs: a one-unit within-pair absolute difference in the diet score was associated with a 

10% (95% CI, 2.7, 18.0) higher GSH/GSSG ratio comparing the twin with the higher 

score to his co-twin with the lower score (P = 0.007). Results were similar in 

monozygotic and dizygotic twin pairs. 

CONCLUSIONS: The association between Mediterranean diet and plasma oxidative 

stress is robust, and is not confounded by genetic or shared environmental factors. 
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Decreased oxidative stress is a plausible mechanism linking Mediterranean diet to 

reduced cardiovascular risk. 

KEY WORDS: Mediterranean diet • identical twins • fraternal twins • reduced 

glutathione • oxidized glutathione 
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Introduction 
Greater adherence to the Mediterranean diet is associated with lower risk for 

cardiovascular disease.1, 2 The leading hypothesis on the mechanism of this 

association is a decrease in oxidative stress due to the antioxidant capacity of the 

diet.3 However, although the antioxidant properties of the Mediterranean diet are 

known, direct investigation of whether this diet is associated with lower oxidative 

stress is limited. Furthermore, since dietary habits in adult life are influenced by those 

acquired while growing up,4-6 they may be confounded by other exposures or 

behaviors shared by members of the same family. Previous studies have not been able 

to adequately control for familial factors when investigating the association between 

the Mediterranean diet and oxidative stress.  

Oxidative stress is a pathophysiological pathway thought to influence all 

aspects of atherosclerosis development and cardiovascular disease risk.7 Glutathione 

(GSH, reduced form) and glutathione disulfide (GSSG, oxidized form) in plasma are 

transported from tissues by concentration-dependent transport systems.8 Results from 

animal experiments show that plasma GSH/GSSG decreases in response to tissue 

oxidative stress.9 Oxidative stress is conceptualized as a disruption of redox signaling 

and control.10 Therefore, the ratio of GSH to GSSG may be preferable to either GSH 

or GSSG alone as an overall indicator of redox status and, thus, is used as a marker of 

oxidative stress.11 Biochemically, GSH/GSSG redox decreases lipid hydroperoxides 

by reducing these peroxides into alcohols and suppressing their generation.12, 13 

Decreased lipid hydroperoxides, in turn, lower oxidized low-density lipoproteins and 

thus may inhibit atherosclerosis.12, 13 Additionally, a lower GSH/GSSG ratio may 

result in protein glutathionylation and oxidatively altered GSH-GSSG redox 
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signaling11 and associated gene expression and apoptosis, which may contribute to 

atherosclerosis. Clinically, an unfavorable GSH/GSSG ratio was found in patients 

with acute myocardial infarction compared with controls,14 and was related to the 

progression of atherosclerotic lesions after percutaneous coronary intervention.15 

Using a sample of monozygotic (MZ) and dizygotic (DZ) middle-aged male 

twins raised in the same family, we examined the association between degree of 

adherence to the Mediterranean diet and plasma GSH/GSSG ratio. Twins are naturally 

matched for demographic, familial and other environmental influences while growing 

up. MZ pairs are also 100% matched for genetic factors, while DZ pairs share on 

average 50% of their genes. In pairs whose members differed in level of adherence to 

the Mediterranean diet, we examined whether the association persisted when 

comparing each twin with his co-twin. If the association is found within twin pairs, it 

is not confounded by early environment/familial factors. If the association is observed 

within MZ pairs, it is also independent of genetic factors. 

Subjects and Methods 
Participants 

The Twins Heart Study (THS) is an investigation of psychological, behavioral 

and biological risk factors for subclinical cardiovascular disease. The THS includes 

180 pairs of monozygotic (MZ) and dizygotic (DZ) male twins from the Vietnam Era 

Twin Registry,16 a registry of male-male twin pairs both of whom served in the 

United States military during the Vietnam era.17 Twins selected for inclusion in the 

THS were born between 1946 and 1956, which represented >90% of the twins in the 

VET Registry. Using self-reported data from 1990, eligible twins were free of 

symptomatic cardiovascular diseases.18 Zygosity information determined by DNA 



Chapter IV 
 

106 

analysis was available from all but 11 twin pairs. The zygosity of these 11 pairs was 

assessed using questionnaires supplemented with blood group typing data abstracted 

from military records,19 which in our sample had an accuracy of 94%.  

For the THS, random samples of twins in two strata were selected from the 

Registry: one stratum included twins discordant for a lifetime history of major 

depression; the other stratum included twins with no history of depression. All twin 

pairs were examined at the Emory University General Clinical Research Center 

between March 2002 and March 2006. The assessment included a comprehensive 

history, physical exam, and biochemical measures; we also obtained updated 

information about symptomatic cardiovascular disease. Because the measurement of 

plasma GSH and GSSG was not available for the first 11 twin pairs, the available 

sample for this study was 169 twin pairs. We further excluded 41 participants, 

including one with no dietary data, four with implausible energy intake (≥ 6000 or 

<500 kcal/day),20 thirty-four with previous cardiovascular disease as assessed at our 

clinic visit, and two with missing GSH/GSSG data. A number of unpaired twins 

resulted from these exclusions; these were retained in the analyses. Inclusion of 

unpaired twins is common practice in twin modeling because it allows full use of all 

available data.21 Therefore, our analyses were based on 297 twins, including 81 MZ 

and 57 DZ twin pairs, and 9 MZ and 12 DZ unpaired twins. The study protocol was 

approved by the Institutional Review Board of Emory University and informed 

consent was obtained from all subjects. 

 

Diet Assessment 

We used the Willett self-administered semi-quantitative food frequency 

questionnaire22 to collect dietary data over the previous 12 months. The questionnaire 
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classifies average food intake according to nine frequency categories ranging from 

“almost never or less than once per month” to “≥6 times/day”, using standardized 

portion sizes for each dietary item, including beverages and nutritional supplements. 

Questionnaires were scored by the Nutrition Questionnaire Service Center, Channing 

Laboratory, Harvard University, and nutrient intake data were derived using the 

nutrient database of the US Department of Agriculture.22 Daily food intake in grams 

was calculated from food intake frequency and portion sizes.  

