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Cardiovascular disease 
 
Cardiovascular disease (CVD) remains the leading cause of morbidity and 
mortality globally, accounting for 31% (17.5 million) of all deaths in 2012 [1]. The 
number of global cardiovascular deaths is expected to increase to 23 million in the 
year 2030 [2]. CVD related costs are high. In fact, annual costs are more than 196 
billion Euros in Europe [3]. The disease is caused by disorders of the heart and 
blood vessels that involve a group of clinical syndromes, including coronary heart 
disease (CHD; angina pectoris and myocardial infarction), cerebrovascular disease 
(stroke and transient ischemic attacks) and peripheral arterial disease (intermittent 
claudication). The underlying pathological feature of all these syndromes is 
atherosclerosis. Atherosclerosis is a slowly progressing chronic disease that is 
characterized by plaque development inside large and medium-sized arterial walls. 
These atherosclerotic lesions, which may partially or totally block the blood flow 
through an artery, consist of different major components. The first component is a 
collection of migrated vascular smooth muscle cells (VSMCs) and inflammatory 
cells (macrophages and lymphocytes). The second major component is the 
connective tissue matrix and an accumulation of (modified) extracellular lipids. The 
third component is intracellular lipid accumulated within macrophages that 
eventually leads to the formation lipid-laden foam cells. Even though CVD has a 
strong genetic component, the onset and progress of atherosclerosis are modified 
by dietary habits and lifestyle approaches. In fact, dietary factors may be the most 
modifiable CVD risk factors [4]. A healthy diet has indeed been associated with a 
reduced risk of CVD [5-7]. However, the number of large randomized controlled 
trials (RCTs) with appropriate follow-up periods and CHD events as endpoints is 
limited. Alternatively, the effects of dietary interventions on surrogate risk markers 
of CVD can be studied, such as vascular function markers. Vascular markers have 
been related to CVD risk. In addition, dietary factors may improve cardiovascular 
health based on beneficial effects on vascular function.  
 
 
Vascular function and cardiovascular disease 
 
Various vascular function markers exist along the pathway between diet and CVD, 
each addressing a different aspect of the vasculature. These markers can be used 
to assess vascular endothelial function, arterial stiffness or microvascular structure 
[Figure 1.1]. In addition, vascular function can be determined by measuring 
plasma biomarkers. Many of the vascular markers used in the present disseration 
(i) are sensitive to dietary factors; (ii) can be assessed non-invasively in humans 
with sufficient reproducibility; and (iii) may be used as predictors of long-term CVD 
outcomes [8]. 
 
Vascular endothelial function 
 
The vascular endothelium is a thin monolayer of cells lining the interior surface of 
all blood vessels. These endothelial cells line the entire circulatory system from the 
heart to the capillaries and cover a total surface area of approximately 1 to 7 m2 in 
human adults. The endothelium, that is composed of about 1 to 6 × 1013 cells, 
responds to numerous stimuli and performs many essential physiological functions 
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throughout the vasculature. It acts as a physical barrier, plays a central role in 
blood coagulation and inflammation, and regulates vascular tone and 
hemodynamics [9]. Changes in endothelial responses or function that are 
inappropriate with regard to the preservation of vascular function can be defined as 
endothelial dysfunction. Endothelial dysfunction, which is in an initial state still 
reversible, mediates the initiation and progression of atherosclerosis and is 
therefore an important target to prevent or reverse the process of plaque 
development in arterial walls. Importantly, vascular endothelial function may indeed 
be a key mechanism though which a healthy diet improves the risk of CVD 
outcomes. 
 
Markers of vascular endothelial function 
 
Vascular endothelial function can be assessed in many different ways. Flow-
mediated vasodilation (FMD) of the brachial artery, which is a functional marker 
measured by ultrasonography, is considered a robust [10] and the current non-
invasive gold standard technique [11] to assess endothelial function. Celermajert 
and colleagues introduced the assessment of FMD in 1992 [12] and up till now 
most research on endothelial function still comprises the measurement of FMD 
since it is the most accepted and established method. This technique basically 
quantifies the capacity of the vascular endothelium to induce brachial artery 
dilation following an ischemia-induced blood flow increase. This reactive hyperemic 
response triggers the release of vasodilators from the endothelium like the gas 
nitric oxide (NO), that is recognized as a key determinant of vascular health since it 
exerts vasodilatory, anti-inflammatory, antithrombotic, anti-proliferative and anti-
adhesive properties [13]. FMD is normal with values above 3% of the baseline 
diameter, but can also be abnormal or absent in patients with values between 0% 
and 2% [14]. Importantly, brachial FMD is inversely associated with future CVD 
events and a recent meta-analysis of prospective epidemiologic trials has 
suggested that each 1% increase in FMD is associated with a 8% lower risk of 
overall CVD [15]. In addition, the European Food Safety Authority (EFSA) 
considers an increase in fasting FMD following dietary interventions a beneficial 
physiological effect [16]. However, assessments of FMD are technically 
challenging and the within-subject variability is relatively large [17]. There are also 
various physiological, methodological and technical factors that adversely affect 
comparability between FMD trials. Peripheral arterial tonometry (PAT), which is 
recorded by pneumatic probes placed on the index fingers, is another functional 
measure of endothelial function that is easier to use and may provide better 
reproducibility. The EndoPAT device basically measures changes in finger arterial 
pulse wave amplitude following reactive hyperemic responses. Importantly, both 
methods for investigation of vascular endothelial function target different arterial 
systems. However, the utility and value of PAT assessments are less established 
than of FMD measures [18]. Plasma biomarkers are also measured as an indirect 
approach to determine vascular endothelial function. Vascular cell adhesion 
molecule (VCAM-1), intercellular adhesion molecule (ICAM-1) and endothelial 
selectin (E-selectin) are adhesion molecules expressed by endothelial cells that 
mediate the activation and recruitment of leukocytes. The soluble variants of these 
molecules are shed from the vascular wall into the circulation after cleavage at the 
cell membrane through proteolysis. In addition, the glycoprotein von Willebrand 
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factor (vWf) can be found in higher amounts in plasma after the activation of 
endothelial cells. Increased circulating concentrations of these endothelial cell 
markers represent vascular endothelial dysfunction and have been associated with 
a greater risk of future cardiovascular events [19].  
 
Arterial stiffness 
 
Arterial stiffening represents another mechanism that has been associated with 
CVD [20, 21]. The pathogenesis of cardiovascular events caused by stiffer arteries 
involves an elevation of the travel speed of the pulse pressure wave throughout the 
arterial tree. This eventually leads to an increased pulse pressure, to reduced 
coronary perfusion and to increased left ventricular hypertrophy. These alterations 
caused by stiffer arteries can culminate into cardiovascular events, such as 
myocardial infarction and stroke [22]. In fact, arterial stiffness may also be caused 
by endothelial dysfunction and represents another pathway between endothelial 
dysfunction and CVD events. Indeed, endothelial dysfunction may cause increased 
functional arterial stiffness (short-term effect: days to weeks), which is in an initial 
state still reversible, through diminished NO bioavailability and increased activity of 
vasoconstrictors that lead to the induction of vasoconstriction by VSMCs [23]. In 
addition, vascular endothelial dysfunction may also lead to increased structural 
arterial stiffness (longer-term effect: months), which is in an initial state also still 
reversible, via the induction of processes that involve the formation of cross-links, 
the replacement of elastin fibers with collagen fibers and the deposition of calcium 
that alters structural proteins in the arterial wall [24]. 
 
Markers of arterial stiffness 
 
Arterial stiffness as determined by carotid-femoral pulse wave velocity (PWVc-f) is 
considered the current gold standard method for measuring regional arterial 
stiffness [25]. Basically, PWVc-f is the speed of the pulse pressure wave travelling 
along the aorta to the femoral artery. A faster PWVc-f is indicative of greater arterial 
stiffness and has been associated with CVD. Further, the presence of a velocity 
above 13 m/s is a strong predictor of cardiovascular mortality [26] and a meta-
analysis showed that CVD risk was reduced by 14% when PWVc-f decreases by 1 
m/s [20]. The augmentation index (AIx) is another non-invasive measure of arterial 
stiffness and a lower AIx is associated with a lower risk of CVD [27]. The AIx was 
defined as the difference between the first and second peak of the arterial 
waveform, which is acquired with an applanation tonometer (SphygmoCor v9; 
AtCor Medical, West Ryde, Australia), and expressed as a percentage of the pulse 
pressure and corrected for heart rate. 
 
Microvascular structure 
 
The microcirculation in the retina is accessible to non-invasive measurement and 
retinal images can be obtained to determine microvascular structure of the eye. 
Retinal images can be taken digitally without pharmacological pupil dilation with a 
Topcon TRC-NW-300 camera (Topcon Co., Tokyo, Japan). Beneficial changes in 
retinal vessel diameters are associated with a decreased risk of CVD events [28, 
29]. McGeechan and colleagues suggested that the risk of CHD outcomes 
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decreases by 17% when mean arterial diameters increase by 20 µm in women, but 
not in men. In the meta-analysis, it was further calculated that the risk of CHD was 
significantly reduced by 16% when venular diameters decreased by 20 µm in 
women [29].  
 

 
 
Figure 1.1. Various vascular function markers exist at different stages on the pathway between dietary 
factors and cardiovascular disease, each addressing a different aspect of the vasculature. This thesis 
focused on non-invasive markers that can be used to assess vascular endothelial function (e.g. brachial 
artery flow-mediated vasodilation) or arterial stiffness (e.g. carotid-femoral pulse wave velocity). 
 
 
Dietary factors and vascular function  
 
The vasculature is continuously exposed to a changing environment, such as 
observed after successive food intake. Emerging evidence suggest an important 
role of dietary factors in modulating vascular function. Several factors, such as high 
loads of dietary fat or carbohydrate, have been classified as harmful stressors for 
the endothelium, whereas others have been classified as beneficial [30]. Model 
dietary components used in the present thesis (i) may affect selected vascular 
function markers in realistic doses; and (ii) have indications for a relation with CVD 
outcomes. 
 
Dietary stressors 
 
A high load of fat is considered a nutritional stressor for the vasculature since the 
intake of dietary fat transiently impairs vascular endothelial function [31, 32]. Even 
though the precise underlying mechanism remains to be elucidated, diminished 
bioavailability of NO is considered to be a major cause. The NO bioavailability may 
reduce via an increased production of reactive oxygen species during the 
postprandial state and stimulatory effects of plasma triglyceride-rich lipoproteins on 
pro-coagulation and pro-inflammatory pathways in endothelial cells [33]. The intake 
of dietary carbohydrate may also relate to impaired vascular endothelial function, 
but effects are less pronounced than those of high loads of fat [34]. The ability to 
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respond to dietary stressors during the postprandial state can be seen as a 
measurement of endothelial flexibility. Postprandial challenges may thus be used 
as tools to assess early perturbations in endothelial function, even before these 
can be measured under fasting conditions. In addition, since a significant part of 
the day is spent in the postprandial state, identification of strategies to counteract 
the transient impairment of postprandial endothelial function may be of major 
importance to decrease the risk of cardiovascular outcomes. 
 
Dietary model components 
 
There is increasing evidence that a diet rich in fruit and vegetables has beneficial 
effects on CVD risk [35, 36]. Therefore, more attention has been directed towards 
the effects on vascular health of the various nutrients found in these diets, such as 
inorganic nitrate (NO3

-). Via bioconversion to nitrite (NO2
-), inorganic nitrate 

supplementation has been shown to increase NO bioavailability, which results in 
improved endothelial function. In fact, these effects have been observed following 
consumption of nitrate-rich beetroot juice [37]. The effects of the fat-soluble 
vitamins E and vitamin D on selected vascular function markers and CVD 
outcomes are less established as compared with inorganic nitrate. However, 
observational studies have found inverse associations between the use of fat-
soluble vitamin supplements and CVD outcomes [38]. Furthermore, vitamin E 
supplementation may lower the quenching effect of free radicals on NO [39], 
thereby improving NO bioavailability and endothelial function. A role of vitamin D 
supplements on vascular endothelial function has also been suggested based on 
in vitro and animal studies [40]. Lifestyle changes leading to weight loss are also of 
major interest. Weight loss can be considered as a powerful dietary effector of 
vascular function. The potential beneficial effects of diet-induced weight loss on 
vascular endothelial function may relate to decreased secretion of adipose tissue-
derived adipokines [41] and other vasoactive factors. Further, significant evidence 
exists to suggest that lifestyle changes leading to weight reduction improve CVD 
risk. The essential mineral magnesium is the final dietary model component used 
in the present dissertation. Evidence suggests that high dietary magnesium intakes 
play a protective role in CVD. In addition, magnesium has defined effects on blood 
pressure [42] since it acts as a calcium antagonist, thereby causing vasorelaxation 
by VSMCs and subsequent decreases in systemic vascular resistance [43]. Except 
for blood pressure, the essential mineral magnesium may also beneficially affect 
other cardiovascular risk markers, but it still remains to be investigated whether 
these effects translate into improved vascular function. 
 
Study populations 
 
The primary target is the large part of the population that is at increased 
cardiovascular risk, but not diagnosed with disease or under drug treatment. 
Therefore, the present thesis focused on healthy overweight and (abdominally) 
obese volunteers in randomized trials. In these intervention trials, only men and 
postmenopausal women were included. This may reduce the external validity, but 
excludes possible variations in the outcomes due to hormonal effects. Further, two 
thorough meta-analyses were used to compare results between these and other 
study populations. 
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Outline of the thesis 
 
The main aim of the present thesis was to investigate the effects of dietary 
interventions on selected vascular markers. First, chapter 2 briefly summarizes the 
relation between vascular function markers and cardiovascular risk. Then, the 
effects of dietary fatty acids on these cardiovascular risk markers and on CVD risk 
itself are discussed. The next two chapters describe the effects of specific 
nutritional factors on endothelial function. It is investigated in the study described in 
chapter 3 whether beetroot juice, which is rich in inorganic nitrate, may counteract 
in overweight and slightly obese men the postprandial impairment of FMD 
associated with the ingestion of a mixed meal. In chapter 4, a meta-analysis is 
performed to quantify the effects of supplementation with the fat-soluble vitamin E 
and vitamin D on fasting FMD in adults. In the next two chapters, the effects of 
weight loss on vascular function markers are investigated. The effects of weight 
loss on fasting FMD in adults are first quantified [chapter 5] in a thorough meta-
analysis. Then, a randomized trial is performed, specially designed to investigate 
(i) the effects of diet-induced weight loss on different vascular function markers and 
(ii) differences between normal-weight and abdominally obese male subjects at 
baseline and after weight loss [chapter 6]. In chapter 7, the results are described 
of a long-term human intervention study in which the effects of magnesium citrate 
supplementation on arterial stiffness are investigated. Arterial stiffness was 
determined by PWVc-f, while the study was performed in healthy overweight and 
slightly obese adults. Finally chapter 8 summarizes the major findings of the 
different studies and meta-analyses described in the present thesis. The main 
results from the previous chapters are discussed in a broader perspective, and 
some leads for future research are provided.  
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Abstract 37 
 38 
Dietary recommendations to lower cardiovascular disease (CVD) risk are focused 39 
on reducing the intake of dietary saturated fatty acids (SFAs). However, the 40 
number of randomized controlled trials with cardiovascular events as endpoints is 41 
limited, which makes it difficult to define the most optimal substitute for the dietary 42 
SFAs. The effects of dietary fatty-acid intake on cardiovascular risk markers, such 43 
as serum lipid and lipoprotein cholesterol concentrations and non-invasive vascular 44 
function markers, can then be studied as an alternative approach. This chapter first 45 
summarizes the relation between these lipid-sensitive markers and cardiovascular 46 
risk. Then, the effects of dietary fatty acids on serum lipids and lipoproteins, non- 47 
invasive vascular function markers, and CVD risk are discussed. 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
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Introduction 68 
 69 
Worldwide, cardiovascular disease (CVD) is the leading cause of death. In 2012, 70 
over 17 million people died from CVD, representing 31% of all deaths [1]. This 71 
number is expected to increase to 23 million in 2030 [2]. A frequent underlying 72 
pathology of CVD is atherosclerosis that can cause a group of clinical syndromes, 73 
including coronary heart disease (CHD; angina pectoris and myocardial infarction), 74 
cerebrovascular disease (stroke and transient ischemic attacks) and peripheral 75 
arterial disease (intermittent claudication). The onset and progress of 76 
atherosclerosis, which is characterized by plaque development inside arterial walls, 77 
are modified by dietary habits. In fact, a major focus of dietary recommendations to 78 
lower CHD risk is to reduce the intake of saturated fatty acids (SFAs) [3]. However, 79 
it is difficult to define the most optimal substitute for SFAs, as the number of 80 
randomized controlled trials (RCTs) with CHD events as endpoints is limited. 81 
Alternatively, the effects of dietary fatty-acid interventions on validated risk markers 82 
of CVD can be studied.  83 
 Many biomarkers have been related to the risk of CVD. It is well known 84 
that these markers may be interrelated or interact with each other. This chapter will 85 
focus on validated risk markers that exist along the pathway between dietary lipid 86 
intake and CVD, such as serum lipids and lipoproteins, and non-invasive vascular 87 
function markers [Figure 2.1]. First, the relation between these markers and CVD 88 
risk is discussed. Then, the effects of dietary fatty-acid intake on risk markers and 89 
on CVD risk itself will be summarized. In the last paragraph, general conclusions 90 
will be formulated. 91 
 92 

 93 
 94 
Figure 2.1. Many cardiovascular risk markers exist along the pathway between dietary lipid intake and 95 
cardiovascular disease (CVD), such as serum lipids and lipoproteins, and non-invasive vascular 96 
function markers. These markers may be interrelated or interact with each other, and have been 97 
positively (+) or inversely (-) related to the risk of CVD. 98 
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Lipid-sensitive markers and risk of cardiovascular disease 99 
 100 
Serum lipids and lipoproteins 101 
 102 
Cholesterol is the major component of the lipid core of the lipoproteins that 103 
transport cholesterol into and out of the arterial wall. It therefore plays a central role 104 
in the development of atherosclerotic plaques in arteries. The two major 105 
cholesterol-transporting lipoproteins are the atherogenic low-density lipoproteins 106 
(LDL) and the high-density lipoproteins (HDL) that may protect against 107 
atherosclerosis. These lipoproteins carry respectively 60% to 70% and 20% to 108 
30% of the total amount of cholesterol in blood. The evidence suggesting a causal 109 
relationship of LDL cholesterol with CHD is well established and supported by 110 
numerous clinical trials. It has been estimated that a decrement of 0.10 mmol/L in 111 
LDL cholesterol results in a decrease of 3.7% in coronary events [4]. HDL 112 
cholesterol concentrations are inversely associated with the risk of coronary 113 
disease. However, a causal relation between HDL cholesterol and CHD is 114 
uncertain and the concept that intervention-induced improvements in HDL 115 
cholesterol reduce cardiovascular risk (the classic HDL cholesterol hypothesis) has 116 
been challenged. These challenges are driven by data derived from human 117 
genetics studies and RCTs that have failed to relate drug-induced increases in 118 
HDL cholesterol with a reduction in cardiovascular events. Therefore, the classic 119 
HDL cholesterol hypothesis is gradually being replaced by the HDL function 120 
hypothesis and future research is required to determine the impact of improved 121 
aspects of HDL function on cardiovascular outcomes [5]. The total to HDL 122 
cholesterol ratio may be a more sensitive and specific risk predictor than individual 123 
lipoprotein cholesterol concentrations and epidemiological observations suggest a 124 
decrease in the risk of myocardial infarction by 5.3% for each 0.10 unit decrease in 125 
the ratio [6]. Serum triacylglycerol concentrations represent another, but less- 126 
validated, cardiovascular risk marker. Triacylglycerol, which is found mainly in 127 
very-low-density lipoproteins (VLDL), is positively related with CVD endpoints in 128 
the general population and a 0.10 mmol/L decrease in triacylglycerol is associated 129 
with a 1.4% decrease in cardiovascular risk for men and a 3.7% decrease for 130 
women [7]. A concentration of serum triacylglycerol between 1.5 mmol/L and 1.7 131 
mmol/L has also been suggested as a critical threshold for the formation of small, 132 
dense low-density lipoproteins (sdLDL) that may be more atherogenic than normal- 133 
sized LDL. Prospective cohort studies indeed indicated that increased sdLDL 134 
concentrations at baseline were associated with a 3.6 fold increase in the risk of 135 
CHD, independent of concomitant variations in other serum lipid and lipoprotein 136 
cholesterol concentrations [8]. Like for HDL cholesterol, however, RCTs 137 
specifically designed to study the relationship of serum triacylglycerol and sdLDL 138 
cholesterol with coronary risk are needed to establish a causal link between these 139 
two biomarkers and CHD. 140 
 141 
Vascular function markers 142 
 143 
Many different vascular function markers exist, each addressing different aspects 144 
of the vasculature. Some of these markers can be used to assess vascular 145 
endothelial function, stiffness or structure, whereas vascular dysfunction can also 146 
be characterized indirectly by measuring circulating biomarkers. All these vascular 147 
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markers are used to demonstrate CVD benefits [9]. Flow-mediated vasodilation 148 
(FMD) of the brachial artery is considered the non-invasive gold standard 149 
technique to assess vascular endothelial function [10]. This technique quantifies 150 
the arterial response to dilate in response to an ischemia-induced blood flow 151 
increase (reactive hyperemia) that triggers the release of vasodilators from the 152 
endothelium like nitric oxide. FMD is normal with values above 6% of the baseline 153 
diameter in healthy people, but is mildly abnormal (2% to 6%) or even abnormal to 154 
absent in patients with values between 0% and 2% [11]. Importantly, FMD is 155 
inversely associated with future CVD events and results from prospective 156 
epidemiologic studies have suggested that CVD risk decreases by about 8% per 157 
1% higher FMD [12]. However, assessing endothelial function via FMD is complex 158 
and comparability of FMD measurements between research centers is low due to 159 
differences in methodological and technical factors that affect these 160 
measurements. Circulating biomarkers are also measured as an indirect approach 161 
to characterize vascular endothelial function. Vascular cell adhesion molecule 1 162 
(VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and endothelial selectin (E- 163 
selectin) are expressed by the endothelium and mediate the attachment of 164 
leukocytes to vascular endothelial cells. The soluble variants of these adhesion 165 
molecules, which are shed into the circulation after cleavage at the cell membrane 166 
through the process of proteolysis, can be analyzed in plasma and higher 167 
concentrations of these endothelial cell markers have been associated with future 168 
cardiovascular events [13]. Arterial stiffness can be determined either regionally or 169 
locally. Regional arterial stiffness determined by carotid-femoral pulse wave 170 
velocity (PWVc-f) is considered the non-invasive gold standard method for 171 
measuring arterial stiffness [14]. PWVc-f is basically the velocity of the pulse 172 
pressure wave travelling along the aorta to the femoral artery. A faster PWVc-f is 173 
indicative of greater arterial stiffness, which has been associated with CVD. In fact, 174 
the presence of a velocity above 13 m/s is a strong predictor of cardiovascular 175 
mortality [15]. In a meta-analysis, it was further found that the risk of cardiovascular 176 
events was reduced by 14% when PWVc-f decreased by 1 m/s [16]. Finally, carotid 177 
intima-media thickness (IMT), which is an ultrasound measurement of the 178 
thickness of the tunica intima and tunica media of the artery wall, reflects structural 179 
changes and is widely used as a surrogate marker of early atherosclerosis. 180 
According to guidelines, IMT values below 0.9 mm are considered normal [17]. 181 
Importantly, carotid IMT has a strong prognostic value for future vascular events 182 
and it has been estimated that the future risk of myocardial infarction decreases by 183 
10% to 15% for an absolute IMT difference of 0.1 mm [18]. 184 
 185 
 186 
Dietary lipid intake and lipid-sensitive markers 187 
 188 
Serum lipids and lipoproteins 189 
 190 
The various fatty acids affect serum lipid and lipoprotein cholesterol concentrations 191 
differently. It is well known that body weight is an important determinant of serum 192 
lipid concentrations. Therefore, to study the effects of fatty acids on the serum 193 
lipoprotein profile, one cannot simply add fats and oils to a diet. With that 194 
approach, serum lipids would also change due to changes in energy intake and 195 
consequently body weight. Therefore, meta-analyses investigating the effects of 196 
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fatty-acid intakes balanced changes in the SFA, monounsaturated fatty acids 197 
(MUFA), polyunsaturated fatty acids (PUFA) or carbohydrate composition of the 198 
diet by opposite isocaloric changes in one or more of the other macronutrients. 199 
Protein intake was constant. As a result, the effects of dietary fatty acids on the 200 
serum lipoprotein profile are generally expressed relative to those of an isocaloric 201 
amount of dietary carbohydrates. 202 
 203 

 204 
 205 
Figure 2.2. Predicted mean changes (and 95% CIs) in serum lipid and lipoprotein cholesterol 206 
concentrations when carbohydrates constituting 1% of energy were replaced with an isocaloric amount 207 
of one of the major dietary fatty acids (FAs) [19].  208 
 209 

 210 
Saturated, cis-monounsaturated and cis-polyunsaturated fatty acids  211 

 212 
A meta-analysis of 60 RCTs, that involved 1672 adult volunteers, calculated the 213 
effects of the major dietary fatty acids on serum lipid and lipoprotein cholesterol 214 
levels when carbohydrates were replaced by fatty acids under isoenergetic 215 
conditions [Figure 2.2]. In the test diets, the mean daily intakes of SFAs, cis- 216 
MUFAs, and cis-PUFAs were 10.2% of energy, 13.5% of energy, and 8.8% of 217 
energy, respectively. Replacing 1% of energy of carbohydrates by SFAs increased 218 
LDL and HDL cholesterol concentrations by 0.03 mmol/L and 0.01 mmol/L, 219 
respectively. The total to HDL cholesterol ratio was not affected. The cis-MUFAs, 220 
mainly oleic acid, caused a decrease of 0.01 mmol/L in LDL cholesterol and an 221 
increase of 0.01 mmol/L in HDL cholesterol relative to carbohydrates. 222 
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Replacement of carbohydrates by cis-PUFAs caused a more pronounced 223 
decrease of 0.02 mmol/L in LDL cholesterol, but had a comparable effect on HDL 224 
cholesterol as cis-MUFAs. Changes were related to changes in the intakes of 225 
linoleic acid and to a lesser extent to those of α-linolenic acid, as studies that 226 
focused on n-3 PUFAs from fatty fish and fish oils were excluded. Further, the total 227 
to HDL cholesterol ratio decreased after replacement of carbohydrates by oils rich 228 
in cis-unsaturated fatty acids such as rapeseed, soybean, sunflower, and olive oils. 229 
The effects of cis-PUFAs were not statistically different from those of cis-MUFA, 230 
and the level of serum triacylglycerol decreased independent of the class of fatty 231 
acid [19]. Also, the fatty-acid composition of the background diet may affect the 232 
response to dietary cholesterol. It has been reported that changes in serum LDL 233 
cholesterol to a decrease in dietary cholesterol are less pronounced in studies with 234 
a background diet low in SFA and high in cis-PUFA as compared with a 235 
background diet high in SFA and low in cis-PUFA [20]. Finally, in most [21], but not 236 
all [22] studies, increasing the intake of fat at the expense of carbohydrates also 237 
increased the proportion of large LDL particles, which may be less atherogenic 238 
than the smaller LDL particles.  239 
 Based on these data, the most favorable serum lipid profile is achieved 240 
after replacement of a mixture of SFAs by cis-unsaturated fatty acids, with a 241 
slightly better profile for cis-PUFAs than for cis-MUFAs. 242 
 243 

 244 
 245 

Figure 2.3. Predicted mean changes (and 95% CIs) in serum lipid and lipoprotein cholesterol 246 
concentrations when carbohydrates constituting 1% of energy were replaced with an isocaloric amount 247 
of one of the dietary saturated fatty acids (FAs) [19].  248 
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Lauric, myristic, palmitic and stearic acid 249 
 250 
The effects of the various SFAs on the serum lipoprotein profile were also 251 
examined in the meta-analysis based on intakes of the individual SFAs reported by 252 
35 RCTs [Figure 2.3]. In these diets, the mean daily intakes of lauric acid (C12:0), 253 
myristic acid (C14:0), palmitic acid (C16:0), and stearic acid (C18:0) were 1.1% of 254 
energy, 1.3% of energy, 6.2% of energy, and 3.0% of energy, respectively. Lauric 255 
acid, myristic acid and palmitic acid all increased LDL and HDL cholesterol 256 
concentrations as compared with carbohydrates. These effects decreased with 257 
increasing chain length, while no effects of stearic acid were found. Further, 258 
replacing 1% of energy from carbohydrates by lauric acid significantly lowered the 259 
total to HDL cholesterol ratio by 0.04, while no effects on the ratio were found after 260 
replacement with myristic acid, palmitic acid or stearic acid. As a result, lauric acid, 261 
which is a major component of tropical oils such as palm kernel and coconut fat, 262 
had a more favorable effect on the total to HDL cholesterol ratio than other fatty 263 
acids. Still, effects of the tropical oils were less favorable than those of oils rich in 264 
cis-unsaturated fatty acids. Finally, replacement of carbohydrates with the different 265 
SFAs decreased serum triacylglycerol concentrations to the same extent [19]. 266 
 267 

n-3 polyunsaturated fatty acids 268 
 269 
The cis-PUFAs, linoleic acid and α-linolenic acid, are essential fatty acids that must 270 
be obtained from the diet. The n-6 PUFA linoleic acid, which is the most abundant 271 
essential fatty acid in the diet, serves as the dietary precursor for arachidonic acid 272 
synthesis. Eicosapentaenoic acid (EPA) can be synthesized from the plant-derived 273 
n-3 PUFA α-linolenic acid and can be converted into docosahexaenoic acid (DHA) 274 
[23]. However, for many people the most important sources of the n-3 long-chain 275 
PUFAs EPA and DHA in the body are fatty fish and fish oils. A meta-analysis 276 
summarized the results of 25 randomized trials representing about 8000 277 
participants to examine the effects of n-3 PUFA intake on the serum lipid profile. 278 
Across different daily n-3 long-chain PUFA doses ranging from 800 to 5400 mg, it 279 
was found that fatty fish and fish oil consumption decreased serum triacylglycerol 280 
concentrations by 0.31 mmol/L, while HDL and LDL cholesterol significantly 281 
increased by 0.04 mmol/L and 0.16 mmol/L, respectively. Further, a dose- 282 
response relationship was found and Balk et al. estimated that each increase of 283 
1000 mg in daily fish oil intake was associated with a significant decrease of 0.09 284 
mmol/L in serum triacylglycerol concentrations. Effects on serum lipids were more 285 
pronounced when baseline triacylglycerol levels were higher (i.e., above 3.32 286 
mmol/L) and in these studies an increase of 1000 mg in fish oil dose was 287 
associated with a much larger reduction of 0.21 mmol/L in serum triacylglycerol 288 
concentrations. Five studies reported effects of plant-derived α-linolenic acid 289 
consumption on serum lipids, but these studies were mostly of poor quality and 290 
results were inconsistent [24]. 291 
 Whether EPA and DHA have different effects is uncertain. However, in one 292 
study, EPA and DHA reduced serum triacylglycerol concentrations to the same 293 
extent, while only DHA appeared to increase LDL and HDL cholesterol levels [25]. 294 
Finally, even though the plant-derived n-3 long-chain PUFAs increased LDL 295 
cholesterol concentrations, most of the available data suggested a decrease in 296 
serum sdLDL cholesterol [26]. 297 
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Trans fatty acids 298 
 299 
Trans fatty acids are unsaturated fatty acids that are found in fats from ruminant 300 
animals and in partially hydrogenated vegetable oils. The daily intake is declining 301 
and varies between 0.5% and 2.0% of energy in Europe [27]. Many studies have 302 
shown unfavorable effects of these fatty acids on serum lipid and lipoprotein 303 
concentrations. A meta-analysis estimated that replacing 1% of energy from 304 
carbohydrates by trans MUFAs increased the level of serum LDL cholesterol by 305 
0.04 mmol/L, while serum HDL cholesterol and serum triacylglycerol 306 
concentrations remained unchanged [Figure 2.2]. The total to HDL cholesterol 307 
ratio significantly increased by 0.02, which is the equivalent of replacing more than 308 
7% of energy from carbohydrates by SFAs [19]. Further, the consumption of diets 309 
with increasing amounts of trans fatty acids was also associated with a significant 310 
dose-dependent increase in serum sdLDL concentrations as compared with a diet 311 
enriched with SFA [28].  312 
 In all these studies, trans fatty acids were derived from partially 313 
hydrogenated oils. The effects of trans fatty acids from ruminant fats on serum 314 
lipoprotein concentrations are more difficult to study, mainly because amounts in 315 
food products are much lower than those of industrial-derived trans MUFAs. A 316 
recent meta-analysis of 39 RCTs, however, compared the effects of ruminant trans 317 
fatty acids and conjugated trans linoleic acid (CLA) with those of industrial trans 318 
fatty acids. It was concluded that effects on serum lipoprotein concentrations 319 
between these type of trans fatty acids were not statistically different [29]. In 320 
summary, fatty acids with one or more bonds in the trans configuration adversely 321 
affect the serum lipoprotein profile irrespective of their origin or structure. 322 
 323 
Vascular function markers 324 
 325 
Except for the n-3 long-chain PUFAs EPA and DHA from fatty fish and fish oils, the 326 
effects of dietary lipid intake on vascular function markers have not been studied 327 
extensively. Only a few studies were designed to directly compare changes in the 328 
SFA, MUFA, PUFA or carbohydrate composition of the diet by opposite isocaloric 329 
changes in one or in one or more of the other macronutrients. Therefore, studies 330 
that compared diets or meals enriched with one of the major fatty acids will also be 331 
discussed. 332 