Mediterranean Diet Score (MDS) 

The Mediterranean diet is characterized by a high intake of fruits, vegetables, 

bread, other forms of cereals, beans, nuts, and seeds; a low-to-moderate intake of dairy 

products, fish, poultry and wine; a low intake of red meat; egg consumption ≤ 4 times 

weekly; and use of olive oil as an important fat source.23 We measured adherence to 

the Mediterranean diet using a Mediterranean Diet Score (MDS) described by 

Trichopoulou et al. based on a priori assumptions about nine desirable or undesirable 

dietary components for health1 (Appendix Table B-I).  The seven desirable 

components include cereals, vegetables, fruits and nuts, legumes, fish, a high dietary 

ratio of monounsaturated to saturated fatty acids (as reflected by high olive oil 

consumption), and moderate alcohol consumption; the two undesirable components 

are meat and dairy food products. In order to conduct analyses stratified by zygosity 

in our all-male sample, we constructed the score using zygosity-specific, rather than 

sex-specific, medians of food intakes (adjusted to 2,500 kcal). A value of 1 was 

assigned to a high intake (≥ median) of each desirable component or a low intake (< 

median) of each undesirable food. All other intakes received a value of 0.24 For 

alcohol, a value of 1 was assigned to moderate consumption, that is, an intake above 

the zygosity-specific median (1.91 gram/day for MZ or DZ) and at or below 33 g per 
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day. The latter is the upper limit of daily alcohol intake considered to be “moderate” 

among American men , and equals approximately two alcoholic drinks daily.25, 26 The 

MDS was the sum of all values from the nine components, ranging from 0 to 9; the 

higher the score, the greater the adherence to the Mediterranean diet. 

We also devised four slight variations of the MDS in order to evaluate the 

robustness of our findings. First, we followed an earlier method published by 

Trichopoulou et al. to calculate a score, MDS1, ranging from 0 to 8, in which fish was 

included in the meat group27 and was not considered as a desirable dietary 

component; potatoes were included with cereals; and eggs were included with meat.24 

In a second variant of the score, MDS2, ranging from 0 to 8, fish was excluded from 

meat, and its intake was forced as a covariable into the models. In a third variant of 

the score, MDS3, ranging from 0 to 8, fish and eggs were excluded from the meat 

group, and either ignored or included as separate covariates in the models. In a forth 

variation of the score, MDS4, ranging from 0 to 9, fish was excluded from the meat 

group and included as a separate desirable component; potatoes were included with 

cereals; and eggs were included with meats.24  

Assessment of Known Cardiovascular Risk Factors 

We assessed smoking, education and marital status using standardized 

questionnaires. Physical activity was evaluated with the validated Baecke 

questionnaire.28 Waist and hip circumferences were measured and used to calculate 

the waist-hip ratio. Systolic and diastolic blood pressures were measured using a 

mercury sphygmomanometer according to a standard protocol.29 Hypertension was 

defined as systolic blood pressure >140 and/or diastolic blood pressure >90 mmHg, or 

current use of antihypertensive medicines. Diabetes was defined as a fasting plasma 

glucose concentration >126 mg/dL30 or current treatment with insulin or oral 
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antihyperglycemic agents. Depressive symptoms were measured with the Beck 

Depression Inventory (BDI), which yielded a continuous score.31 Current use of 

aspirin and statins was also recorded. Serum creatinine concentration was measured 

by a kinetic alkaline picrate method and used to calculate estimated glomerular 

filtration rate (eGFR) based on the formula: eGFR = 186 × (Serum creatinine 

concentrations)-1.154 × (age)-0.203 × (0.742 if female) × (1.210 if African-

American).32  

Biochemical Analysis 

Blood samples for GSH and GSSG assays were assayed according to 

established procedures with twin pair samples assessed in the same analytical run.11, 33 

A nine-hour overnight fasting blood sample was collected into tubes containing 100 

mM serine-borate (pH 8.5) containing (per ml) 0.5 mg sodium heparin, 1 mg 

bathophenanthroline disulfonate, and 2 mg iodoacetic acid to inhibit GSH auto-

oxidation and degradation by γ-glutamyltranspeptidase. Following centrifugation, 

plasma was transferred to a microcentrifuge tube with 200 μl of a 10% (w/v) 

perchloric acid solution containing 0.2 M boric acid and 10 μM γ-Glu-Glu and stored 

at –80°C until analysis. GSH and GSSG concentrations were determined in a single 

run using a validated HPLC assay.11, 33 The method for plasma GSH and GSSG assays 

included procedures to avoid hemolysis;33 samples with evidence of hemolysis were 

discarded prior to analysis. The inter- and intra-assay variability for all assays was 

less than 10%. GSH and GSSG concentrations were used to calculate the GSH/GSSG 

ratio. We also used the Nernst equation to calculate the glutathione redox potential for 

the GSH/GSSG couple (Eh GSH/GSSG).11 Because all values for Eh GSH/GSSG were 

negative, the absolute value, or aEh GSH/GSSG, was used in the analysis. The higher 

the value of the GSH/GSSG ratio or the aEh GSH/GSSG, the lower the oxidative 
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stress. Fasting plasma glucose, triacylglycerols, and total, low- and high-density 

lipoprotein cholesterol were measured using standard methods.  

Statistical Analysis 

We defined “within-pair absolute differences” as differences between a twin 

with a higher MDS score and his twin brother with a lower score. The right skewed 

oxidative stress biomarkers were log-transformed to improve normality. The 

association between the MDS and oxidative stress biomarkers was assessed by fitting 

linear regression models adapted for twin studies and examined at two levels:21 

between-subject and within-pair. Because dependent variables were log-transformed, 

the results were expressed as percent differences of the non-transformed values using 

the formula: [(expβ)-1] × 100 (%), where β is the regression coefficient and expβ 

returns the exponential value of the parameter.  

We first treated twins as individuals while accounting for twin pair clustering 

(Table B.2). The association at this level is the weighted average of within-pair and 

between-pair information.21 The MDS was analyzed primarily as a continuous 

variable and secondarily as a categorical variable according to quartiles (0 to 3, 4, 5, 

and 6 to 9). Category midpoints were used for analysis.  