 333 
Saturated, cis-monounsaturated and cis-polyunsaturated fatty acids  334 

 335 
The impact of dietary fatty-acid intake on vascular function markers has been 336 
reviewed recently. Most studies included healthy men. It was concluded that the 337 
number of studies was in general too limited to draw firm conclusions regarding the 338 
longer-term effects of dietary lipid intake on measures of vascular function. 339 
However, a modest improvement in fasting FMD of the brachial artery was 340 
suggested in both healthy and diseased individuals when diets high in 341 
carbohydrates or cis-MUFAs were compared with diets enriched with dietary SFAs, 342 
while no differences were found between diets rich in carbohydrates and cis- 343 
MUFAs [30]. However, in a recent study with insulin-resistant men and women, 344 
replacement of dietary SFAs by cis-MUFAs or carbohydrates did not affect fasting 345 
FMD. In addition, no changes in arterial stiffness, as assessed by PWVc-f, were 346 
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observed [31]. Evidence regarding the longer-term effects of diets high in n-6 347 
PUFAs is very limited. For acute studies, FMD of the brachial artery may impair 348 
during the postprandial phase following the consumption of SFA-rich meals, 349 
whereas results for cis-unsaturated fatty acids were inconsistent. Given these 350 
uncertainties, it was therefore concluded that future well-designed RCTs are 351 
needed to compare changes in the dietary SFA composition of the diet by opposite 352 
isocaloric changes in one of the other macronutrients on vascular function markers 353 
in adult [30]. Finally, limited numbers of angiographic studies have been carried out 354 
to investigate the effects of a modified fat diet on the progression of 355 
atherosclerosis. In one of the studies, it was found that lumen diameters of 356 
coronary arteries significantly increased following for three years a dietary 357 
intervention, which was low in dietary SFAs and high in cis-PUFAs, as compared 358 
with usual care [32]. 359 
 360 

n-3 polyunsaturated fatty acids 361 
 362 
Recently, the effects of the n-3 long-chain PUFAs EPA and DHA on fasting FMD of 363 
the brachial artery have been quantitatively summarized. Compared with placebo, 364 
results from fifteen RCTs involving 821 participants showed a significant 365 
improvement in FMD by 2.30%. Daily doses ranged from 450 to 4500 mg and the 366 
median value of study duration was 56 days. These effects were more pronounced 367 
when participants had a poor health status. Although a higher intake of EPA plus 368 
DHA had a more pronounced effect on FMD, no linear dose-response relationship 369 
was evident. A similar improvement in FMD by 2.30% was found in one study that 370 
investigated the effect of α-linolenic acid supplementation [33]. Further, not enough 371 
studies have been carried out to provide unambiguous evidence whether EPA and 372 
DHA have different effects on vascular endothelial function [25]. Pase and 373 
colleagues performed a meta-analysis of human randomized studies to quantify 374 
the effects of n-3 long-chain PUFA supplementation on arterial stiffness. A total of 375 
550 subjects participated in ten trials. Study durations ranged from 6 to 105 weeks, 376 
while daily doses varied between 640 and 3000 mg of combined EPA and DHA 377 
that was administered through capsules. It was found that n-3 long-chain PUFA 378 
supplementation significantly improved fasting PWV vs. control by 0.33 m/s in 379 
absence of significant changes in blood pressure or heart rate [34]. In addition, 380 
more pronounced effects on arterial stiffness were found with combined EPA and 381 
DHA supplementation as compared with isolated EPA supplementation [35]. 382 
However, a recent yearlong randomized trial, that was not included in the meta- 383 
analysis, was unable to demonstrate an effect of supplementation with 384 
encapsulated n-3 long-chain PUFAs at three different daily doses (450, 900 and 385 
1800 mg) on fasting PWVc-f in older males and females. It was suggested that at 386 
lower intakes much longer intervention periods might be necessary to detect 387 
significant differences on the progress of arterial stiffening [36].  388 
 389 

Trans fatty acids 390 
 391 
Hardly any data are available on the effects of trans fatty acids on vascular 392 
function. Five weeks of trans fatty acid consumption (8% of total energy intake) 393 
increased plasma E-selectin levels by 10% as compared with equivalent calories 394 
from carbohydrates [37]. In addition to these effects on circulation biomarkers of 395 
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endothelial dysfunction, trans fatty acids may affect functional measures of 396 
endothelial function. Four weeks of trans fatty acid intake (9% of total energy 397 
intake) indeed significantly impaired fasting FMD as compared with SFAs [38]. In 398 
contrast, no postprandial impairment in brachial FMD was found after the 399 
consumption of a meal rich in trans fatty acids [39].  400 
 401 
 402 
Dietary lipid intake and risk of cardiovascular disease 403 
 404 
Dietary recommendations to lower CHD risk are focused on reducing the intake of 405 
SFAs. Indeed, dietary intervention studies have demonstrated that replacing SFAs 406 
with cis-MUFAs or cis-PUFAs improves the serum lipid profile, but also decreases 407 
CHD risk. Due to methodological aspects to estimate dietary fatty-acid intakes, the 408 
association between dietary SFA intake and CHD incidence may become 409 
attenuated, contributing to conflicting results. Important sources of variability in 410 
estimating dietary fatty-acid intake are (i) variability in the composition of food 411 
products, (ii) errors in estimating quantities of the foods consumed and (iii) 412 
remembering what was actually consumed [40]. Therefore, the focus will be on 413 
RCTs in this paragraph, that evidently suffer not or less from sources of error in 414 
estimating dietary fatty acids. 415 
 416 
Saturated, cis-monounsaturated and cis-polyunsaturated fatty acids  417 
 418 
Sacks and Katan predicted that replacing 10% of energy from SFAs with an 419 
isocaloric amount of cis-unsaturated fatty acids would decrease coronary events 420 
by 19% in men and by 16% in women [41]. Mozaffarian carried out a systematic 421 
review and meta-analysis of eight RCTs to quantify the effects of increasing cis- 422 
PUFA consumption in place of dietary SFAs on CHD outcomes. In the meta- 423 
analysis, that involved a total of 1042 coronary events among nearly 14,000 424 
participants, the mean daily intakes of cis-PUFAs were 14.9% of energy in 425 
intervention groups vs. 5.0% of energy in control groups. It was found that each 426 
5% energy increase in cis-PUFA at the expense of SFA significantly reduced the 427 
risk of CHD by 10% [Figure 2.4]. Studies of longer duration showed greater 428 
benefits [42]. The effect of replacing dietary SFAs by cis-PUFAs on CHD outcomes 429 
should be attributed to the combined effects of n-3 PUFAs, involving α-linolenic 430 
acid and/or EPA plus DHA, and n-6 PUFAs. Interestingly, the estimate was 431 
consistent with the effect that would be predicted based on changes in the ratio of 432 
total to HDL cholesterol (i.e., 9% reduced CHD risk for each 5% energy of 433 
increased cis-PUFA). The replacement of dietary SFAs for carbohydrates was 434 
investigated in the Women’s Health Initiative RCT carried out in 48,835 women. 435 
Over eight years of follow-up, replacement of about 3% of energy from dietary 436 
SFAs with carbohydrates did not lower the risk of CHD [Figure 4] in this large long- 437 
term dietary intervention study [43]. This finding was also in agreement with the 438 
predicted effects based on changes in the ratio of total to HDL cholesterol. The 439 
effects of replacing dietary SFAs with cis-MUFAs have never been evaluated in the 440 
randomized trials [Figure 2.4]. 441 
 442 
 443 
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 444 
 445 
Figure 2.4. Summary of the results of randomized controlled trials on dietary fatty acid intake and 446 
coronary heart disease risk [42-44]. The effects of replacing saturated fatty acids (FAs) with cis- 447 
monounsaturated FAs have never been evaluated in the randomized trials. Effects on coronary events 448 
of consuming trans monounsaturated FAs in place of dietary saturated FAs were based on prospective 449 
cohort studies [47]. 450 
 451 
 452 
n-3 polyunsaturated fatty acids 453 
 454 
A recent meta-analysis of 20 randomized trials, that involved 68,680 adult 455 
participants, estimated the effects of n-3 long-chain PUFA supplementation 456 
achieved through diet or supplements on CHD events. The mean study duration 457 
was 2 years and a total of 1837 myocardial infarctions were reported across the 458 
various patient groups, who were at increased cardiovascular risk. No RCTs for the 459 
primary prevention of CHD were found. The meta-analysis reported no significant 460 
association with myocardial infarction [Figure 2.4] or other major CVD events [44]. 461 
The RCTs of the plant-derived n-3 PUFA α-linolenic acid and CHD risk were also 462 
secondary prevention intervention studies conducted among patients with 463 
established CHD. However, several of these trials had important methodological 464 
limitations and conclusions regarding the effects of dietary α-linolenic acid on 465 
incidence of CHD could not be drawn [45]. Therefore, these data from RCTs did 466 
not show benefits of n-3 PUFA supplementation for the secondary prevention of 467 
CHD. As many of the participants in these studies were taking medications, it is 468 
thought that drug treatment may have masked the effects of n-3 PUFA 469 
supplementation on the incidence of major cardiovascular events. Indeed, Eussen 470 
and colleagues have reported that n-3 PUFAs may reduce the risk of 471 
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cardiovascular outcomes in patients who are not treated with statins, while no 472 
effects were found in statin users [46]. 473 
 474 
Trans fatty acids 475 
 476 
No RCTs have been carried out to examine the effects of dietary trans fatty acids 477 
on the risk of CHD. However, a meta-analysis of four prospective cohort studies, 478 
that involved 5215 CHD events among nearly 140,000 participants, estimated that 479 
replacing 2% of energy from carbohydrates with an isocaloric amount of trans fatty 480 
acids was associated with a 23% increase in the incidence of CHD events. In 481 
addition, it was also calculated in the meta-analysis that each 2% energy 482 
replacement of SFAs, cis-MUFAs and cis-PUFAs with an isocaloric amount of 483 
dietary trans fatty acids significantly increased the risk of CHD events by 17% 484 
[Figure 2.4], 21% and 24%, respectively [47]. 485 
 486 
 487 
Conclusions 488 
 489 
This chapter focused on the effects of dietary fatty acids on serum lipid and 490 
lipoprotein cholesterol concentrations, non-invasive vascular function markers, and 491 
CVD. The most favorable serum lipoprotein profile is achieved after replacement of 492 
trans fatty acids and SFAs by a mixture of cis-unsaturated fatty acids. In addition, 493 
the consumption of fatty fish and fish oils decreased serum triacylglycerol 494 
concentrations. The effects of dietary fatty acids on vascular endothelial function 495 
and arterial stiffness have not been studied extensively. An exception, however, 496 
are the n-3 long-chain PUFAs EPA and DHA, which may improve vascular 497 
endothelial function and arterial stiffness. 498 
 The number of RCTs with CHD events as endpoints is limited. 499 
Replacement of dietary SFAs by cis-PUFAs lowered CHD risk, but future research 500 
is warranted to evaluate the effects of replacing SFAs with carbohydrates or cis- 501 
MUFAs. The intake of trans fatty acids from hydrogenated oils should be as low as 502 
possible independent of the macronutrient that is replacing. Finally, a recent meta- 503 
analysis of randomized trials showed no benefit of n-3 PUFA supplementation for 504 
the secondary prevention of CHD. However, many of the subjects were taking 505 
medication that may have masked the effects of n-3 PUFA supplementation. 506 
 507 
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Abstract 
 
Background: Through effects on nitric oxide (NO) bioavailability, endothelial 
function is improved after the intake of beetroot juice - which is rich in inorganic 
nitrate -, but decreased after the intake of a meal.  
 
Objective: The objective of this study was to examine if beetroot juice could 
counteract the impairment of endothelial function associated with the ingestion of a 
mixed meal. 
 
Methods: Twenty healthy overweight and slightly obese men with a BMI between 
28 and 35 kg/m2 received in random order a mixed meal providing 56.6 g of fat 
with beetroot juice or a control drink. The beetroot juice (140 mL) provided 
approximately 500 mg dietary nitrate. Flow-mediated dilation (FMD) of the brachial 
artery was measured before and two hours after meal consumption. Blood was 
sampled at regular intervals. 
 
Results: Postprandial changes in serum triacylglycerol (TAG) (P = 0.69), plasma 
glucose (P = 0.84) and insulin (P = 0.67) concentrations were comparable between 
the meals. After consumption of beetroot juice, the postprandial impairment in FMD 
following a standardized mixed meal was improved (P = 0.030) compared with the 
control drink (-0.37 ± 2.92% versus -1.56 ± 2.90%). Following beetroot juice 
consumption, plasma concentrations of the circulating NO pool were higher at T60, 
T120, and T240 (P < 0.001 at all time points).  
 
Conclusion: In healthy overweight and slightly obese men a single dose of beetroot 
juice attenuates the postprandial impairment of FMD following a mixed meal, 
possibly through increases in plasma NO concentrations.  
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Introduction 
 
Chronically impaired endothelial function can be characterized by a decreased 
arterial response to stimuli that triggers the release of vasodilators from the 
endothelium like nitric oxide (NO). It may predict long-term atherosclerotic disease 
progression and cardiovascular event rates [1]. However, endothelial dysfunction 
has also been reported as an acute and reversible event. Fat intake, for example, 
transiently impairs endothelial function [2, 3]. Although the mechanisms of 
decreased postprandial endothelial function have not been fully elucidated, 
diminished NO bioavailability is considered to be a major cause [4]. During the 
postprandial state, the bioavailability of NO may reduce via an increased 
production of reactive oxygen species and stimulatory effects of chylomicron 
remnants and/or free fatty acids on pro-coagulant and pro-inflammatory signaling 
pathways in the endothelium [5]. Diminished NO bioavailability can be assessed by 
the circulating pool of bioactive NO (NOx), that is comprised of both plasma nitrite 
(NO2

-) and nitroso/nitrosyl NO species (RXNOs) [6]. 
 It is known that overweight and slightly obese male subjects have a 
disturbed postprandial metabolism [7]. Since a significant part of the day is spent in 
the postprandial state, strategies to counteract the transient impairment of 
postprandial endothelial function may be important to decrease the cardiovascular 
risk associated with overweight and obesity. Recently, more attention has been 
directed towards the effects on endothelial function of the various nutrients found in 
diets rich in fruits and vegetables such as inorganic nitrate (NO3

-). Via 
bioconversion to NO2

-, inorganic nitrate supplementation has been shown to 
increase NO bioavailability, which results in a decreased systolic (SBP) and 
diastolic blood pressure (DBP), and improved endothelial function [8]. In fact, these 
effects have been observed following consumption of beetroot juice, a high nitrate-
containing vegetable [9]. Therefore, the objective of the current study was to 
investigate whether beetroot juice could counteract the impairment of endothelial 
function associated with the ingestion of a mixed meal [2, 3]. Flow-mediated 
dilation (FMD) of the brachial artery was used as a non-invasive method to assess 
endothelial function, while the study was performed in healthy overweight and 
slightly obese male subjects.  
 
 
Subjects and methods 
 
Study population 
 
Apparently healthy men were recruited by advertisements in local newspapers or 
among participants who had participated in earlier studies. Women were excluded 
to avoid any possible variations in postprandial responses due to hormonal effects. 
Participants were invited for 2 screening visits if they met the following inclusion 
criteria: aged between 18 and 70 years, BMI between 28 and 35 kg/m2, stable 
body weight (weight gain or loss < 3 kg within the previous 3 months), no use of 
medication known to affect serum lipid metabolism, no diabetes, or receiving anti-
diabetic or anti-hypertensive medication, and no participation in another 
biochemical trial during the past 30 days. Twenty-one men were included. They 
had fasting serum concentrations ≤ 1.7 mmol/L for triacylglycerol (TAG); no 
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indications for treatment with cholesterol-lowering drugs according to the Dutch 
Cholesterol Consensus [10]; no active cardiovascular disease like congestive heart 
failure or cardiovascular event, such as an acute myocardial infarction or cerebro 
vascular accident; no inflammatory disease; and no drug or alcohol abuse. All 
participants gave written informed consent before entering the study. The study 
was approved by the Medical Ethics Committee of Maastricht University and 
registered at ClinicalTrials.gov (NCT 01559441). 
 
Study design  
 
Each participant received two interventions in randomized order with an interval of 
at least 1-week. On the day preceding each postprandial test, subjects were asked 
not to consume high-fat foods or alcohol, or to perform any strenuous physical 
exercise. During the study, subjects were requested not to change their food intake 
pattern, physical activity level or use of alcohol. 
 After an overnight fast (from 10.00 PM), subjects arrived at the Department 
by public transport or car to standardize measurements as much as possible. After 
resting for 20 minutes in the supine position, vascular function measurements were 
performed. After an intravenous cannula was inserted into a vein and a fasting 
venous blood sample (T0) was obtained, subjects had to consume within 10 
minutes a standardized mixed meal. Subsequent blood samples were collected 15 
min (T15), 30 min (T30), 45 min (T45), 60 min (T60), 90 min (T90), 120 min 
(T120), 180 min (T180), and 240 min (T240) after meal consumption. After 
sampling, the cannula was rinsed with 1 mL 1% heparin (LEO Pharma, Ballerup, 
Denmark) in 0.9% NaCl. Assessment of vascular function was repeated two hours 
after meal consumption, immediately after taking the T120 blood sample. 
 
Test meals 
 
The test meals consisted of two muffins (containing 56.6 g fat) and 140 mL of 
either concentrated beetroot juice (Beet it, James White drinks Ltd., Ipswich, UK) 
or a control drink. Both test meals [Supplemental Table 3.1] had a comparable 
energy content (4695 kJ) and macronutrient composition (56.6 g fat, of which 33.9 
g saturated fatty acids, 14.5 g monounsaturated fatty acids, and 2.7 g 
polyunsaturated fatty acids; 137.0 - 138.5 g carbohydrates; and 41.5 g - 46.5 g 
protein). A single dose (140 mL) of concentrated beetroot juice has an average 
listed content of dietary nitrate of approximately 500 mg. One batch of muffins was 
made for the entire study. After baking the muffins at 180 °C in a fan-assisted oven 
for 20 minutes and cooling down, the muffins were packaged per portion and 
frozen at -20°C. 
 