Next, we performed within-pair analyses to examine differences in biomarkers 

between co-twins in each pair (Table B.3). The within-pair effects are inherently 

controlled for shared demographic, familial, and, in MZ pairs, genetic influences; 

additionally, environmental factors during the day of testing are controlled for since 

co-twins were examined at the same time. We fitted mixed models for twins,21 which 

allow for partitioning within- and between-pair differences in the dependent variable 

as a function of the independent variables. In these models the within-pair β 

coefficient describes the individual twin variation from the twin pair average and it is 
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identical to the β coefficient from a model that fits the absolute difference between the 

co-twins.21 Thus, the percent difference calculated from this parameter represents the 

percent increment/decrement in biomarker concentrations per one-unit absolute 

difference in the MDS between twin brothers, comparing a twin with a one-unit 

higher MDS to his twin brother with a lower MDS. The “base model” was adjusted 

for nutritional factors, including total energy intake, potato and egg consumption,1 

dietary supplements (fish oil, vitamins, and minerals such as zinc, selenium, and iron), 

and other relevant nutritional habits (extent of habitual removal of visible fat on meat, 

consumption of punches, fruit drinks, and fried foods, and types of cooking oils).  To 

this model we added sociodemographic factors (age, years of education, and current 

marital status); lifestyle factors (current smoking, waist-to-hip ratio, and physical 

activity); and cardiovascular risk factors (depressive symptom scores, fasting glucose, 

systolic blood pressure, low-density lipoprotein cholesterol, the ratio of high-density 

lipoprotein cholesterol to triacylglycerols), and use of aspirin and statins. To rule out 

model overfitting, we fitted parsimonious models after backward elimination. 

However, our associations of interest were similar in the parsimonious models and in 

the full models. All analyses were conducted using SAS software version 9.1 (SAS 

Institute). Significance levels were set at 0.05, two-sided. 

Results 
Sample Characteristics 

Men with a higher MDS were more educated, more physically active, less 

likely to smoke, had lower depressive symptom scores, and were more likely to use 

fish oil supplements (Table B.1). The sample was 94% Non-Hispanic White, 3% 

African-American, and 3% other race/ethnic groups. This distribution reflected the 
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racial distribution of the Vietnam Era Twin Registry from which it was sampled. 

Except for GSH, intraclass coefficients for MDS, GSSG, the ratio of GSH/GSSG, and 

the aEh GSH/GSSG were greater among MZ than DZ twins, suggesting that genetic 

factors contribute to these traits (Appendix Table B-II).  

Overall Associations  

When the MDS was treated as a continuous variable, for each 1-unit increment 

in the MDS, GSH was 0.9% higher (P=0.71), GSSG concentrations were 6.4% lower 

(P=0.07), the GSH/GSSG ratio was 8.0% higher (P=0.008), and the aEh GSH/GSSG 

was 0.8% lower (P=0.03), respectively, after adjusting for nutritional factors not 

included in the Mediterranean diet score (Model 1 in Table B.2). After further 

adjustment for traditional cardiovascular risk factors and medication use, the 

association of the MDS, either as a continuous or as a categorical variable, with the 

GSH/GSSG ratio remained statistically significant (Model 2 in Table B.2). In the fully 

adjusted model, twins in the highest MDS quartile had a GSH/GSSG ratio 31% higher 

(95% CI 2.1%, 69.7%) than those in the lowest quartile. 

Within-Pair Results  

The mean within-pair absolute difference in the MDS was 1.6 (range, 6) in 

MZ and 1.9 (range, 7) in DZ twins. The association between within-pair difference in 

the MDS and biomarkers were not different by zygosity (all P>0.4 for the 

interactions) (Table B.3), suggesting that genetic factors do not play a substantial role 

in these associations. In all the subsequent analyses we therefore pooled MZ and DZ 

pairs (Table B.3). In the combined sample of MZ and DZ pairs, within-pair 

associations of the MDS with GSSG concentrations and the GSH/GSSG ratio were 

statistically significant in all models, while the association with aEh GSH/GSSG was 

nearly statistically significant (Table B.3). In the fully adjusted model (Model 2 in 
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Table B.3), a one-unit within-pair absolute difference in the MDS was associated with 

a 10% lower GSSG concentration (P=0.02) and a 10% higher GSH/GSSG ratio 

(P=0.007).  

Similar results were obtained using a three-level smoking variable (never 

smoked, current and past smoker), excluding four subjects with elevated 

concentrations of inflammatory biomarkers (three subjects with high sensitive C-

reactive protein >30 mg/L and one subject with tumor necrosis factor-alpha >200 

pg/mL), further controlling for interleukin-6 and C-reactive protein concentrations, 

further controlling for diabetes mellitus and renal function measured by using eGFR, 

and further controlling for antihypertensive and antihyperglycemic medications. 

Furthermore, when we repeated the analyses using published variations of the 

Mediterranean score (MDS1, MDS2, MDS3, and MDS4), results remained similar.  

Discussion 
We found a robust inverse association between adherence to the 

Mediterranean diet and oxidative stress as measured by the GSH/GSSG ratio 

primarily due to lower GSSG concentrations, independent of a wide range of known 

cardiovascular risk factors. This finding persisted when comparing co-twins within 

pairs, either MZ or DZ, suggesting that shared familial and genetic factors do not 

confound the association between adherence to the Mediterranean diet and oxidative 

stress as measured by the GSH/GSSG ratio. Similar, but borderline significant, trends, 

were found for Eh GSH/GSSG. Results were robust to slight variations of the 

Mediterranean diet score.  

Our results are important particularly in view of the lack of randomized 

controlled trials assessing the effects of the Mediterranean diet on glutathione redox 
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pathways in the general population. A few small trials34-37 and one large trial,38 

however, have examined short- or intermediate-term effects of the Mediterranean diet 

on other circulating markers of oxidative stress, including urinary F2-isoprostanes,34 

plasma malondialdehyde,35 oxidized low-density lipoproteins (LDL), and others.36-38 

In the largest of these trials, subjects assigned to the Mediterranean diet had lower 

oxidized LDL than those following the control diet.38 Other trials, however, yielded 

mixed results. One of the reasons for these inconsistencies may be the different 

biomarkers measured. Individual markers may signal different metabolic pathways,10 

and some pathways but not others may be influenced by diet.  Another reason for the 

discrepant results is the potential for unmeasured confounding, such as genetic 

background and other familial factors. Our twin study clearly overcomes this potential 

limitation, demonstrating an association in twin pairs matched for familial and 

(among MZ) genetic factors.  

Our results are consistent with animal experiments showing that polyphenols 

naturally present in Mediterranean foods decrease the GSSG/GSH ratio and GSSG 

concentrations without changing GSH concentrations.39, 40 Our results also expand our 

recent finding, in this same population, of an inverse association between 

Mediterranean diet and inflammation,41 since inflammation and oxidative stress are 

tightly inter-dependent. 

Several possible mechanisms may explain an increased plasma GSH/GSSG 

ratio by the Mediterranean diet primarily through decreased GSSG concentrations. 

First, GSH is oxidized into GSSG by the enzyme glutathione peroxidase;42 in this 

process, GSH quenches peroxides. GSSG reverts to GSH via gluthathione reductase 

with concomitant oxidation of reduced nicotinamide adenine dinucleotide phosphate 

(NADPH).43 Diverse nutrients and biofactors in foods characteristic of the 
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Mediterranean diet may provide higher NADPH42 and upregulate gluthathione 

reductase activity,44 leading to a decrease in GSSG and a resulting higher GSH/GSSG 

ratio. Second, a “sparing effect” on the GSH/GSSG redox cycle may also contribute 

to the increased GSH/GSSG ratio. By providing other antioxidants (such as vitamin C, 

vitamin E, carotenoids, polyphenols, zinc and selenium), and assuring adequate 

activity and efficiency of antioxidative enzymes,12 a diet approximating the 

Mediterranean diet may decrease the utilization of the GSH/GSSG antioxidant 

pathway, which may “spare” the GSH/GSSG recycle.45 Furthermore, the low content 

of pro-oxidants in the diet may also contribute to a higher GSH/GSSG ratio.46  

Although there was a robust association with the GSH/GSSG ratio, the 

Mediterranean diet was weakly associated with the glutathione redox potential. Since 

glutathione redox potential is more sensitive to a concentration change of GSH than 

GSSG,33 and adherence to the Mediterranean diet was not significantly associated 

with GSH concentrations, the observed results were not unexpected.  

There are some limitations to our study. The sample was restricted to males, 

and therefore our results may not be generalizable to females. As our study was cross-

sectional and observational, unmeasured confounding is possible. Our study addresses 

a pattern of diet that contains elements of, but is not necessarily equal to, the 

originally defined Mediterranean diet,47 since the latter is rare in Western countries 

today. However, sufficient variations in diet across individuals allowed us to rank our 

subjects based on the similarity of their diet to the Mediterranean diet.47  The Willett 

food frequency questionnaire may not accurately estimate absolute food and nutrient 

intake, but it is appropriate in our investigation on the diet-outcome relations after 

energy adjustment.48 As in other common food frequency questionnaires used across 

the United States, combined food items, containing two or more components of the 
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MDS, may misclassify individual MDS components. However, we carefully 

decomposed combined items into individual ingredients using appropriate recipes, 

therefore minimizing misclassification.  

On the other hand, a major strength of our study is the use of a twin sample. 

Twins are a powerful resource to dissect complex associations, because they allow us 

to control for unmeasured and unknown confounding, such as genetic factors and 

socioeconomic, behavioral, and lifestyle characteristics acquired when growing up in 

the same family. This is particularly important for dietary habits, which are likely to 

be confounded by other lifestyle behaviors learned by individuals raised in the same 

family. By comparing each twin with his co-twin brother, we were able to control for 

these unmeasured confounders. 

In conclusion, we demonstrated a robust association between adherence to the 

Mediterranean diet and lower oxidative stress as indicated by the plasma GSH/GSSG 

ratio. The association was not confounded by conventional risk factors, familial 

influences or genetic factors. Our findings support the hypothesis that the 

Mediterranean diet has cardioprotective effects through lowering oxidative stress.  
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Appendix TABLE B-I 

Dietary components (adjusted to 2,500 kcal1) used for the Mediterranean diet 

score calculation or otherwise used in the analysis 

Dietary 
Component Foods Included 

Criteria for 1 Point 

Median2

MZ             DZ 

Dietary components for the score calculation 

   Desirable components    

 Vegetables (g/day) All vegetables 

except potatoes 

≥  median intake (g/d) 135.1 129.8 

 Legumes (g/day) Peas and beans ≥  median intake (g/d) 34.6 32.5 

 Fruits and nuts 

(g/day) 

All fruits and 

juices, all nuts 

and peanut butter 

≥  median intake (g/d) 298.3 247.8 

 Cereals (g/day) All cereal foods 

included as 

follows: 

Cold cereals, 

white bread, dark 

bread, rice,  

≥  median intake (g/d) 134.6 121.5 
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Appendix TABLE B-I (Con’t) 

Dietary components (adjusted to 2,500 kcal1) used for the Mediterranean diet 

score calculation or otherwise used in the analysis 

Dietary 
Component Foods Included 

Criteria for 1 Point 

Median2

MZ             DZ 

Dietary components for the score calculation 

 Cereals (g/day) pasta, as well as 

cereals in hotdog, 

pie, cake, cookie, 

and hamburger. 

Sugar and 

potatoes were 

excluded. 

≥  median intake (g/d) 134.6 121.5 

  Fish (g/day) Fish ≥  median intake 18.6 20.2 

  Ratio of 

monounsaturated 

to saturated fatty 

acids 

The whole diet ≥  median intake 1.098 1.102 

  Ethanol (g/day) Wine, beer and 

liquor 

median~33 g/d 1.91 1.91 
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Appendix TABLE B-I (Con’t) 

Dietary components (adjusted to 2,500 kcal1) used for the Mediterranean diet score 

calculation or otherwise used in the analysis 

Dietary Component Foods Included Criteria for 1 Point 

Median2

MZ             DZ 

  Undesirable components    

  Dairy products 

(g/day) 

All dairy products  < median intake (g/d) 318.4 281.5 

  Meat (g/day) All meats 

excluding eggs and 

fish 

< median intake (g/d) 229.1 230.6 

     

Food groups forced into models 

Eggs (g/day) eggs N/A 20.4 28.8 

Potatoes (g/day) potatoes N/A 147.2 153.5 

Total energy intake 

 (kcal/day)3 

N/A N/A 1442 1394 

 Abbreviations: MZ, monozygotic twins; DZ, dizygotic twins. 