Blood analyses 
 
NaF-containing 2-mL vacutainer tubes (Becton Dickinson, Erembodegem, 
Belgium) and lithium heparin-containing 4-mL vacutainer tubes (Becton Dickinson) 
were placed on ice directly after blood sampling. To obtain plasma, the plasma 
tubes were centrifuged at 1300 x g for 15 minutes at 4 °C. Blood drawn in 3.5-mL 
vacutainer serum tubes (Becton Dickinson) was allowed to clot for 30 minutes at 
21°C. To obtain serum, the serum tubes were centrifuged at 1300 x g for 15 



BEETROOT JUICE AND POSTPRANDIAL ENDOTHELIAL FUNCTION 

 37 

minutes at 21°C. Following centrifugation, plasma and serum aliquots were directly 
frozen in liquid nitrogen and stored at -80°C until analysis at the end of the study.  
 Plasma glucose (Roche Diagnostic Systems, Hoffmann-La Roche) 
concentrations were measured in NaF plasma at all time points and those of 
insulin with a human insulin-specific RIA kit (Linco Research) in NaF plasma 
samples collected at T0, T30, T60, T90, T120 and T240. Serum TAG (GPO 
Trinder; Sigma-Aldrich) with correction for free glycerol was measured hourly. 
Concentrations of nitrite and RXNOs, referred to as the circulating NO pool (NOx), 
were determined using a triiodide/ozone-based chemiluminescence assay as 
described [11]. RXNO and nitrite analyses were carried out in lithium heparin 
plasma samples collected at T0, 60, 120 and 240. 
 
Anthropometric and vascular measurements  
 
Height was measured during screening using a wall-mounted stadiometer. Body 
weight without shoes and heavy clothing were measured before the start of each 
postprandial test. SBP, DBP and heart rate were monitored hourly using a Mobil-
O-Graph blood pressure monitor. Measurements were assessed in fourfold at the 
left arm. The first measurement was discarded and the last three were averaged. 
 All vascular measurements were performed in a quiet and darkened room. 
Room was temperature controlled at 22°C. FMD was assessed by echo-Doppler 
(Sonos 5500, Hewlett-Packard) at baseline and two hours after the meal by using 
a 7.5-MHz transducer and recording of echo images on DVD. After a 3-minute 
reference period, the pneumatic cuff placed around the participant’s forearm was 
inflated 50 mmHg above systolic pressure for 5 minutes, causing distal (forearm) 
hypoxia. Upon cuff-release reactive hyperemia ensued. The echo images were 
processed automatically to determine the diameter profiles over the entire 13 
minutes of the FMD measurement using a custom-written Matlab program 
(MyFMD, Prof. A.P. Hoeks, Department of Biomedical Engineering, Maastricht 
University, Maastricht, the Netherlands). The FMD response was quantified as the 
maximal percentage change in post occlusion arterial diameter relative to baseline 
diameter. Radial pulse wave analysis (PWA) was performed, in triplicate, with a 
tonometer (SphygmoCor v9, AtCor Medical) applied to the radial artery near the 
wrist of the arm. The central arterial waveform was derived from the peripheral 
waveform using a validated transfer function. Peripheral and central augmentation 
indices (AIx) were defined as the difference between the first and second peak of 
the arterial waveform, expressed as a percentage of the pulse pressure. Using the 
same tonometer, pulse wave velocity (PWV) was determined by measuring the 
arrival of the pulse wave and the delay to the R-wave of the ECG at the carotid and 
femoral artery. Carotid-femoral PWV (PWVc-f) was calculated by the program of the 
manufacturer after entering 80% of the direct carotid-femoral distance [12]. AIx and 
PWVc-f were measured at baseline and 3 hours after the meal.  
 
Statistical analyses  
 
Results are presented as mean ± SD, unless otherwise indicated. Before the start 
of the study, it was calculated that the statistical power to detect a true treatment 
difference of at least 1.75% in FMD with 20 participants was 80% when an α of 
0.05 and intra-subject variability of 2.82% were used [13]. Differences in baseline 
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values between test days were tested using a paired Student’s t test. Changes 
were analyzed using paired Student’s t tests or linear mixed models with diet and 
time as fixed factors and with diet * time as interaction term. If the interaction term 
was not significant, it was omitted from the model. If the interaction term or factor 
time was significant, post hoc tests with Bonferroni correction were conducted. The 
incremental area under the curve (iAUC; the area above baseline (T0) 
concentrations) was calculated using the trapezoidal rule [14]. Pearson correlation 
coefficients were determined to examine the relationship between changes in FMD 
and the iAUC during the first 2 hours for TAG or glucose. Differences were 
considered statistically significant at P < 0.05. Statistical analyses were performed 
using SPSS 20.0 software for Mac (SPSS Incorporated, Chicago, IL, USA). 
 
 
Results 
 
Study participants 
 
Of the 28 subjects screened, 7 men were excluded because of fasting serum TAG 
concentrations above 1.7 mmol/L. Twenty-one men started the study and 
completed both postprandial tests. One of these participants was excluded from 
the statistical analyses due to a large difference between fasting FMD values (2.83 
vs. 13.04%) for which we had no explanation. The mean age of the participants 
was 61 ± 7 years and their average BMI was 30.1 ± 1.9 kg/m2. Baseline 
characteristics of the participants who completed the study are shown in Table 3.1. 
 
Table 3.1. Baseline characteristics of the overweight and slightly obese men who completed the study1 

 Study Participants 

Age (y) 61 ± 72 

BMI (kg/m2)  30.1 ± 1.9 

Total cholesterol (mmol/L)  5.17 ± 1.27 

TAG (mmol/L)  1.28 ± 0.35 

Systolic BP (mmHg)  135.2 ± 18.2 

Diastolic BP (mmHg)  93.2 ± 12.0 
1 n = 20. TAG: triacylglycerol; BP: blood pressure. 

 2 Values are means ± SD. 
 
 
Postprandial lipemia and glycemia 
 
Fasting serum TAG were comparable between the test days (P = 0.99). After meal 
consumption, postprandial TAG concentrations were significantly higher at T120-
T240 from baseline (P < 0.001 at all time points) [Figure 3.1]. Changes in TAG 
concentrations did not differ between the meals (P = 0.69 for diet effect). 
 Plasma glucose (P = 0.84) and insulin (P = 0.67) concentrations at 
baseline did not differ between the test days. Following meal consumption, there 
was a rapid increase in both glucose and insulin, which was significant for the 
factor time (P < 0.001) [Figure 3.1]. After adjustment for multiple comparisons, 
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glucose concentrations differed during the first 2 hours (P < 0.01 at all time points) 
and insulin concentrations at T30-T240 from baseline (P < 0.05 at all time points) 
after both interventions. The plasma glucose (P = 0.86) and insulin (P = 0.73) 
responses did not differ between the meals. 
 

 
 
Figure 3.1. Mean changes (± SEM) in serum triacylglycerol (TAG) and plasma glucose and insulin 
concentrations following a mixed meal with either concentrated beetroot juice (  ) or a control drink (   ) 
in a randomized crossover study with overweight and slightly obese men (n = 20). Data were analyzed 
using linear mixed models. Following meal consumption, there was an increase in TAG, glucose and 
insulin, which was significant for the factor time (P < 0.001). Values between the meals did not differ (P 
> 0.05). # After Bonferroni’s correction significantly different from baseline, P < 0.05. 

!"#$%

"#"%

"#$%

&#"%

&#$%

'#"%

"% ("% &'"% &)"% '*"%

+%
,-
.
%/0

0
12
34
5%%

,607%/0685%

,607!"#"$"%&%%'"

9%

9%

9%

!"#$%

"#"%

"#$%

&#'%

(#&%

(#)%

"% *"% &("% &)"% ('"%

+%
,
-.
/0
12
%34

4
0-
56
7%%

8942%349:7%

8942!"#"$"%&%%'"

;%;%

;%

;%

;%
;%

!"

#$"

$!"

%$"

!" &!" '#!" '(!" #)!"

*"
+,
-.
/0,

"12
3
4/
56
7""

8039"130,7"

8039!"#"$"%&%%'"

:"

:":"

:"

:"



CHAPTER 3 

 40 

The circulating NO pool 
 
Baseline concentrations of the circulating NO pool (P = 0.82) were comparable 
between the test days. As shown in Figure 3.2, there was a statistically significant 
diet * time interaction for plasma concentrations of NOx during the postprandial 
period (P < 0.001). After Bonferroni’s correction, NOx concentrations were 
significantly higher at T60-T240 following a mixed meal with concentrated beetroot 
juice (P < 0.001 at all time points). 
 

 
 
Figure 3.2. Mean changes (± SEM) in concentrations of the circulating nitric oxide pool (NOx) following 
a mixed meal with either concentrated beetroot juice ( ) or a control drink ( ) in a randomized 
crossover study with overweight and slightly obese men (n = 20). Data were analyzed using linear 
mixed models. There was a statistically significant diet * time interaction for plasma concentrations of 
NOx during the postprandial period (P < 0.001). * After Bonferroni’s correction significantly different 
from meal with control drink, P < 0.001. 
 
 
Vascular function 
 
Baseline brachial artery diameters (data not shown) did not differ between test 
meals (P = 0.78) and did not change from fasting values 2 hours after consumption 
of either meal. In addition, baseline FMD levels did not differ between the test days 
(P = 0.42) and correlated significantly (r = 0.68, P = 0.001). FMD [Figure 3.3] was 
reduced from fasting values at 2 hours following the meal with control drink (P = 
0.026), but did not change following the meal with beetroot juice (P = 0.58). After 
consumption of beetroot juice, the postprandial impairment in FMD was reduced 
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compared with the control drink (-0.37 ± 2.92% versus -1.56 ± 2.90%; P = 0.030). 
We found no correlation between the postprandial change in FMD and the iAUC 
during the first 2 hours for TAG (r = -0.04, P = 0.88 and r = 0.03, P = 0.91 after 
consumption of beetroot juice and the control drink, respectively) or for glucose (r = 
0.19, P = 0.42 and r = 0.10, P = 0.69 after consumption of beetroot juice and the 
control drink, respectively). 
 
 

 
 
Figure 3.3. Mean flow-mediated dilation (± SEM) before and after a mixed meal with either 
concentrated beetroot juice or a control drink in a randomized crossover study with overweight and 
slightly obese men (n = 20). * Significantly different from meal with control drink, P < 0.05 (paired 
Student’s t test). # Significantly different from baseline, P < 0.05 (paired Student’s t test). 
 
 
As indicated by PWVc-f [Table 3.2], there were no differences in arterial stiffness. 
However, the peripheral AIx, central AIx and central AIx adjusted for heart rate 
(CAIxHR75) [Table 3.2] were significantly reduced following the meals (P < 0.001), 
but changes did not differ between test meals. Following meal consumption, DBP 
decreased (P < 0.001 for time effect) at T60-T240 from baseline (P < 0.05 at all 
time points). SBP did not differ significantly between meals (P = 0.46) and did not 
change over time (P = 0.48) [Supplemental Figure 3.1]. Results were not 
significantly related to BMI, or baseline SBP or DBP levels. 
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Table 3.2. Vascular stiffness measurements before and after a mixed meal with either beetroot juice or 
a control drink in a randomized crossover study with overweight and slightly obese men1 

 
                      Beetroot Juice                Control Drink 

 Baseline 3 h Delta Baseline 3 h Delta 

PAIx, %  -13.0 ± 12.52 -21.8 ± 12.6# -8.7 ± 6.5 -14.1 ± 10.9 -22.0 ± 13.2# -8.0 ± 6.7 

CAIx, %  30.0 ± 7.4 24.6 ± 8.3# -5.4 ± 5.0 30.3 ± 7.0 24.1 ± 8.5# -6.2 ± 4.5 

CAIxHR75, %  21.2 ± 5.6 16.2 ± 6.9# -5.0 ± 4.2 21.1 ± 6.1 15.2 ± 7.5# -5.9 ± 4.0 

PWV
c-f

,
 
m/s  9.9 ± 1.8 9.8 ± 1.6 -0.1 ± 1.2 9.8 ± 1.5 9.8 ± 1.8 -0.1 ± 1.1 

1 n = 20. PAIx: peripheral augmentation index; CAIx: central augmentation index; CAIxHR75: 
central augmentation index adjusted for heart rate; PWVc-f: carotid-femoral pulse wave velocity. 
 2 Values are means ± SD. 
 # Significantly different from baseline, P < 0.001 (paired Student’s t test). 
 
 
Discussion 
 
In this study with healthy overweight and slightly obese men, we found that 
concentrated beetroot juice counteracted the decrease in FMD associated with the 
intake of a mixed meal. Beetroot juice is rich in NO3

-, which can be converted into 
NO2

- by facultative bacteria from the dorsal surface of the tongue. Once in the 
circulation, NO2

- can be further reduced to NO in the vasculature [15], thereby 
increasing concentrations of the circulating NO pool [16]. This pathway is of 
particular interest when vascular NO bioavailability is disturbed, as observed after 
the intake of dietary fat [4].  
 Several previous dietary intervention studies have already investigated 
whether improvements in endothelium-dependent vasodilation measured as FMD 
were related to increased concentrations of the circulating NO pool. Webb and 
colleagues found that dietary nitrate through the intake of NO3

--rich beetroot juice 
improved FMD during ischemia as a result of bioconversion to NO [9]. Other 
studies have reported that consumption of flavanol-rich cocoa [17] and flavonoid-
rich apples with nitrate-rich spinach [18] were associated with acute elevations of 
circulating NO concentrations and an improved FMD response. In agreement, we 
found that beetroot juice increased plasma NO concentrations. In contrast, 
postprandial lipemia was related to impaired endothelial function and decreased 
postprandial NO2

- plasma concentrations [19], possibly due to an increased 
production of reactive oxygen species. Oxygen free radicals, such as superoxide 
anions (O2

-), can react directly with NO forming peroxynitrites (ONOO-), causing 
loss of vasodilators released from the endothelium. Additionally, the accumulation 
of O2

- and ONOO- leads to an inhibition of endothelial NO synthase (eNOS), the 
enzyme responsible for endogenous endothelial NO production [5]. Some studies 
have indeed reported a negative correlation between the magnitude of lipemia and 
the change in endothelial function [20, 21]. However, like several other studies [22-
24], we found no significant correlation. Differences in meal composition and 
experimental design may explain some of the discrepancies between studies. It 
should be noted, however, that in our study postprandial increases in serum TAG 
concentrations were comparable between both meals, which contained the same 
amount of fat and had a similar fatty acid composition. Therefore, differences in 
postprandial lipemia between the experimental conditions cannot explain our 
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results. Although effects of dietary fat intake on acute impairment of endothelial 
function are more pronounced than those of carbohydrates [2, 25], postprandial 
hyperglycemia may also relate to impaired endothelial function [26, 27]. In the 
present study, postprandial glucose concentrations increased rapidly following the 
meals, containing the same carbohydrate content. However, no correlation 
between glucose and FMD responses was detected, while plasma glucose and 
insulin responses were comparable between the test meals. 
 Beetroot juice is thought to improve postprandial endothelial function 
primarily via the exogenous nitrate-nitrite-NO pathway as described. This 
alternative pathway for NO generation was abolished when the entero-salivary 
circulation was interrupted by spitting out the saliva for 3 hours following beetroot 
juice ingestion [9] or by using an antibacterial mouthwash [28]. Also, the finding 
that plasma nitrite concentrations increased dose-dependently after the intake of 
potassium nitrate (KNO3) capsules or beetroot juice [8], indicates that the effects 
observed on NO bioavailability and endothelial function are due to NO3

-. 
Alternatively, potassium may account for some of the effects of diets rich in fruits 
and vegetables on the cardiovascular system [16] and it is possible that the effects 
we observed were caused by the potassium from the beetroot juice. However, 
Kapil et al. [8] did not observe significant changes on endothelial function after 
potassium chloride (KCl) supplementation. In contrast, ingestion of KNO3 capsules 
improved endothelial function following ischemia-reperfusion-induced depression 
of the FMD response. Therefore, it is unlikely that potassium underlies the effects 
observed after the acute intake of beetroot juice. Finally, it cannot be excluded that 
antioxidants present in beetroot juice such as polyphenols [29] have contributed to 
the effects observed.  
 The level of dietary or supplemental NO3

- tested in previous studies ranged 
from approximately 500 to 1500 mg/day in longer-term studies and from 400 to 
2400 mg/day in acute studies [8, 9]. In the current study, a single dose (140 mL) of 
concentrated beetroot juice was given with an average listed content of dietary 
NO3

- of approximately 500 mg, which can be provided by 200-300 g of fresh 
spinach or beetroot [30]. Our intake exceeds the World Health Organization’s 
(WHO) Acceptable Daily Intake (ADI) of 3.7 mg per kg body weight [31], which 
equals approximately 350 mg for our study population. However, evidence for 
adverse effects of NO3

- in humans is weak [32], and epidemiological data do not 
provide evidence to restrict NO3

- consumption [33]. Moreover, the intake of dietary 
NO3

- provided by 140 mL of concentrated beetroot juice is more than two times 
below the intake reached by making an appropriate selection of NO3

--rich 
vegetables and fruit as part of the Dietary Approaches to Stop Hypertension 
(DASH) diet [34] and below the reference dose for chronic oral exposure set by the 
United States Environmental Protection Agency (EPA) of 7.0 mg per kg body 
weight per day for a 95-kg individual [35]. 
 Irrespective of the intervention, we observed postprandial decreases in 
DBP and peripheral AIx, which are measures of arterial tone and reflect 
vasodilation of peripheral vessels. Previous studies with high-fat and high-
carbohydrate meals have also reported postprandial peripheral vasodilatation [22, 
36-38]. This may be caused by the insulin response [36, 37], which induces 
peripheral vasodilatation via endothelial-independent mechanisms and may 
explain the similar reductions in diastolic BP and peripheral AIx after the meals, 
despite differences in FMD. A direct endothelial-independent vasodilator effect of a 
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meal on the brachial artery diameters would also result in a reduced FMD from 
fasting values [39-40]. However, since baseline brachial artery diameters after the 
meals were not affected, this could not explain differences in FMD observed in our 
study. 
 