 1 using the formula: food intake × 2,500/energy intake (kcal). 
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Appendix TABLE B-I (Con’t) 

Dietary components (adjusted to 2,500 kcal1) used for the Mediterranean diet score 

calculation or otherwise used in the analysis  

2Medians for dietary components were calculated according to zygosity (rather 

than sex) in order to conduct analyses stratified by zygosity in our all-male 

sample, since MZ twins share 100% genes while DZ twins share on average 50% 

genes. 

 3Unadjusted total energy intake; to convert values for total energy intake to kJ, 

multiply by 4.184. 
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Appendix TABLE B-II 

Correlations for MDS, IL-6, and sIL-6R between 

MZ and DZ co-twins. 

Variable MZ DZ 

MDS 0.36 0.00 

GSH (μM) 0.36 0.37 

GSSG (μM) 0.45 0.23 

GSH/GSSG 0.50 0.30 

aEh GSH/GSSG (mV) 0.49 0.44 

Abbreviations: MZ, monozygotic twins; DZ, dizygotic twins; MDS, the 

Mediterranean diet score; GSH, glutathione; GSSG, glutathione disulfide; 

GSH/GSSG, the ratio of GSH to GSSG; aEh GSH/GSSG, absolute value of the 

redox potential for the GSH/GSSG couple.  

The intraclass correlation coefficient is calculated using unconditional means model, 

and ranges from 0 to 1. The greater the intraclass correlation coefficient, the higher 

phenotypic similarity between co-twins. Genetic influence on the phenotype is 

suggested if the MZ twin correlation is greater than the DZ correlation.  
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Abstract 
Objectives: To examine whether higher habitual dietary intake of alpha-linolenic acid 

(ALA), an essential ω-3 fatty acid, is associated with lower circulating inflammatory 

biomarkers related to cellular response to IL-6 controlling for common familial factors in 

adult males.  

Background:  ALA and its derivatives have anti-inflammatory properties. It is unknown 

whether the association between habitual dietary ALA intake and inflammation is 

independent of genetic or other familial factors.  

Methods:  We administered the Willett food frequency questionnaire to 312 male 

middle-aged twins free of cardiovascular disease. Fasting plasma interleukin-6 (IL-6) and 

its soluble receptor (sIL-6R), and cardiovascular risk factors were measured. Mixed-

effect regression analyses were used to examine the association between habitual dietary 

ALA intake and inflammatory biomarkers related to cellular response to IL-6 after 

accounting for known cardiovascular risk factors.  

Results:  A one gram increment in habitual dietary ALA intake was associated with 

11.4% lower levels of sIL-6R (P=0.009), but not IL-6 (P=0.61) after adjusting for known 

cardiovascular risk factors including total energy intake, nutritional factors, 

cardiovascular risk factors, and medications. A within-pair analysis between co-twins, 

comparing the twin with higher ALA intake to his brother with lower intake, showed that 

a 1-gram within-pair absolute difference in dietary ALA intake was associated with 

12.2% (95% CI, 3.8 to 19.7%) lower sIL-6R levels (P=0.005).  

.  
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Conclusions:  An inverse association between habitual dietary ALA intake and sIL-6R is 

independent of shared family environmental influences and genetic factors. Lowering 

sIL-6R may be an important mechanism underlying the cardioprotective effects of 

habitual dietary ALA. 

Condensed Abstract  

A High Habitual Dietary Alpha-Linolenic Acid Intake Is Associated with Decreased 

Soluble Interleukin-6 Receptor Levels among Male Twins 

In a study of male middle-aged twins without cardiovascular disease, we examined 

whether habitual dietary intake of alpha-linolenic acid (ALA), an essential omega-3 fatty 

acid, was associated with lower cellular response to interleukin-6 (IL-6) and whether the 

association was independent of familial or genetic factors. A twin with a 1-gram higher 

habitual dietary ALA intake than his co-twin had 12% lower soluble IL-6 receptor (sIL-

6R) levels. Lowering sIL-6R may be an important mechanism underlying the cardio-

protective effects of habitual dietary ALA. Our results suggest that increasing ALA 

intake may help preventing atherosclerotic vascular disease.  

Abbreviations: ALA, alpha-linolenic acid; IL-6, interleukin-6; sIL-6R, soluble 

interleukin-6 receptor; MZ , monozygotic; DZ , dizygotic; mIL-6R, membrane-bound-IL-

6 receptors; THS, the Twins Heart Study; BDI, Beck Depression Inventory; ω-3 ≥ 20C-

PUFA, ω-3 long-chain polyunsaturated fatty acids. 
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Introduction 
Dietary alpha-linolenic acid (ALA) has been suggested to be protective against 

cardiovascular diseases.1 ALA, a plant 18-carbon ω-3 long-chain polyunsaturated fatty 

acid (18:3ω-3), is essential for humans because it cannot be synthesized in vivo due to 

lack of Δ12 and Δ15 desaturases. Humans can synthesize ω-3 long-chain polyunsaturated 

fatty acid derivatives with 20 or more carbons (ω-3≥ 20C-PUFA) from ALA, including 

prominently eicosapentaenoic (20:5ω-3) and docosapentaenoic acid (22:5ω-3), but also 

limited amounts of docosahexaenoic acid (22:6ω-3). Although marine foods and fish oils 

represent good sources of ω-3≥ 20C-PUFA fatty acids, particularly, docosahexaenoic 

acid (22:6ω-3), they may have disadvantages as a routine dietary component due to the 

potential for oxidation2 or for contamination with heavy metals such as mercury.3 

Therefore, plant-originated ALA, which is derived primarily from linseed (flaxseed), 

canola, and soybean oils, and secondarily from nuts, green leafy vegetables, and some 

fruits, may be important dietary constituents for cardiovascular prevention.  

The cardioprotective mechanisms of ALA are not completely understood. ALA 

and its derivatives inhibit inflammation in a variety of experimental settings via 

suppressing the arachidonic acid cascade, which produces thrombotic and inflammatory 

prostaglandins and leukotrienes.4 Although dietary deficiency of essential fatty acids, 

either linoleic (18:3ω-6) or linolenic acid, is rare in the US general population, greater 

intake of linoleic acid relative to ALA results in an imbalance of ω-6 to ω-3 fatty acids, 

which may create a pro-inflammatory milieu,5 and predispose to atherosclerosis.  
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Interleukin-6 (IL-6) has been suggested to play a role in arachidonic acid cascade-

related inflammation.6 The soluble IL-6 receptor enhances and broadens cellular response 

to IL-6,7 and thus may regulate the IL-6 inflammatory action related to arachidonic acid 

cascade. However, previous studies of the association of dietary ALA with inflammatory 

biomarkers related to cellular response to IL-6, including IL-6 and sIL-6R, have yielded 

inconsistent results.8-13 One possible explanation for these inconsistencies is that genetic 

factors may confound the association between habitual dietary ALA and the 

inflammatory response. For example, genetic influences are observed for dietary 

preferences14 and are related to circulating levels of sIL-6R15 and IL-6.16 In addition, 

since dietary habits in adult life are influenced by those acquired during childhood and 

youth,17-19 these are likely to be associated with other environmental conditions or 

lifestyle factors shared by members of the same family; the latter, therefore, can 

confound the association between diet and disease. In this context, the study of adult 

twins raised in the same family is especially useful, because it can help to disentangle 

specific environmental associations from shared familial and genetic factors. 

The aim of this study, therefore, was to examine the association between habitual 

dietary ALA intake and circulating inflammatory biomarkers related to cellular response 

to IL-6. We used a sample of monozygotic (MZ) and dizygotic (DZ) middle-aged male 

twins raised in the same family to account for familial and genetic confounding. 

Methods 
Subjects 
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The Twins Heart Study (THS) is an investigation of psychological, behavioral and 

biological risk factors for subclinical cardiovascular disease using twins. The THS 

includes 180 pairs of monozygotic (MZ) and dizygotic (DZ) male twins from the 

Vietnam Era Twin Registry, a registry of 7,369 middle-aged male-male twin pairs both of 

whom served in the United States military during the Vietnam era (1964-1975).20 Twins 

selected for inclusion in the THS were born between 1946 and 1956 which represented 

>90% of the twins in the VET Registry. In addition, eligible twins were selected if they 

were without a history of symptomatic cardiovascular disease, including a previous 

diagnosis of heart attack/myocardial infarction, coronary artery disease, angina, 

congestive heart failure or stroke, or previous coronary angioplasty or coronary bypass 

surgery according to self-reported data from a 1990 survey.21 For the THS, random 

samples of twins in two strata were selected from the Registry: one stratum included 

twins discordant for a lifetime history of major depression and the other included twins 

with no history of depression.  

Once selected, twin pairs were examined together at the Emory University 

General Clinical Research Center between March 2002 and March 2006. The assessment 

included a comprehensive history and physical exam during which we obtained updated 

information about previous diagnoses symptomatic cardiovascular disease. Zygosity 

information, determined by DNA analysis, was available from all but 11 twin pairs. The 

zygosity of these 11 pairs was assessed using questionnaires supplemented with blood 

group typing data abstracted from military records.22 A circulating IL-6 level above 10 

pg/ml was defined as a cutoff for low-grade systemic inflammation,23 and we excluded 8 

subjects with IL-6 above this cutoff. Furthermore, we excluded 1 subject with no dietary 
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data, 6 with implausible energy intake (≥ 6000 or <500 kcal/day), and 33 with a previous 

history of cardiovascular disease. Therefore, our analyses were based on 312 twins (79 

MZ and 63 DZ twin pairs, 10 MZ and 18 DZ unpaired twins). The study protocol was 

approved by the Institutional Review Board of Emory University and informed consent 

was obtained from all subjects. 

 

Assessment of diet 

We used the Willett self-administered semiquantitative food frequency 

questionnaire24 that collected habitual dietary intakes including supplements over the 

previous 12 months. The questionnaire classifies average food intake according to nine 

frequency categories ranging from “almost never or less than once per month” to “≥ 6 

times/day”. Standardized portion sizes are used for each dietary item, including 

beverages and nutritional supplements. Questionnaires were scored by the Nutrition 

Questionnaire Service Center, Channing Laboratory, Harvard University, and nutrient 

intake data were derived using the nutrient database of the US Department of Agriculture. 

24 The nutrient data used in the analysis included total energy intake, intakes of saturated, 

monounsaturated, trans-fatty acids, ALA, linoleic acid, gamma-linolenic acid, and ω-3≥ 

20C-PUFA (either from diet or from fish oil supplements) (C20:5, C22:5, and C22:6). 

Daily food intake in grams was calculated from food intake frequency and portion sizes.  

 

Assessment of known cardiovascular risk factors 

We assessed smoking, education, and marital status using standardized 

questionnaires. Physical activity was evaluated with the validated Baecke questionnaire.25 
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Waist and hip circumference were measured by interviewers and used to calculate the 

waist-hip ratio. Systolic and diastolic blood pressures were measured using a mercury 

sphygmomanometer according to a standard protocol. Hypertension was defined as 

systolic blood pressure >140 mm Hg and/or diastolic blood pressure >90 mm Hg, or 

current use of antihypertensive medications. Diabetes was defined as a fasting plasma 

glucose concentration >126 mg/dL,26 or current treatment with insulin or oral 

hypoglycemic agents. Depressive symptoms were measured with the Beck Depression 

Inventory (BDI) which yielded a continuous score.27 Current use of aspirin and statins 

was also recorded. 

BIOCHEMICAL ANALYSIS 

Plasma samples were separated from nine-hour overnight fasting blood samples 

and stored frozen at –80°C until analysis. Laboratory personnel were blinded to the 

subject identification and status, and twin pairs were assessed in the same analytical run. 

Fasting plasma concentrations of glucose, triglycerides, and total, low- and high-density 

lipoprotein cholesterol were measured using standardized methods. Fasting plasma levels 

of IL-6 and total sIL-6R (free sIL-6R plus sIL-6R bound to IL-6) were measured using 

commercial human enzyme-linked immunosorbent assay (ELISA) kits (Quantikine, R & 

D systems, Inc., Minneapolis, USA). The inter- and intra-assay variability for all assays 

was less than 10%. The 10 pg/mL of plasma IL-6 concentration was defined as the cutoff 

for low-grade systemic inflammation, based on previous data.23 

 

Statistical analysis  
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Inflammatory biomarkers were log-transformed to improve normality. To 

estimate whether genetic factors influence dietary ALA intake and inflammatory 

biomarkers, intraclass correlation coefficients were calculated. We defined “within-pair 

absolute differences” as differences between a twin with a higher habitual dietary ALA 

intake and his twin brother with a lower intake.  