In summary, our data indicate that in healthy overweight and slightly obese men a 
single dose of beetroot juice attenuates the postprandial impairment of FMD 
following a mixed meal, possibly through increases in plasma NO concentrations. 
However, although brachial FMD at baseline is inversely associated with future 
cardiovascular disease events [41] and the magnitude of impairment of endothelial 
function predicts adverse cardiovascular events [1], it remains to be investigated 
whether improvement of the frequent but transient postprandial lowering of the 
FMD response beneficially affects health. 
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Supplemental data 
 
Supplemental Table 3.1. Energy content and macronutrient composition of the test meals1 

1 FA: fatty acids. 

 Mixed Meal Beetroot Juice Control Drink  Total 

Energy (kJ) 4095 600 600 4695 

Energy (kcal) 980 142 142 1122 

Protein (g) 41.5 5.0 0.0 41.5 - 46.5 

Carbohydrates (g) 

 

 

103.0 34.0 35.5 137.0 - 138.5 

Sucrose (g) 

 

 

60.0 34.0 35.5 94.0 - 95.5 

Total fat (g) 56.6   56.6 

Saturated FA (g) 33.9   33.9 

Trans FA (g) 2.2   2.2 

Monounsaturated FA (g) 14.5   14.5 

Polyunsaturated FA (g) 2.7   2.7 

Cholesterol (mg) 

 

 

349   349 
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Supplemental Figure 3.1. Mean changes (± SEM) in systolic (SBP) and diastolic blood pressure (DBP) 
following a mixed meal with either concentrated beetroot juice ( ) or a control drink ( ) in a 
randomized crossover study with overweight and slightly obese men (n = 20). Data were analyzed 
using linear mixed models. Following meal consumption, DBP decreased (P < 0.001 for time effect). 
There were no significant time effects for SBP (P > 0.05). Values between the meals did not differ (P > 
0.05). # After Bonferroni’s correction significantly different from baseline, P < 0.05. 
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Abstract  131 
 132 
Background: Obesity is associated with vascular endothelial dysfunction. Effects of 133 
weight loss on endothelial function are however not clear. Therefore, we performed 134 
a meta-analysis to quantify effects of weight loss on flow-mediated vasodilation 135 
(FMD) of the brachial artery, a measurement of endothelial function.  136 
 137 
Methods: Studies with experimental (RCTs) and quasi-experimental designs 138 
published before June 2014 were identified by a systematic search. Changes in 139 
FMD were defined as the difference between measurements before and after the 140 
study. For RCTs, changes were corrected for those in the no-weight loss control 141 
group. Summary estimates of weighted mean differences (WMDs) in FMD and 142 
95% confidence intervals (CIs) were calculated using random-effect meta- 143 
analyses. The impact of subject characteristics, type of weight-loss treatment, and 144 
dietary composition on changes in FMD was also investigated.  145 
 146 
Results: Four RCTs involving 265 subjects were included. Weight loss increased 147 
FMD vs. control by 3.29% (95% CI: 0.98-5.59%; P = 0.005; mean weight loss: 8.6 148 
kg). A total of 1517 subjects participated in 33 studies with 49 relevant study arms. 149 
It was estimated that each 10 kg decrease in body weight increased fasting FMD 150 
by 1.11% (95% CI: 0.47-1.76%; P = 0.001). Effects were more pronounced when 151 
participants had coexisting obesity-related morbidities. Also, effects may be larger 152 
when subjects received low-fat diets or weight-reduction regimens including 153 
exercise therapy or weight-loss medication. 154 
 155 
Conclusion: Weight loss significantly improves fasting FMD in adults, which is a 156 
risk marker for cardiovascular disease. Effects may depend on subject 157 
characteristics, type of weight-loss treatment, and dietary composition. 158 
 159 
 160 
 161 
 162 
 163 
 164 
 165 
 166 
 167 
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Introduction 168 
 169 
Overweight and obese people have an increased risk to develop multiple metabolic 170 
disorders such as dyslipidemia, hypertension, and insulin resistance. All these 171 
metabolic risk markers are associated with vascular endothelial dysfunction, which 172 
is characterized by a decreased arterial response to stimuli that triggers the 173 
release of vasodilators from the endothelium, and predicts long-term 174 
atherosclerotic disease progression and cardiovascular event rates [1, 2]. Although 175 
the mechanisms underlying the association between excess adipose tissue and 176 
reduced endothelial function [3-5] have not been fully elucidated, enhanced 177 
oxidative stress and inflammatory cytokines may play an important role. In 178 
addition, resistance to the vasomotor function of insulin and leptin, activation of the 179 
renin-angiotensin-aldosterone system (RAAS), and direct adverse effects of 180 
several adipokines and other vasoactive factors may be involved [3-7].  181 
 In two reviews, it was concluded that lifestyle changes leading to weight 182 
reduction may improve vascular endothelial function [8, 9]. Results, however, were 183 
not quantitatively summarized and results of recent large clinical trials were not 184 
included. In addition, effects of weight loss on endothelial function were not 185 
consistent between studies. It was therefore concluded [8, 9] that the impact of 186 
subject and treatment characteristics on the outcomes warranted further research. 187 
We therefore performed a meta-analysis of human intervention studies on the 188 
effects of weight loss on flow-mediated vasodilation (FMD) of the brachial artery, 189 
the current gold standard [10] and a robust [11] non-invasive measurement of 190 
vascular endothelial function. Objectives were (i) to quantitatively summarize for 191 
the first time the effects of weight loss on FMD and (ii) to examine sources of 192 
heterogeneity between studies to identify the impact of subject characteristics, type 193 
of weight-loss treatment, and dietary composition. 194 
 195 
 196 
Methods 197 
 198 
The PRISMA statement checklist for this meta-analysis is available online as 199 
supporting information [Supplemental Checklist 4.1]. 200 
 201 
Search strategy  202 
 203 
Potentially relevant studies published before June 2014 were identified by a 204 
systematic search of the database PubMed (http://www.ncbi.nlm.nih.gov/pubmed). 205 
The following search terms were used to search in titles and abstracts: (weight loss 206 
or weight reduction or weight change or BMI loss or BMI reduction or BMI change 207 
or diet) and (flow mediated vasodilation (or vasodilatation or dilation or dilatation) 208 
or endothelial (or endothelium) dependent vasodilation (or vasodilatation or dilation 209 
or dilatation) or endothelial (or endothelium) function (or dysfunction) or FMD or 210 
vascular reactivity or brachial artery). The search was limited to studies in humans 211 
and to the English language. Reference lists from the selected articles were also 212 
screened manually for potentially relevant publications.  213 
 214 
  215 
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Selection of trials 216 
 217 
Human intervention studies, that investigated the relationship between weight loss 218 
and fasting FMD of the brachial artery with experimental (RCTs) and quasi- 219 
experimental (before-and-after design) designs, were selected.  220 
 The selection was performed in two steps. First, titles and abstracts were 221 
screened. Studies were selected if they met the following inclusion criteria: human 222 
intervention study with adults, intervention with weight loss as experimental 223 
variable, no intentional co-intervention that made it impossible to estimate the 224 
effect of weight loss, and assessment of fasting vascular endothelial function by 225 
measuring FMD. In the second step, full-texts of the selected articles were read 226 
and studies were excluded based on the following criteria: missing data on FMD, 227 
no appropriate measures of variability reported, and no suitable diet-induced 228 
weight-loss intervention (i.e. weight loss achieved by exercise alone or no 229 
statistically significant weight change). Two of the authors (P.J.J. and R.P.M.) 230 
completed the literature search independently. When inconclusive, eligibility was 231 
discussed until consensus was reached. 232 
 233 
Data extraction 234 
 235 
For each of the selected studies, data were extracted using a custom-made 236 
database including identification of the study (first author’s name and year of 237 
publication), study design (experimental or quasi-experimental), subject 238 
characteristics (sample size, age, gender, body mass index (BMI), waist 239 
circumference, baseline FMD level, and health status), treatment characteristics 240 
(type of weight-loss treatment, duration and amount of weight reduction, and 241 
dietary composition) and FMD values including measures of variance.  242 
 243 
Statistical analysis 244 
 245 
Statistical analyses were performed using Stata 12.0 software (Stata Corporation, 246 
College Station, TX, USA). The FMD response was quantified as the maximal 247 
percentage change in post occlusion arterial diameter relative to baseline 248 
diameter, which is the diameter of the brachial artery before the introduction of a 249 
flow stimulus in the artery. The post occlusion arterial diameter is the diameter 250 
observed within minutes of reperfusion following the release of an inflated cuff.  251 
 For RCTs including a no-weight loss control group, changes in the 252 
experimental group were first corrected for those in the no-weight loss control 253 
group. Changes in FMD were then calculated as the difference between 254 
measurements after the study (end-of-the-study values). For RCTs and 255 
intervention studies with quasi-experimental designs that did not include a no- 256 
weight control group, changes in FMD were calculated as the difference between 257 
measurements before (start-of-the-study values) and after the study (end-of-the- 258 
study values). For trials that performed FMD measurements more than one time 259 
during the study, only results of the last measurement were used.  260 
 Summary estimates of weighted mean differences (WMDs) in FMD and 261 
95% confidence intervals (CIs) were calculated using fixed-effect meta-analyses 262 
and visualized using forest plots. The inverse of the variance (1/SE2) (SE = 263 
between-subject variance) was used as a weight factor. Heterogeneity was 264 
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evaluated using the Cochran’s Q test (P < 0.1 indicates statistical significant 265 
heterogeneity) and quantified using the I2 statistic [12-14], i.e. the percentage of 266 
variability in effect estimate that is due to heterogeneity rather than sampling error. 267 
An I2 value above 50% indicates relevant heterogeneity between studies [15]. In 268 
case of heterogeneity, random-effect meta-analyses were used as described by 269 
DerSimonian and Laird [13].  270 
 As the number of RCTs was limited, a subgroup analysis to identify 271 
sources of heterogeneity between studies could only be performed for studies 272 
without a no-weight loss control group. As it was evident that the amount of weight 273 
loss was an important source of heterogeneity, first a lower-weight loss and a 274 
higher-weight loss group were defined. For this, the median value of weight loss for 275 
the entire group was used as cut-off point. Subgroup analyses were performed 276 
within each weight-loss group by comparing the summary results of the study arms 277 
grouped by baseline BMI, baseline FMD level, health status (healthy or coexisting 278 
obesity-related morbidities), mean age, population size, study duration, type of 279 
weight-loss treatment (diet alone, diet and exercise, diet and weight-loss 280 
medication or surgery), and dietary composition (low-fat defined as ≤ 30% of 281 
energy from fat or low-carbohydrate defined as ≤ 45% of energy from 282 
carbohydrates [16]). Median values of continuous variables in both weight-loss 283 
groups were used as cutoff values to create the binary variables. Univariate meta- 284 
regression analyses were performed to investigate the relationships between 285 
changes in body weight or waist circumference with changes in FMD. A cumulative 286 
meta-analysis was performed to evaluate the change in summary effects of weight 287 
loss on FMD over time. For this, studies were chronologically ordered by 288 
publication year, and then the cumulative WMDs were calculated at the end of 289 
each year. For all statistical analyses, two-sided tests were used. A P-value < 0.05 290 
was considered as statistically significant. 291 
 Publication bias was evaluated visually by inspecting the symmetry of 292 
funnel plots. The degree of funnel plot asymmetry was assessed with the Egger’s 293 
weighted regression test. Absence of publication bias is reflected in an intercept 294 
close to 0 with a corresponding P ≥ 0.05 [17]. The nonparametric (rank-based) 295 
trim-and-fill method was used to adjust the analysis for the possible effects of 296 
publication bias [18]. 297 
 298 
 299 
Results 300 
 301 
Search results and study characteristics 302 
 303 
A total of 1120 potentially relevant papers were retrieved with the systematic 304 
search. Based on the predefined selection criteria, 1076 papers were excluded for 305 
different reasons [Supplemental Figure 4.1]. The full text of the remaining 44 306 
articles was reviewed and seven papers were excluded for the following reasons: 307 
missing data for FMD [19], no appropriate measures of variability reported [20], 308 
weight loss achieved by exercise alone [21], or no statistically significant weight 309 
change [22-25]. A total of 37 human intervention studies with experimental and 310 
quasi-experimental designs met all the inclusion criteria and was included in the 311 
meta-analysis [Table 4.1]. 312 
  313 



CHAPTER 4 

   54 

 314 
 315 
 316 
  317 



WEIGHT LOSS AND FLOW-MEDIATED VASODILATION 

 55 

Four of the studies were RCTs [26-29] with a no-weight loss control group. In these 318 
studies 265 subjects participated, 142 in the intervention group and 123 in the no- 319 
weight loss control group. The mean age of the subjects was 55.7 years (range: 320 
45.5 to 64.5 years) and more than half of the study population was men. In one 321 
study, healthy adults were included [28], in one study subjects with uncomplicated 322 
high blood pressure (BP) [26], whereas in two studies [27, 29] participants had 323 
coronary artery disease (CAD). Study duration varied between three and four 324 
months, and weight loss between 5.5 and 10.0 kg. In all studies, all subjects were 325 
overweight or slightly obese with a mean BMI between 29.0 and 33.5 kg/m2. 326 
 A total of 1517 subjects participated in 33 experimental or quasi- 327 
experimental studies that did not include a no-weight control group [30-62] with 49 328 
relevant study arms. The number of subjects per study arm ranged from 6 to 208, 329 
mean age from 30.3 to 66.0 years, and BMI from 29.7 to 50.0 kg/m2. One study 330 
included only men [47], whereas three studies included only women [37, 39, 50]. In 331 
the remaining studies, except for two studies that did not report gender [46, 59], 332 
the proportion of men ranged from 7.0 to 86.7%. In 13 studies, healthy overweight 333 
or obese subjects were included [35, 37-41, 45, 46, 50, 51, 53, 60, 61]; the other 334 
studies included subjects with high BP [49, 54], the metabolic syndrome [31, 52, 335 
57], morbid obesity [32-34, 42, 43, 48, 56, 58, 59], (an increased risk of) type II 336 
diabetes [44, 47, 55, 62] or (an increased risk of) CAD [30, 32]. Study duration 337 
varied between two months and two years, and weight loss – achieved by diet 338 
alone (n = 29), diet and exercise (n = 10), diet and weight-loss medication (n = 2) 339 
or surgery (n = 8) – between 2.3 and 47.6 kg. The mean baseline FMD was 6.38% 340 
(range: 2.45 to 12.20%; Table 4.1). 341 
 342 
 343 

344 
  345 
Figure 4.1. Forest plot of random controlled trials (RCTs) including a no-weight loss control group that 346 
investigated the effect of weight loss on flow-mediated vasodilation (FMD). The solid squares represent 347 
the weight of individual studies and the diamond represents the weighted mean difference (WMD) in 348 
FMD (calculated using random-effect meta-analyses). In all studies combined, weight loss increased 349 
FMD vs. control by 3.29% (95% CI: 0.98-5.59%; P = 0.005; mean weight loss: 8.6 kg).  350 

NOTE: Weights are from random effects analysis

Overall  (I-squared = 82.5%, p = 0.001)
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  351 
 352 
Figure 4.2. Forest plot of studies with experimental or quasi-experimental designs without a no-weight 353 
loss control group that investigated the effect of weight loss on flow-mediated vasodilation (FMD). The 354 
solid squares represent the weight of individual study arms and the diamond represents the weighted 355 
mean difference (WMD) in FMD (calculated using random-effect meta-analyses). When weight loss was 356 
below the median level (1), FMD improved by 0.78% (95% CI: 0.17-1.39%; P = 0.012; mean weight 357 
loss: 5.7 kg) as opposed to 2.66% (95% CI: 1.51-3.80%; P < 0.001; mean weight loss: 18.8 kg) in the 358 
groups with weight loss above the median level (2). In case of multiple study arms, intervention details 359 
are specified between brackets. CH: carbohydrate. 360 
 361 
 362 
Effects of weight loss on FMD 363 
 364 
After correction for changes in the no-weight loss control group, weight loss in the 365 
RCTs showed a statistically significant effect on FMD in two individual studies [27, 366 
29]. In all studies combined, weight loss increased FMD vs. control by 3.29% (95% 367 
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CI: 0.98-5.59%; P = 0.005; mean weight loss: 8.6 kg) [Figure 4.1]. However, 368 
significant heterogeneity was found between trials (I2 = 82.5%, P = 0.001). After 369 
excluding the study with the most pronounced effect [26], the overall WMD in FMD 370 
was still statistically significant (2.19%; 95% CI: 0.46-3.92%; P = 0.013; mean 371 
weight loss: 9.6 kg). Although heterogeneity decreased, it remained significant (I2 = 372 
70.8%, P = 0.032).  373 
 Thirty-three intervention studies without a no-weight control group were 374 
included with 49 study arms. Weight loss significantly improved FMD by 1.66% 375 
(95% CI: 1.09-2.23%; P < 0.001) [Figure 4.2], corresponding to a relative 376 
improvement of approximately 25% compared to baseline levels. Between-study 377 
heterogeneity was significant (I2 = 93.1%, P < 0.001) and was partly explained by 378 
the amount of weight loss after the intervention period. Higher weight loss was 379 
associated with greater FMD improvements (P for subgroup difference = 0.013). 380 
When weight loss was below the median level (7.4 kg), FMD improved by 0.78% 381 
(95% CI: 0.17-1.39%; P = 0.012; mean weight loss: 5.7 kg) as opposed to 2.66% 382 
(95% CI: 1.51-3.80%; P < 0.001; mean weight loss: 18.8 kg) in the groups with 383 
weight loss above the median level [Figure 4.2]. Results of the meta-regression 384 
analysis suggested that each 10 kg decrease in body weight was associated with a 385 
significant increase of 1.11% (95% CI: 0.47-1.76%; P = 0.001) in fasting FMD 386 
[Figure 4.3]. Further, it was estimated that each 5 cm decrease in waist 387 
circumference was associated with an increase of 1.17% (95% CI: 0.45-1.86%; P 388 
= 0.003) in fasting FMD [Supplemental Figure 4.2]. 389 
 390 

 391 
 392 
Figure 4.3. Relationship between the change in FMD and the amount of weight loss. The size of each 393 
circle is proportional to the inverse of the variance of the change in FMD, and the line represents the 394 
regression line determined by meta-regression analysis. Each 10 kg decrease in body weight was 395 
associated with a significant increase of 1.11% in fasting FMD of the brachial artery. 396 

-3
0

3
6

9
12

Ch
an

ge
 in

 fl
ow

-m
ed

ia
te

d 
di

la
tio

n 
(%

)

0 10 20 30 40 50
Amount of weight loss (kg)



CHAPTER 4 

   58 

A cumulative meta-analysis was carried out to evaluate the cumulative WMD in 397 
FMD over time (data not shown). In 2003, Hamdy and colleagues [44] reported a 398 
significant improvement in FMD by 5% (P < 0.001). Between 2003 and 2009, 17 399 
study arms were added, resulting in a non-significant WMD of 0.55% (95% CI: - 400 
0.01 to 1.11%). From 2009 to June 2014, 31 more study arms were published, 401 
resulting in an overall WMD in FMD of 1.66% (95% CI: 1.09-2.23%). 402 
 403 
Subgroup analyses 404 
 405 
After stratification for weight loss, significant heterogeneity remained. Therefore, 406 
further subgroup analyses were performed in each group to evaluate if subject or 407 
treatment characteristics were related to the effects of weight loss on FMD [Table 408 
4.2]. Heterogeneity between studies further decreased after stratification for health 409 
status, suggesting larger effects of weight loss on FMD when weight loss was 410 
above the median value and participants had coexisting obesity-related morbidities 411 
(P for subgroup difference = 0.040), such as the metabolic syndrome, type II 412 
diabetes or CAD. The type of weight-loss treatment was also related to the 413 
observed effects, suggesting more pronounced effects in the lower-weight loss 414 
group when exercise therapy (P for subgroup difference = 0.033) or weight-loss 415 
medication (P for subgroup difference = 0.062) was part of the weight-loss regime. 416 
Finally, increases in FMD were more pronounced in the higher-weight loss group 417 
when subjects consumed low-fat diets as compared with low-carbohydrate diets (P 418 
for subgroup difference = 0.048). None of the other predefined variables (e.g. 419 
baseline FMD, mean age, population size or study duration) resulted in 420 
significantly different effects of weight loss on FMD. 421 
 422 
Publication bias 423 
 424 
Visual evaluation of the funnel plot for the RCTs did not indicate presence of 425 
publication bias [Supplemental Figure 4.3]. Egger’s weighted regression test also 426 
showed no funnel plot asymmetry (P = 0.49), indicating absence of publication 427 
bias. The funnel plot for the effect of weight-loss programs in the non-RCTs 428 
revealed possible presence of publication bias and the Egger’s test (P = 0.052) 429 
tended to reach statistical significance [Supplemental Figure 4.4]. The trim-and-fill 430 
correction analysis, however, did not suggest that more studies were needed and 431 
did not change the results (WMD: 1.66%; 95% CI: 1.09-2.23%; P < 0.001). 432 
 433 

434 



WEIGHT LOSS AND FLOW-MEDIATED VASODILATION 

 59 

Table 4.2. Subgroup analyses for the effect of weight loss on flow-mediated dilation (FMD) after 435 
stratification for weight loss group 1 436 
 437 

Study characteristic Mean 
 

Stratification 
variable 

No of  
study arms 

WMD 
(%) 

 95% CI P-value 
difference 

Study arms with experimental or quasi-experimental designs. Lower-weight loss (≤ 7.4 kg) group 2 
      

Baseline BMI (kg/m2) 3 33.8 ≤ 33.8 13  0.87  0.05   1.69         0.827 
 
 
 
 
 

 > 33.8 12  0.68 -0.36   1.72  

Baseline FMD (%) 3 6.84 ≤ 6.30 13  0.45 -0.06   0.96      0.190 
 
 
 
 
 

 > 6.30 12  1.35 -0.25   2.94  
Health Status     - Healthy  17  0.46 -0.24   1.15      0.247 
 
 
 
 
 

 CM  8  1.40  0.15   2.65  

Mean age (years) 3 
 
 

43.7 ≤ 46.0 13  0.69 -0.10   1.48      0.792 
 
 
 
 
 

 > 46.0 12  0.89 -0.22   1.99  

Population size 3 
 
 

27.0 ≤ 23.0 13  0.31 -0.51   1.13      0.180 
 
 
 
 
 

 > 23.0 12  1.31  0.24   2.38  

Study duration (months) 3 
 
 

5.18 ≤ 3 15  0.35 -0.85   1.55      0.157 
 
 
 
 
 

 > 3 10  1.38  0.73   2.03  
Type of treatment 
 
 

   - Diet only 18  0.22 -0.26   0.70      0.033 
 
 
 
 
 

 Diet and exercise 5  2.02  0.34   3.69  
Type of treatment 
 
 

   - Diet only 18  0.22 -0.26   0.70      0.062 
 
 
 
 
 

 Diet and medication 2  2.26 -2.36   6.89  
Dietary composition 
 
 

   - Low carbohydrate 3 -0.71 -2.31   0.89      0.180 
 
 
 
 
 

 Low fat 10  0.53 -0.07   1.13  
 
 

      

Study arms with experimental or quasi-experimental designs. Higher-weight loss (> 7.4 kg) group 2 
      

Baseline BMI (kg/m2) 3 38.7* 
  
< 44.9 

≤ 35.2 12  1.44 -0.14   3.01      0.045 
   > 35.2 12  3.90  2.47   5.33  

Baseline FMD (%) 3 5.90 ≤ 5.76 12  2.15  0.53   3.77      0.410 
  > 5.76 12  3.20  1.54   4.87  
Health Status     - Healthy  5  0.14 -1.68   1.95      0.040 
  CM 19  3.31  2.05   4.57  

Mean age (years) 3 
 
 

47.4 ≤ 44.9 12  3.20  1.57   4.84      0.412 
 
 
 
 
 

 > 44.9 12  2.15  0.54   3.77  

Population size 3 
 
 

35.0 ≤ 24.5 12  2.31  0.61   4.02      0.581 
 
 
 
 
 

 > 24.5 12  3.02  1.32   4.71  

Study duration (months) 3 
 
 

7.65 ≤ 5 13  1.86  0.86   2.83      0.169 
 
 
 
 
 

 > 5 11  3.69  1.35   6.04  
Type of treatment 
 
 

   - Diet only 11  1.89  0.12   3.67       0.834 
 
 
 
 
 

 Diet and exercise 5  2.33  1.37   3.28  
Type of treatment 
 
 

   - Diet only 11  1.89  0.12   3.67      0.173 
  Surgery 8  4.10  1.95   6.25  

 
 

Dietary composition 
 
 

   - Low carbohydrate 3 -1.01 -2.72   0.70      0.048 
 
 
 

 Low fat 5  2.24  0.49   4.00  
1 Lower-weight loss group: ≤ 7.4 kg; higher-weight loss group: > 7.4 kg. 438 
2 n = 33 intervention studies with 49 relevant study arms. CM: coexisting obesity-related morbidities. 439 
3 For continuous variables, studies arms were divided in subgroups based on their medians. 440 
* Significantly different from lower-weight loss group, P < 0.05 (unpaired Student’s t test). 441 
 442 
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Discussion 443 
 444 
In this meta-analysis, we found in overweight and obese adults a significant linear 445 
relationship between weight loss and fasting FMD of the brachial artery, indicating 446 
an improvement in vascular endothelial function. It was estimated that each 10 kg 447 
decrease in body weight was associated with a significant increase of 1.11% in 448 
fasting FMD. Results from prospective epidemiological studies have suggested 449 
that CVD risk decreases by 8% when FMD increases by 1% [63], underlining the 450 
clinical relevance of our findings.  451 
 Although the mechanisms for the beneficial effects of weight loss on FMD 452 
have not been fully elucidated, decreased secretion of adipose tissue-derived 453 
adipokines and other vasoactive factors may be a major cause [64]. Reducing 454 
adipose tissue, a metabolically active endocrine organ, lowers the production of 455 
proinflammatory and proatherogenic cytokines that have detrimental effects on the 456 
endothelium [65]. In fact, it has been shown that adipocytokine levels may be 457 
independent predictors of FMD in the circulation of healthy subjects [66]. 458 
Moreover, increased adipokine release induces the production of reactive oxygen 459 
species (ROS) in obesity, generating oxidative stress [67] that may reduce 460 
vascular endothelial function in patients with peripheral arterial disease [68]. 461 
 Because significant heterogeneity was found between trials, the impact of 462 
treatment and subject characteristics on the effect of weight loss on FMD was 463 
examined. As expected, this was partly due to differences in weight loss between 464 
studies. In fact, a significant linear relationship between weight loss and FMD was 465 
found. Even a modest weight change of on average 5.7 kg resulted in positive 466 
effects on the vascular endothelium. Waist circumference as an estimate of 467 
visceral fat was also a good predictor of the improvement in FMD. Excess visceral 468 
fat is characterized by central obesity, metabolically more active [69], and closely 469 
linked to endothelial dysfunction and altered arterial homeostasis [70]. 470 
Unfortunately, robust measures of body composition were in general missing to 471 
analyze into more detail the effects of changes in total body fat and fat distribution 472 
on FMD.  473 
 Another source of heterogeneity was health status, as effects of weight 474 
loss on FMD were larger in the higher-weight loss group when participants had 475 
coexisting obesity-related morbidities. This was not related to differences in 476 
baseline FMD levels at the start of the study, as this was not related to the effects 477 
observed. It is more likely that in this group part of the additional increase in FMD 478 
is related to improvements of obesity-related metabolic abnormalities that are 479 
stronger related to increased FMD responses. Results also depend on the type of 480 
weight-loss treatment, suggesting additional effects when exercise therapy or 481 
weight-loss medication was part of the weight-loss regime. Indeed, exercise alone 482 
is well known to improve vascular endothelial function in patients and healthy 483 
subjects [71]. Also, the RCT with the most pronounced effect on FMD indeed 484 
investigated the effect of caloric-restriction with exercise [27]. Repeated episodes 485 
of elevated blood flow and shear stress that occur during exercise episodes are 486 
likely to be a key mechanism for adaption in vascular endothelial function and the 487 
positive remodeling that results from exercise training [72]. Finally, increases in 488 
FMD may be larger when subjects consumed low-fat diets as compared with low- 489 
carbohydrate diets. This finding is in agreement with a previous meta-analysis that 490 
combined results of studies under hypocaloric and isocaloric conditions [73]. 491 
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However, the impact of the dietary composition on the change in FMD under 492 
isocaloric conditions warrants further research. Further, to what extent differences 493 
are confounded by differences in the intake of other nutrients such as protein, fiber 494 
and minerals also remains to be determined.  495 
 There are several limitations in the present meta-analysis. First, significant 496 
heterogeneity was found among the included studies. Although heterogeneity 497 
decreased in subgroup analyses, a substantial amount of heterogeneity remained. 498 
Factors, including position of cuff and time of occlusion may also have contributed 499 
to the heterogeneity among the studies. Overall, the number of studies included in 500 
this meta-analysis was too limited and the range in FMD outcomes, especially in 501 
the lower-weight loss group, too small to allow a thorough analysis of sources of 502 
heterogeneity. Also, low reproducibility in FMD measurements may be a source of 503 
heterogeneity. Although FMD is a widely used technique, there are many 504 
physiological, methodological and technical factors that affect comparability 505 
between FMD studies. Better standardization of the FMD technique, as discussed 506 
[74], is required to reduce between study variability. Second, only intervention 507 
studies with adults were selected. Studies in children and adolescents are limited. 508 
Results may differ from weight-loss studies in adults, suggesting with the same 509 
amount of weight loss more beneficial on FMD in obese children due to a better 510 
vascular plasticity [75]. The systematic search was also limited to the English 511 
language. However, no evidence of systematic bias from the use of language 512 
restrictions in meta-analyses was found [76]. Finally, possible presence of 513 
publication bias was found for intervention studies without a no-weight loss control 514 
group in the current meta-analysis. However, the Egger’s weighted regression test 515 
only tended to reach statistical significance (P = 0.052) and the trim-and-fill 516 
correction analysis did not suggest that more studies were needed. 517 
 518 
In summary, our meta-analysis in overweight and obese adults indicates that 519 
weight loss improves vascular function, as indicated by improvement of fasting 520 
FMD of the brachial artery. These effects were related to the amount of weight loss 521 
and change in waist circumference, rather than study duration. After stratification 522 
for weight loss, subgroup analyses suggested that effects may be larger when 523 
subjects received low-fat diets or weight-reduction regimens including exercise 524 
therapy or weight-loss medication. However, well-designed RCTs are still needed 525 
to investigate the true impact of these two treatment characteristics on the change 526 
in FMD. Finally, effects were more pronounced when participants had coexisting 527 
obesity-related morbidities.  528 
 529 
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Section/topic  # Checklist item  Reported 
on page # 

TITLE   
Title  1 Identify the report as a systematic review, meta-analysis, or both.  Title page 

ABSTRACT   
Structured 
summary  

2 Provide a structured summary including, as applicable: background; 
objectives; data sources; study eligibility criteria, participants, and 
interventions; study appraisal and synthesis methods; results; 
limitations; conclusions and implications of key findings; systematic 
review registration number.  

Abstract 

INTRODUCTION   
Rationale  3 Describe the rationale for the review in the context of what is already 

known.  
Introduction 

Objectives  4 Provide an explicit statement of questions being addressed with 
reference to participants, interventions, comparisons, outcomes, and 
study design (PICOS).  

Introduction 

METHODS   
Protocol and 
registration  

5 Indicate if a review protocol exists, if and where it can be accessed 
(e.g., Web address), and, if available, provide registration information 
including registration number.  

- 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and 
report characteristics (e.g., years considered, language, publication 
status) used as criteria for eligibility, giving rationale.  

Search 
strategy 

Information 
sources  

7 Describe all information sources (e.g., databases with dates of 
coverage, contact with study authors to identify additional studies) in 
the search and date last searched.  

Search 
strategy 

Search  8 Present full electronic search strategy for at least one database, 
including any limits used, such that it could be repeated.  

Search 
strategy 

Study selection  9 State the process for selecting studies (i.e., screening, eligibility, 
included in systematic review, and, if applicable, included in the meta-
analysis).  

Selection  
of trials 

Data collection 
process  

10 Describe method of data extraction from reports (e.g., piloted forms, 
independently, in duplicate) and any processes for obtaining and 
confirming data from investigators.  

Data 
extraction 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, 
funding sources) and any assumptions and simplifications made.  

Data 
extraction 

Risk of bias in 
individual 
studies  

12 Describe methods used for assessing risk of bias of individual studies 
(including specification of whether this was done at the study or 
outcome level), and how this information is to be used in any data 
synthesis.  

Statistical 
analysis 

Summary 
measures  

13 State the principal summary measures (e.g., risk ratio, difference in 
means).  

Statistical 
analysis 

Synthesis of 
results  

14 Describe the methods of handling data and combining results of 
studies, if done, including measures of consistency (e.g., I2) for each 
meta-analysis.  

Statistical 
analysis 
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Section/topic  # Checklist item  Reported on 
page # 

Risk of bias 
across studies  

15 Specify any assessment of risk of bias that may affect the 
cumulative evidence (e.g., publication bias, selective reporting 
within studies).  

Statistical analysis 

Additional 
analyses  

16 Describe methods of additional analyses (e.g., sensitivity or 
subgroup analyses, meta-regression), if done, indicating which 
were pre-specified.  

Statistical analysis 

RESULTS   

Study selection  17 Give numbers of studies screened, assessed for eligibility, and 
included in the review, with reasons for exclusions at each stage, 
ideally with a flow diagram.  

Search results 
Suppl. Fig. 4.1 

Study 
characteristics  

18 For each study, present characteristics for which data were 
extracted (e.g., study size, PICOS, follow-up period) and provide 
the citations.  

Study 
characteristics 

Table 4.1 

Risk of bias 
within studies  

19 Present data on risk of bias of each study and, if available, any 
outcome level assessment (see item 12).  

Effects on FMD 
Fig. 4.1-4.2, Table 4.1 

Results of 
individual 
studies  

20 For all outcomes considered (benefits or harms), present, for each 
study: (a) simple summary data for each intervention group (b) 
effect estimates and confidence intervals, ideally with a forest plot.  