The association between habitual dietary ALA intake and inflammatory 

biomarkers was assessed by fitting linear regression models adapted for twin studies at 

two levels:28 between-subjects, i.e., treating twins as separate individuals (without 

controlling for shared genetic and environmental factors) and within-pair (controlling for 

these shared factors). Because dependent variables were log-transformed, the results were 

expressed as percent difference of the non-transformed values using the formula: [(expβ)-

1] × 100 (%), where β is the regression coefficient and expβ returns the exponential value 

of the parameter.29  

At the between-subject level, we treated twins as individuals while accounting for 

twin pair clustering (Table C.2).28 Habitual dietary ALA intake was analyzed primarily 

as a continuous variable and secondarily as a categorical variable according to quintiles 

with levels of 0.16 to 0.38, 0.39 to 0.52, 0.53 to 0.68, 0.69 to 0.89 and 0.90 to 2.31 

gram/day.  

Next, we performed within-pair analyses to examine differences in inflammatory 

biomarkers between co-twins in each pair (Table C.3). The within-pair effects are 

inherently controlled for shared demographic, familial, and, in MZ pairs, genetic 

influences; additionally, environmental factors during the day of testing are controlled for 

since co-twins were examined at the same time. In these models the within-pair β 
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coefficient describes the individual twin variation from the twin pair average; this 

formulation is independent of twin ordering and results are identical to a model that fits 

the absolute difference between the co-twins.28 The percent difference calculated from 

this parameter represents the percent increment/decrement in biomarker concentrations 

per one-gram absolute difference in dietary ALA intake between twin brothers, 

comparing a twin with one-gram higher ALA intake to his twin brother with a lower 

intake. Regression analyses included separated variance components for twin type to 

accommodate the different residual correlation in MZ and DZ pairs. MZ and DZ twins 

were also examined separately. 

The “base model” included total energy intake and intakes of fatty acids 

inherently related to ALA metabolism in vivo, including linoleic acid, gamma-linolenic 

acid, trans-, monounsaturated, and saturated fatty acids, and ω-3 ≥ 20C-PUFA (C20:5, 

C22:5, and C22:6). To this model we subsequently added sociodemographic factors, 

including age, years of education, and current marital status; lifestyle factors, such as 

current smoking, waist-to-hip ratio, and physical activity; cardiovascular risk factors, 

including depressive symptoms (BDI score), fasting glucose, systolic blood pressure, 

cholesterol in low- and high-density lipoproteins, and medications including current use 

of aspirin and statins. Potential multicollinearity was investigated using condition indices 

(CI) and variance decomposition proportions. To rule out model overfitting, we fitted 

parsimonious models after backward elimination. However, our associations of interest 

from the parsimonious models and the full models were similar. All analyses were 

conducted using SAS software version 9.1 (SAS Institute). Significance level was set at 

0.05, two-sided. 
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Results 

Sample Characteristics 

Subjects with a higher habitual dietary intake of ALA were more likely to use fish 

oil supplements, and to have a higher total energy intake, and higher energy-adjusted 

intakes of gamma-linolenic acid, linoleic acid, ω-3 ≥ 20C-PUFA, and monounsaturated 

fatty acids (Table C.1). The sample was 94% Non-Hispanic White, 3% African-

American, and 3% other racial/ethnic groups; this distribution reflected the racial 

distribution of the Vietnam Era Twin Registry from which it was sampled. Intraclass 

correlation coefficients, measuring between co-twin correlations, for habitual dietary 

ALA intake, plasma IL-6 or sIL-6R concentrations were larger in MZ than in DZ. These 

correlations were more modest for habitual dietary ALA intake or plasma IL-6 than for 

sIL-6R (Figure C). 

Overall Associations 

Greater habitual dietary ALA intake was associated with lower levels of sIL-6R, 

but not IL-6, in a dose-response fashion (Table C.2). When habitual dietary ALA intake 

was treated as a continuous variable, a one-gram increase in dietary ALA intake was 

significantly associated with 10.6% lower sIL-6R levels after controlling for nutritional 

factors (P=0.017, Model 1). Even after full adjustment, the inverse association between 

habitual dietary ALA intake and sIL-6R remained strong: a one-gram higher habitual 

dietary ALA intake was significantly associated with 11.4% lower sIL-6R concentrations 

(P=0.009, Model 4). Similar results were observed when dietary ALA intake was treated 

as an ordinal variable (P=0.03), confirming that there was a dose-response association. In 
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the fully adjusted model, twins in the highest quintile of dietary ALA intake had plasma 

sIL-6R levels that were 10.4% (95% CI 0.8 ~ 19.7%) lower than those in the lowest 

quintile.  

Within-Pair Results  

The within-pair inverse association between dietary ALA intake and plasma sIL-

6R was statistically significant in the combined sample of MZ and DZ pairs while there 

was no association between dietary ALA intake and plasma IL-6 levels (Table C.3). A 

one-gram within-pair absolute difference in habitual dietary ALA intake was significantly 

associated with 11.2% (P=0.01, Model 1) and 12.2% (P=0.005, Model 4) lower sIL-6R 

levels before and after adjusting for other risk factors. Among MZ pairs, a one-gram 

within-pair absolute difference in habitual dietary ALA intake was significantly 

associated with 13.1% (P=0.008, Model 1) and 12.2% (P=0.008, Model 4) lower sIL-6R 

levels before and after adjusting for other risk factors. Results for the DZ pairs were 

overall similar, although the association between dietary ALA and plasma sIL-6R was 

marginally significant in DZ pairs (P=0.08) due to larger confidence intervals. Dietary 

ALA intake, however, was more strongly and marginally statistically associated with 

plasma IL-6 levels within the DZ pairs (P=0.049, Model 4) than within the MZ pairs.  