Fig. 4.1-4.2 

Synthesis of 
results  

21 Present results of each meta-analysis done, including confidence 
intervals and measures of consistency.  

Effects on FMD 
Fig. 4.1-4.2 

Risk of bias 
across studies  

22 Present results of any assessment of risk of bias across studies 
(see Item 15).  

Publication bias 
Suppl. Fig. 4.3-4.4 

Additional 
analysis  

23 Give results of additional analyses, if done (e.g., sensitivity or 
subgroup analyses, meta-regression [see Item 16]).  

Effects on FMD 
Subgroup analyses 
Fig. 4.3, Table 4.2 

Suppl. Fig. 4.2  

DISCUSSION   

Summary of 
evidence  

24 Summarize the main findings including the strength of evidence for 
each main outcome; consider their relevance to key groups (e.g., 
healthcare providers, users, and policy makers).  

Discussion 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), 
and at review-level (e.g., incomplete retrieval of identified research, 
reporting bias).  

Discussion 

Conclusions  26 Provide a general interpretation of the results in the context of 
other evidence, and implications for future research.  

Discussion 

FUNDING   

Funding  27 Describe sources of funding for the systematic review and other 
support (e.g., supply of data); role of funders for the systematic 
review.  

Acknowledgements 
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 552 
 553 
Supplemental Figure 4.1. Flow diagram showing the study selection procedure of human intervention 554 
studies for the meta-analysis of weight loss and endothelial function as measured by flow-mediated 555 
vasodilation (FMD), with the specification of reasons.    556 
 557 
 558 

 559 
 560 
Supplemental Figure 4.2. Relationship between the change in FMD and the decrease in waist 561 
circumference. The size of each circle is proportional to the inverse of the variance of the change in 562 
FMD, and the line represents the regression line determined by meta-regression analysis. Each 5 cm 563 
decrease in waist circumference was associated with a significant increase of 1.17% in fasting FMD of 564 
the brachial artery. 565 

Studies excluded due to following reasons:  
 
♦!Missing FMD data (n = 2) 
♦!No suitable intervention (n = 5) 
 
 

 

Studies excluded due to following reasons: 
 
♦!No intervention study (n = 521) 
♦!No adults (n = 221) 
♦!No FMD measures reported (n = 73) 
♦!No suitable intervention (n = 258)  
♦!Double references (n = 3) 
 

 

Potentially relevant papers retrieved with the 
literature search or by hand searching 
Studies n = 1120 

Potentially relevant human intervention studies 
after first selection 
Studies n = 44 

 
Human intervention studies included in the 
meta-analysis 
Studies n = 37  
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 566 
Supplemental Figure 4.3. Funnel plot for the effect of weight loss on flow-mediated vasodilation (FMD) 567 
in random controlled trials (RCTs) including a no-weight loss control group. Changes in FMD were 568 
plotted on the horizontal axis and the standard errors (s.e.) on the vertical axis. Visual evaluation of the 569 
funnel plot did not indicate presence of publication bias. 570 
 571 
 572 
 573 

 574 
 575 
Supplemental Figure 4.4. Funnel plot for the effect of weight loss on flow-mediated vasodilation (FMD) 576 
in studies with experimental or quasi-experimental designs without a no-weight loss control group. 577 
Changes in FMD were plotted on the horizontal axis and the standard errors (s.e.) on the vertical axis. 578 
Visual evaluation of the funnel plot did indicate presence of publication bias. 579 
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Abstract  
 
The effects of fat-soluble vitamin supplementation on cardiovascular disease 
(CVD) risk are not clear. Therefore, we performed a meta-analysis to quantify 
effects of fat-soluble vitamin supplements on fasting flow-mediated vasodilation 
(FMD) of the brachial artery, a validated marker to assess CVD risk. Randomized 
placebo-controlled trials (RCTs) were identified by a systematic search till July 
2014. Seven RCTs studying the effects of vitamin E supplements (range: 300 to 
1800 IU per day) and nine RCTs examining the effects of vitamin D supplements, 
that involved, respectively, 303 and 658 adults, were included. No studies with 
carotenoid or vitamin K supplements were found. Vitamin E supplementation 
increased FMD vs. control by 2.42% (95% CI: 0.46% to 4.37%; P = 0.015). No 
effects of vitamin D supplementation were found (0.15%; 95% CI: −0.21% to 
0.51%; P = 0.41). These effects did not depend on subject characteristics, 
treatment characteristics or technical aspects of the FMD measurement. However, 
no dose-response relationship was evident for vitamin E, statistical significance 
depended on one study, while the levels of supplement were far above 
recommended intakes. The current meta-analysis, therefore, does not provide 
unambiguous evidence to support the use of fat-soluble vitamin supplements to 
improve fasting FMD in adults. 
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Introduction 
 
Observational studies have found inverse associations between the use of fat-
soluble vitamin supplements and cardiovascular disease (CVD) risk. However, 
data from intervention trials are in general disappointing, while for some of the fat-
soluble vitamins hardly any data are available [1]. Alternatively, effects of these 
essential micronutrients on validated markers of CVD, such as vascular function 
markers can be studied [2]. Measurements of vascular endothelial function, which 
is a powerful predictor of atherosclerotic disease progression and cardiovascular 
event rates [3], may indeed be useful to demonstrate CVD benefits [4]. 
Unfortunately, results of studies on the effects of fat-soluble vitamin 
supplementation on flow-mediated vasodilation (FMD) of the brachial artery, which 
is considered as the non-invasive gold standard technique to assess vascular 
endothelial function [5], were not consistent. 
 Several papers have therefore summarized the results for vitamin E and 
vitamin D. Montero and colleagues concluded that longer-term antioxidant vitamin 
supplementation could improve endothelial function in non-obese adults [6], but (i) 
only studies involving subjects with type II diabetes were included and (ii) effects of 
vitamin E could not be untangled from the known positive relationship between 
vitamin C and endothelial function [7]. Further, Min [8] and Liu et al. [9] reviewed 
clinical studies focusing on vitamin D supplementation and endothelial function, but 
results were equivocal. Also, quantitative estimates of effect sizes were lacking [8, 
9] and results of several relevant clinical trials were not included [8]. We therefore 
performed a meta-analysis of randomized placebo-controlled trials (RCTs) on the 
effects of fat-soluble vitamin supplementation on fasting FMD in adults. Further, 
the impact of (i) subject characteristics; (ii) treatment characteristics; and (iii) 
technical aspects of the FMD measurement on the effects observed on FMD was 
examined.  
 
 
Experimental section  
 
The present meta-analysis was reported according to the Preferred Reporting 
Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines [10]. 
 
Search strategy 
 
Potentially relevant studies were identified by a systematic search of Medline, 
Embase and the Cochrane Library database (Cochrane Central Register of Clinical 
Trials) till July 2014. The following search terms were used to search in titles and 
abstracts: (vitamin or supplement or calciferol or tocopherol or tocotrienol or retinol 
or carotenoid or carotene) and (flow mediated vasodilation (or vasodilatation or 
dilation or dilatation) or endothelial (or endothelium) dependent vasodilation (or 
vasodilatation or dilation or dilatation) or endothelial (or endothelium) function (or 
dysfunction) or FMD or vascular reactivity or brachial artery). The search was 
limited to studies in humans and to the English language. Reference lists from the 
selected articles were also screened manually for potentially relevant publications. 
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Selection of trials 
 
Randomized placebo-controlled trials, which investigated the relationship between 
fat-soluble vitamin supplementation and fasting FMD of the brachial artery with 
parallel and crossover designs, were selected.  
 The selection was performed in two steps. First, titles and abstracts were 
screened. Studies were selected if they met the following inclusion criteria: human 
intervention study with adults, intervention with fat-soluble vitamin supplements as 
experimental variable, no intentional co-intervention that made it impossible to 
estimate the effect of fat-soluble vitamin supplementation, and assessment of 
fasting vascular endothelial function by measuring FMD. In the second step, full-
texts of the selected articles were read and studies were excluded based on the 
following criteria: no full text available (conference abstracts), missing data on 
FMD, no appropriate measures of variability reported, intentional co-intervention 
and no suitable placebo control treatment (prospective cohort studies). Both 
authors (Peter J. Joris and Ronald P. Mensink) completed the systematic literature 
search independently. When inconclusive, eligibility was discussed until consensus 
was reached. 
 
Data extraction 
 
For each of the selected studies, data were extracted using a custom-made 
database including identification of the study (first author’s name and year of 
publication), study design (parallel or crossover), subject characteristics (sample 
size, age, gender, body mass index (BMI), baseline FMD level, and health status), 
treatment characteristics (type of vitamin supplements, total supplement dose and 
duration of follow-up), technical aspects of the FMD measurement (position of cuff 
and time of occlusion) and FMD values with accompanying measures of variance. 
For vitamin E, doses in mg were transformed into international units (IU) [11]. 
 
Statistical analysis 
 
Statistical analyses were performed using Stata 12.1 software (Stata Corporation, 
College Station, TX, USA). The FMD response was quantified as the maximal 
percentage change in post occlusion arterial diameter relative to baseline 
diameter, which is the diameter of the brachial artery before the introduction of a 
flow stimulus in the artery. The post occlusion arterial diameter is the diameter 
observed within minutes of reperfusion following the release of an inflated cuff.  
 For crossover trials, the net response in FMD was calculated by 
subtracting the mean FMD value at the end of the control period from the mean 
FMD value at the end of the treatment period. For parallel studies, mean changes 
in the control group were subtracted from mean changes in the intervention group. 
Mean changes were defined as the difference between measurements before 
(start-of-the-study values) and after the study (end-of-the-study values). For trials 
in which different doses of vitamin supplements were supplied or that performed 
FMD measurements more than one time during the study, multiple study arms 
were considered. 
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As described in [12], summary estimates of weighted mean differences (WMDs) in 
FMD and 95% confidence intervals (CIs) were calculated using fixed-effect meta-
analyses and visualized using forest plots. The inverse of the variance (1/SE2) (SE 
= within-study variance) was used as weight factor. Heterogeneity was evaluated 
using the Cochran’s Q test (P < 0.1 indicates statistical significant heterogeneity) 
and quantified using the I2 statistic [13-15], i.e., the percentage of variability in 
effect estimate that is due to heterogeneity rather than sampling error. An I2 value 
above 50% indicates relevant heterogeneity between studies [16]. In case of 
heterogeneity, random-effect meta-analyses were used as described by 
DerSimonian and Laird [14]. 
 As it was evident that the type of vitamin supplement was an important 
source of heterogeneity, first a vitamin E and a vitamin D group were defined. 
Subgroup analyses were performed within each vitamin group to identify sources 
of heterogeneity between studies by comparing the summary results of the study 
arms grouped by subject characteristics (i.e., mean age, gender, baseline BMI, 
baseline FMD level and health status), treatment characteristics (i.e., type of 
vitamin supplement, total supplement dose and duration of follow-up) and technical 
aspects of the FMD measurement (position of cuff and time of occlusion). Median 
values of continuous variables were used as cutoff values to create the binary 
variables. Univariate meta-regression analysis was performed to investigate the 
effect of the dose of the vitamin supplement and other characteristics on the 
change in FMD. For all statistical analyses, two-sided tests were used. Statistical 
significance was set at P < 0.05. Publication bias was finally evaluated visually by 
inspecting the symmetry of funnel plots. The degree of funnel plot asymmetry was 
assessed with the Egger’s weighted regression test. Absence of publication bias is 
reflected in an intercept close to 0 with a corresponding P ≥ 0.05 [17].  
 
 
Results  
 
Search results and study selection 
 
A total of 1001 potentially relevant papers were retrieved with the systematic 
search. Based on the predefined selection criteria, 967 papers were excluded for 
different reasons [Figure 5.1]. The full texts of the remaining 34 articles were 
reviewed and eighteen papers were excluded for the following reasons: 
prospective cohort studies [18-22], missing data on FMD [23-27], no appropriate 
measures of variability reported [18], intentional co-intervention [28-30], or no full 
text available (five conference abstracts). A total of sixteen RCTs in adult 
volunteers with parallel [31-45] or crossover designs [46] met all the inclusion 
criteria and were finally included [Table 5.1]. In seven studies, effects of vitamin E 
[31, 32, 35, 37-39, 46] were examined and in nine studies, those of vitamin D [33, 
34, 36, 40-45]. No intervention studies were found that examined the effects of 
carotenoid or vitamin K supplements. 
 
Study characteristics 
 
In six parallel studies [31, 32, 35, 37-39] and in one crossover [46] trial, effects of 
vitamin E were examined. These studies provided eight relevant study arms and 
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included 303 subjects. The number of subjects per study ranged from 20 to 70, the 
mean age of the participants from 23.0 to 59.8 years, and the mean BMI from 23.1 
to 29.2 kg/m2. The mean baseline FMD was 4.40% (range: 1.83% to 6.20%). Two 
studies included only men [31, 37], whereas the proportion of men in the remaining 
studies ranged from 40.0% to 60.0%. In two studies, healthy elderly [46] or healthy 
smoking adults [37] were included, in three studies patients with diabetes [32, 38, 
39], whereas in two studies subjects had hypercholesterolemia [31] or atypical 
chest pain [35]. Study duration varied between four weeks and twelve months, and 
the daily dose of vitamin E from 300 to 1800 IU (mean: 1090 IU/day; Table 5.1). 
  

 
 
Figure 5.1. Flow diagram showing the study selection procedure of human intervention studies for the 
meta-analysis of fat-soluble vitamin supplements and endothelial function as measured by flow-
mediated vasodilation (FMD), with the specification of reasons.  
 
 
For vitamin D, nine RCTs with parallel designs [33, 34, 36, 40-45] were identified 
including fifteen study arms. In these studies, 658 subjects participated, 345 in the 
treatment groups and 313 in the control groups. The mean age of the subjects was 
59.8 years (range: 29.0 to 76.9 years), BMI was 28.4 kg/m2 (range: 24.9 to 31.7 
kg/m2), and half of the study population was men. In three studies, healthy women 
[33, 41] or African American adults [34] were included; the other studies included 
subjects with type II diabetes [40, 42, 45], isolated systolic hypertension [44], HIV 
infection [36], or a history of stroke [43]. In two trials [40, 43], a single dose of 
100,000 IU of vitamin D2 was administered. The dose of the vitamin D3 
supplement in the other trials ranged from 2000 to 5000 IU/day [33, 34, 36, 45], or 
subjects received a total of 100,000 to 200,000 IU once or every three months [41, 
42, 44]. Study duration ranged from four weeks to twelve months (Table 5.1). 
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Effect of vitamin supplementation on FMD 
 
Vitamin E supplementation increased fasting FMD vs. control by 2.42% (95% CI: 
0.46% to 4.37%; P = 0.015) [Figure 5.2], corresponding to a relative increase of 
approximately 50% compared with baseline FMD values. However, significant 
heterogeneity was found (I2 = 92.0%, P < 0.001). Results of the meta-regression 
analysis showed no linear dose-response relationship between the dose of the 
vitamin E supplement and the change in FMD (P = 0.774; Supplemental Figure 
5.1). Analyses were repeated after excluding the study of Paolisso and colleagues 
[38], which had the most pronounced effect (10.5%). The overall WMD in FMD 
decreased and nearly reached statistical significance (1.38%; 95% CI: −0.12% to 
2.87%; P = 0.070). No linear dose-response relationship was found between the 
dose of the vitamin E supplement and the change in FMD (P = 0.161). Even 
though heterogeneity decreased, it remained significant (I2 = 85.8%, P < 0.001).  
  

 
 
Figure 5.2. Forest plot of random controlled trials (RCTs) that investigated the effect of vitamin E 
supplements on flow-mediated vasodilation (FMD). The solid squares represent the weight of individual 
studies and the diamond represents the weighted mean difference (WMD) in FMD (calculated using 
random-effect meta-analyses). In all studies combined, vitamin E increased FMD vs. control by 2.42% 
(95% CI: 0.46% to 4.37%; P = 0.015). After excluding the study by Paolisso and colleagues [38], the 
overall WMD nearly reached statistical significance (1.38%; 95% CI: −0.12% to 2.87%; P = 0.070). 
 
 
Vitamin D supplementation did not significantly improve fasting FMD of the brachial 
artery vs. control (0.15%; 95% CI: −0.21% to 0.51%; P = 0.41) [Figure 5.3]. 
Between-study heterogeneity nearly reached statistical significance (I2 = 40.2%, P 
= 0.054). After using only results of the last measurement for trials that performed 
FMD measurements more than one time during the study [41-44], similar results 
were found for the overall WMD (0.33%; 95% CI: −0.34% to 1.00%; P = 0.34). 
Heterogeneity, however, became statistically significant (I2 = 52.5%, P = 0.026).  

NOTE: Weights are from random effects analysis
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Figure 5.3. Forest plot of random controlled trials (RCTs) that investigated the effect of vitamin D 
supplements on flow-mediated vasodilation (FMD). The solid squares represent the weight of individual 
studies and the diamond represents the weighted mean difference (WMD) in FMD (calculated using 
fixed-effect meta-analyses). In all studies combined, vitamin D did not increase FMD (WMD: 0.15%; 
95% CI: −0.21% to 0.51%; P = 0.41). 
 
 
Subgroup Analyses 
 
Subgroup analyses were performed within each vitamin group to evaluate if 
subject characteristics, treatment characteristics or technical aspects of the FMD 
measurement were related to the effects observed [Table 5.2]. None of the 
predefined variables resulted in significantly different effects of fat-soluble vitamin 
supplement intake on FMD between the subgroups. Further, the impact of baseline 
plasma 25-hydroxyvitamin D (25(OH)-D) concentrations and vitamin D-induced 
changes in 25(OH)-D was investigated, but no association with the change in 
fasting FMD was found (data not shown). 
 