Similar results were obtained after further controlling for medications for 

hypertension and diabetes mellitus. 

Discussion 
We found a strong inverse dose-response association of habitual dietary ALA 

intake with plasma sIL-6R concentrations, independent of a wide range of known 
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cardiovascular risk factors in this adult male cohort. The association persisted when 

comparing twins within a pair and when the analysis was restricted to MZ twin pairs. 

These findings indicate that the association between habitual dietary ALA and sIL-6R is 

independent of genetic and other familial factors.  

The soluble interleukin-6 receptor (sIL-6R) in blood enhances and broadens IL-6 

actions on target cells; thus, sIL-6R and IL-6 work in concert to exert pro-inflammatory 

effects at cellular level.7 Through the formation of the IL-6/sIL-6R complex, sIL-6R 

prolongs the IL-6 half-life, amplifies responses of cells with membrane-bound-IL-6 

receptors (mIL-6R) to IL-6, enables cells without mIL-6R to respond to IL-6,30 and 

augments IL-6 actions on many aspects of atherosclerosis.31 Blood concentrations of both 

IL-6 and sIL-6R have been related to increased susceptibility to cardiovascular 

diseases.23,32  

Previous studies have rarely investigated the association between habitual dietary 

ALA intake and plasma sIL-6R levels. One four-day randomized trial among healthy 

adults found that a diet in which ALA provided 5% of total energy intake lowered plasma 

sIL-6R levels compared to a control diet in which ALA provided 0.5% of total energy 

intake.33 Our study shows for the first time that this finding applies also to habitual ALA 

dietary intake at much lower levels of ALA intake, which in our study ranged from 0.16 

to 2.3 g per day (from 0.14% to 0.93% of total energy intake). 

Although we found a robust association between dietary ALA and sIL-6R, we did 

not find a statistically significant association between habitual dietary ALA intake and 

IL-6 levels in blood. The association of dietary ALA intake with plasma IL-6 levels has 

been examined in previous studies, but yield inconsistent results from either 



Chapter V 

 160

observational reports8,9 or randomized trials.10-13  Most of these studies, however, were 

small and short-term. The randomized trial with the largest sample size and the longest 

intervention duration (2 years) reported that an intake of 5.9 g/day of ALA (2.3% of total 

energy intake) did not significantly affect IL-6 levels compared with 1 g/day of ALA 

(0.4% of total energy intake).10 These findings are consistent with our study results. 

It is unclear why habitual dietary ALA is associated with plasma sIL-6R, but not 

IL-6. As endothelial and smooth muscle cells lack of mIL-6R and rely on sIL-6R to 

respond to IL-6,30 sIL-6R may be a sensitive indicator of the inflammatory process at the 

cellular level in tissues most affected by atherosclerosis. These include endothelial and 

smooth muscle cells in the vascular wall.  An alternative explanation is that the 

association of ALA with IL-6 may be genetically modulated while that with sIL-6R is not; 

if this is the case, it would be more difficult to show such an association within related 

individuals such as twins, particularly if they are genetically identical like the MZ twins. 

The within-pair association for sIL-6R (but not IL-6) was twice as large in DZ compared 

with MZ twins, suggesting that shared genetic factors are important in modulating the 

association between habitual ALA intake and sIL-6R.  

The possible underlying biochemical mechanism through which habitual dietary 

ALA lowers sIL-6R is unclear. In vivo, sIL-6R is produced by two mechanisms: 

differential mRNA splicing and shedding (proteolytic cleavage).34 The sIL-6R from 

differential mRNA splicing contributes to basal levels of sIL-6R, while shed sIL-6R is 

regulatory. sIL-6R shedding is triggered by elevated intracellular calcium levels,35 which 

are regulated by arachidonic acid levels.36 Dietary ALA may reduce sIL-6R shedding by 

decreasing arachidonic acid levels, which lowers intracellular calcium levels. ALA 
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decreases arachidonic acid levels by competing with linoleic acid for common enzymes 

and, thus, reduces the derivation of arachidonic acid from linoleic acid.1  

Our study has some limitations. The Willett food frequency questionnaire may not 

be optimal for estimating absolute intakes; however, it is appropriate in our investigation, 

where we assessed diet-disease relations after energy adjustment.37 Subjects with higher 

dietary intakes of ALA were more likely to use fish oil supplements and to have higher 

intakes of linoleic acid, trans-, ω-3 long-chain, and monounsaturated fatty acids. 

However, we controlled for these and other factors, making it unlikely that these 

behavioral factors confound the association. The sample was restricted to middle-aged 

males, and our results may not be generalizable to females. Nevertheless, our study was 

strengthened by using a twin design to control for unmeasured and unknown confounding 

variables, such as genetic factors and socioeconomic, behavioral, and lifestyle 

characteristics acquired by twins raised within the same family.  

In conclusion, our data indicate that a higher habitual dietary ALA intake is 

strongly associated with reduced inflammation as measured by plasma sIL-6R. Shared 

familial factors, including genetic variables and early environment factors, do not 

confound this dietary ALA intake-plasma sIL-6R association. Our findings support the 

hypothesis that sIL-6R is a key locus in inflammation related to cellular response to IL-6, 

which potentially links dietary ALA to its cardioprotective effects. Our results are 

relevant from a clinical and public health standpoint, since 1.0 g increase in daily dietary 

ALA intake is easily achievable. For example, one tablespoon (15 mL) of canola oil, non-

hydrogenatd soybean oil, or one teaspoon (5 mL) of linseed (flaxseed) oil will provide 
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1.0 g of ALA. Our findings support the potential importance of increasing dietary ALA in 

the habitual diet for preventing cardiovascular disease.  
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Figure C. Correlations for ALA, IL-6, and sIL-6R between MZ and DZ co-twins. 

Abbreviations: MZ = monozygotic twins; DZ = dizygotic twins; ALA = alpha-linolenic 

acid; IL-6 = interleukin-6; sIL-6R = soluble Interleukin-6 receptor. 

The intraclass correlation coefficient is calculated using unconditional means model, and 

ranges from 0 to 1. The greater the intraclass correlation coefficient, the higher the 

phenotypic similarity between co-twins. Genetic influence on the phenotype is suggested 

if the MZ twin correlation is greater than the DZ correlation.  
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