Publication Bias 
 
The funnel plot for the effect of vitamin E supplementation did not reveal possible 
presence of publication bias [Supplemental Figure 5.2] and the Egger’s weighted 
regression test also showed no funnel plot asymmetry (P = 0.20). Similar results 
were found after visual evaluation of the funnel plot for the effect of vitamin D 
supplementation and the Egger’s test (P = 0.24) did not reach statistical 
significance, indicating absence of publication bias [Supplemental Figure 5.3]. 
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Table 5.2. Subgroup analyses for the effect of vitamin supplementation on flow-mediated dilation (FMD) 
 

Study characteristic Mean 
 

Stratification 
variable 

No of  
study arms 

 WMD 
 (%) 

   95% CI   P-value  
  difference 

Study arms with vitamin E supplements as experimental variable 1 
      
Mean age (years) 3 
 

47.1 ≤ 53.0 5  1.48    -0.59   3.55    0.372 
 
 
 
 
 

 > 53.0 3  4.08    -0.25   8.41  
Gender (% male) 3 63.2 ≤ 53.9 5  3.17     0.25   6.10    0.500 
 
 
 
 
 

 > 53.9 3  1.17    -1.14   3.49  
Baseline BMI (kg/m2) 3 26.8 ≤ 27.5 3  2.15    -0.43   4.72    0.828 
 
 
 
 
 

 > 27.5 3  3.11    -2.39   8.60  
Baseline FMD (%) 3 
 

4.40 ≤ 5.17 4  4.10     0.71   7.50    0.219 
 
 
 
 
 

 > 5.17 4  0.74    -1.16   2.63  
Health status 
 
 

   - Healthy 2  -0.16     -1.15   0.82    0.390 
 
 
 
 
 

 Diseased 6  3.10     0.67   5.54  
Dose (100 IU/day) 3 
 
 

10.9 ≤ 10.0 5  2.14     0.35   3.93    0.764 
 
 
 
 
 

 > 10.0 3  3.11    -2.39   8.60  
Study duration (weeks) 3 
 
 

16.8 ≤ 11.0 4  3.39    -0.19   6.97    0.523 
 
 
 
 
 

 > 11.0 4  1.56    -0.83   3.94  
Position cuff 
 
 

   - Distal 3   1.40     0.71   2.09    0.341 
 
 
 
 
 

 Proximal 2  6.63     4.60   8.66  
Occlusion duration (min) 3 
 
 

4.67 ≤ 4.50 3  1.17    -1.14   3.49    0.158 
  > 4.50 3  5.65     1.77   9.54  
       

Study arms with vitamin D supplements as experimental variable 2 
      
Mean age (years) 3 
 

59.8 
  
< 44.9 

≤ 64.9 8  0.45    -0.09   0.98    0.263 
   > 64.9 7 -0.10    -0.59   0.38  
Gender (% male) 3 50.4 ≤ 58.8 8  0.14    -0.28   0.56    0.805 
  > 58.8 7  0.18    -0.49   0.85  
Baseline BMI (kg/m2) 3 28.4 ≤ 28.5 9 -0.02    -0.43   0.39    0.226 
  > 28.5 6  0.68    -0.05   1.40  
Baseline FMD (%) 3 
 
 

5.89 ≤ 6.38 8  0.02    -0.43   0.47    0.550 
 
 
 
 
 

 > 6.38 7  0.38    -0.22   0.97  
Health status 
 
 

   - Healthy 4  0.23    -0.42   0.87    0.820 
 
 
 
 
 

 Diseased 11  0.12    -0.31   0.55  
Type of vitamin 4 
 
 

   - D2 3  0.70    -0.54   1.94    0.521 
 
 
 
 
 

 D3 12  0.10    -0.27   0.47  
Study duration (weeks) 3 
 
 

13.9 ≤ 12.0 9  0.26    -0.21   0.73    0.675 
 
 
 
 
 

 > 12.0 6 -0.01    -0.56   0.55  
Position cuff 
 
 

   - Distal 15  0.15    -0.21   0.51        - 
 
 
 
 
 

 Proximal 0    -        -         -  
Occlusion duration (min) 3 
 
 

5.00 ≤ 5.00 11  0.12    -0.28   0.52        - 
  > 5.00 0    -        -         -  

1 n = 7 intervention studies with 8 relevant study arms. 
2 n = 9 intervention studies with 15 relevant study arms.  
3 Study arms were divided into subgroups based on their medians. 
4 Vitamin D2: oral ergocalciferol, Vitamin D3: oral cholecalciferol.  
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Discussion  
 
In this meta-analysis, data from seven RCTs studying the effects of vitamin E 
supplements and from nine RCTs examining the effects of vitamin D supplements 
on fasting FMD in adults were pooled. When all studies were included, we found 
that vitamin E supplementation increased FMD of the brachial artery by 2.42%, 
while no effect of vitamin D supplementation was found. However, significant 
heterogeneity was found among the vitamin E trials. 
 The putative positive effects of vitamin E on FMD may be due to increased 
scavenging of oxygen free radicals by vitamin E or via improved plasma 
antioxidant defenses [38]. This may lower the quenching effect of free radicals on 
nitric oxide (NO), thereby improving NO bioavailability and endothelial function. 
Several studies, but not all [47, 48], have further suggested that vitamin E 
supplementation increases insulin sensitivity [49, 50], which may also improve 
endothelial function [39]. However, based on our results, the use of vitamin E 
supplements to improve FMD should still be questioned. First, no linear dose-
response relationship was evident, which would have been strong evidence for a 
causal relationship. Also, the level of vitamin E tested in RCTs included in our 
meta-analysis ranged from 300 to 1800 IU/day, which is far above recommended 
intakes of 30 IU/day [51]. In fact, concern has been raised about potential adverse 
effects. One meta-analysis indeed concluded that high-dose vitamin E 
supplementation may increase all-cause mortality in trials supplying daily doses 
over 400 IU, that involved adults with chronic diseases [52]. In another meta-
analysis, vitamin E given singly or in combination with other antioxidant 
supplements was also found to increase mortality in randomized primary and 
secondary prevention trials when trials with low methodological quality were 
excluded [53]. Further, the increment in FMD was not longer statistically significant 
when the study with the most pronounced effect was excluded [38]. The most 
pronounced effect (10.5%) substantially differed from the overall WMD in FMD of 
2.42%. However, in that study, subjects had the lowest mean baseline FMD 
(2.00%), suggesting that a very specific population was studied. Participants were 
type II diabetics, but it is not likely that this explains the large effects. Two other 
studies were also carried out in diabetic patients with both lower (1000 IU) [39] and 
higher daily doses (1800 IU) of vitamin E [32], but effects were never as large as 
observed by Paolisso and colleagues [38]. Considering these uncertainties, the 
present results should therefore not be interpreted as conclusive evidence to 
support the use of vitamin E supplements to improve FMD. 
 Prospective cohort studies have reported associations between vitamin D 
deficiency [54] or low plasma 25(OH)-D [55] and incident CVD. Although in vitro 
and animal studies have suggested a role of vitamin D supplements on endothelial 
function [56], we found no effects of vitamin D supplements on fasting FMD in 
adults. Another possible explanation for the inverse relation between vitamin D and 
CVD may be through effects on blood pressure. However, effects of vitamin D on 
blood pressure are also inconclusive [8]. In addition, calcium intakes may modify 
possible effects of vitamin D status on associated health benefits [57], and 
concomitant calcium intake may thus be required to observe positive effects of 
vitamin D supplementation on fasting vascular endothelial function. 
 Finally, a number of observational studies have reported an inverse 
association between carotenoid intake and CVD risk [58]. However, intervention 
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trials using β-carotene supplements have not supported the hypothesis that β-
carotene reduces CVD [53, 58]. Unfortunately, we found no studies that examined 
the effects of carotenoid supplements on FMD. Further, an inverse association 
between vitamin K2 intake and coronary heart disease was found [59] and an 
increased dietary intake of vitamin K was also associated with a reduced risk of 
cardiovascular mortality [60]. However, results from intervention trials are lacking 
and none of the included trials investigated the effect of vitamin K supplementation 
on brachial reactivity.  
 Significant heterogeneity was found between vitamin E trials and results of 
previous studies were indeed inconsistent. It has been speculated that various 
factors, including the mean age of participants [32, 61], vitamin supplement dose 
[23, 32, 61] or duration of the intervention [23, 32, 61], may explain these 
inconsistent results. However, none of these or other predefined variables 
accounted for the variable effect of vitamin E supplementation interventions on 
FMD. Montero and colleagues found that effects of antioxidant vitamin 
supplementation on endothelial function did depend on the BMI of subjects [6]. 
Positive effects were only found in non-obese subjects, which were explained by 
an insufficient capacity of oral vitamin E intakes to overcome increased levels of 
oxidative stress [62]. However, only studies involving subjects with type II diabetes 
were included and effects of antioxidant vitamin E and vitamin C could not be 
separated in the intervention studies selected. Further, measurements of vascular 
endothelial function from different vascular regions were pooled and effects on 
FMD as such were not quantified. After vitamin D supplementation, there were also 
no predefined characteristics that were significantly related to the effects observed 
on fasting FMD. In an additional analysis, no association with baseline plasma 
25(OH)-D concentrations or vitamin D-induced changes in 25(OH)-D was found. 
However, heterogeneity among vitamin D studies did not reach statistical 
significance. 
 A possible limitation of our meta-analysis is the variability in experimental 
designs that may have contributed to the heterogeneity observed among the 
included studies. Further, comparability of FMD measurements between centers is 
low [63] and may be another source of heterogeneity. Even though technical 
aspects of the FMD measurement were not significantly related to the effects 
observed, better standardization of the FMD technique is required to reduce 
variability between trials included in the meta-analysis. 
 
In conclusion, a causal relationship between high-dose vitamin E supplementation 
and improved fasting FMD cannot be ascertained from the present meta-analysis, 
while no effects of vitamin D supplementation were found. Therefore, the current 
meta-analysis does not provide unambiguous evidence to support the use of fat-
soluble vitamin supplements to improve vascular endothelial function in adults and 
more research is required.  
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Supplemental Figure 5.1. Dose-response relationship between the dose of the vitamin E supplement 
and the change in fasting flow-mediated vasodilation (FMD). The size of each circle is proportional to 
the inverse of the variance of the change in FMD, and the line represents the regression line 
determined by meta-regression analysis. The dose of the vitamin E supplement was not associated with 
the change in FMD (P = 0.744). 
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Supplemental Figure 5.2. Funnel plot for the effect of vitamin E supplementation on flow-mediated 
vasodilation (FMD) in random controlled trials (RCTs). Changes in FMD were plotted on the horizontal 
axis and the standard errors (s.e.) on the vertical axis. Visual evaluation of the funnel plot did not 
indicate presence of publication bias. The circle indicates the trial with the most pronounced effect [38]. 

  
Supplemental Figure 5.3. Funnel plot for the effect of vitamin D supplementation on flow-mediated 
vasodilation (FMD) in random controlled trials (RCTs). Changes in FMD were plotted on the horizontal 
axis and the standard errors (s.e.) on the vertical axis. Visual evaluation of the funnel plot did not 
indicate presence of publication bias. 
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Abstract 
 
Background: Many studies on the effects of diet-induced weight loss on vascular 
function were performed without a no-weight loss control group and in individuals 
with obesity-related morbidities. Also, only a limited set of vascular function 
markers was investigated. In this RCT, we therefore examined [i] effects of diet-
induced weight loss on various vascular function markers, and [ii] differences 
between normal-weight and abdominally obese men at baseline and after weight 
loss. 
 
Design: Apparently healthy normal-weight [n = 25; waist circumference: < 94 cm] 
and abdominally obese men [n = 54; waist circumference: 102 - 110 cm] 
participated. The abdominally obese subjects were randomly allocated to a dietary 
weight-loss program or a no-weight loss control group. Individuals assigned to the 
weight-loss program followed a calorie-restricted diet for six weeks to obtain a 
waist circumference below 102 cm, followed by a weight-maintenance period of 
two weeks. The control group maintained their habitual diet and physical activity 
levels. 
 
Results: Weight loss did not affect brachial artery flow-mediated vasodilation 
[FMD], while carotid-to-femoral pulse wave velocity tended to decrease in the 
weight-loss compared with the control group by 0.5 m/s (P = 0.065). The retinal 
arteriolar diameter increased by 5 µm (P < 0.001) and the arteriolar-to-venular ratio 
by 0.02 (P < 0.01), and plasma sE-selectin and sICAM-1 decreased (P < 0.001). 
As expected, total cholesterol, LDL-cholesterol, triacylglycerol, glucose, insulin, C-
peptide, HOMAIR, and blood pressure improved following weight reduction (P < 
0.05 for all variables). Except for FMD, these markers differed at baseline between 
normal-weight and abdominally obese men, but became comparable after weight 
reduction, although the waist circumference was still different.  
 
Conclusion: In abdominally obese men, diet-induced weight loss improved retinal 
microvascular caliber, plasma biomarkers of microvascular endothelial function, 
and the more conventional cardiometabolic risk markers. Aortic stiffness tended to 
decrease, but FMD was not changed.  
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Introduction 1 
 2 
Abdominal obesity represents a central feature of the metabolic syndrome and is 3 
mechanistically linked to various cardiometabolic risk factors, such as 4 
hypertension, serum lipid abnormalities, insulin resistance and low-grade systemic 5 
inflammation [1]. These risk factors are associated with vascular dysfunction, 6 
which may predict longer-term atherosclerotic disease progression and 7 
cardiovascular event rates [2, 3]. Many different non-invasive vascular function 8 
markers exist, each addressing a different aspect of the vasculature. Brachial 9 
artery flow-mediated vasodilation [FMD] is used to assess large artery endothelial 10 
function, while other markers can be used to address arterial stiffness, such as 11 
carotid-to-femoral pulse wave velocity [PWVc-f], or retinal microvasculature [e.g. 12 
retinal microvascular caliber properties: arteriolar diameter, venular diameter, and 13 
the arteriolar-to-venular diameter ratio (AVR)]. Microvascular endothelial function 14 
can further be assessed by measuring plasma biomarkers. Many of these markers 15 
are associated with future cardiovascular events and are useful to examine effects 16 
of life-style interventions on cardiovascular risk [4].  17 
 Despite consistent evidence linking abdominal obesity to multiple 18 
metabolic disorders [1] and disturbed vascular homeostasis [5], the effects of 19 
weight loss on the various vascular function markers are not consistent. Further, in 20 
most studies no-weight loss control groups were missing [6]. In addition, physical 21 
exercise [7, 8] or weight-loss medication [9] were part of the weight-loss regimes in 22 
the very limited randomized controlled trials [RCTs] with a no-weight loss control 23 
group, while most studies were performed in participants with obesity-related 24 
morbidities [7-9]. Moreover, only a few studies focused on waist circumference as 25 
an estimate of visceral fat. An excess of visceral fat, known as abdominal obesity, 26 
is the most prevalent manifestation of the metabolic syndrome and more closely 27 
linked to metabolic aberrations than BMI [10]. Finally, most studies only used a 28 
limited set of vascular function markers. Therefore, the objective of the current 29 
RCT was to investigate [i] the effects of diet-induced weight reduction on a panel of 30 
vascular function markers and risk markers related to cardiometabolic health, and 31 
[ii] differences between normal-weight and abdominally obese men at baseline and 32 
after weight loss. 33 
 34 
 35 
Subjects and methods 36 
  37 
Study population 38 
 39 
Apparently healthy Caucasian individuals were recruited by advertisements in local 40 
newspapers or among participants who had participated in earlier trials. To exclude 41 
any possible sex effects, women were excluded. Men were invited for a screening 42 
visit if they met the following inclusion criteria: aged between 18 and 65 years, 43 
stable body weight [weight gain or loss < 3 kg within the previous three months], 44 
no use of medication known to affect lipid or glucose metabolism, no diabetes, not 45 
receiving anti-hypertensive medication, and no participation in another biomedical 46 
trial during the past 30 days. Twenty-five normal-weight and fifty-four abdominally 47 
obese men were included. They had a waist circumference < 94 cm [normal 48 
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weight] or between 102 and 110 cm [abdominally obese]; fasting serum 49 
triacylglycerol concentrations ≤ 4.5 mmol/L; no indications for treatment with 50 
cholesterol-lowering medications according to the Dutch Cholesterol Consensus 51 
[11]; no active cardiovascular disease like congestive heart failure or any 52 
cardiovascular event in the past, such as a stroke or an acute myocardial 53 
infarction; no inflammatory disease; and no drug or alcohol abuse. All participants 54 
gave written informed consent before entering the study. The study was approved 55 
by the Medical Ethics Committee of Maastricht University Medical Center and 56 
registered at ClinicalTrials.gov as NCT01675401. 57 
 58 
Study design  59 
 60 
At the start of the study, all men visited the research facilities twice with an interval 61 
of 2 or 3 days to perform baseline measurements. Measurements of normal-weight 62 
and abdominally obese individuals were balanced over the 18 months of inclusion. 63 
After these measurements, the abdominally obese subjects were divided into two 64 
age groups [18-49 years or 50-65 years]. The men from the same age group were 65 
assigned to blocks of two or four subjects. Within each block, participants were 66 
randomly allocated to either the diet-induced weight-loss group or no-weight loss 67 
control group with a randomization ratio of 1:1. Volunteers assigned to the weight- 68 
loss program visited our research dietician every week and consumed for at least 4 69 
weeks under strict guidance a very low-calorie diet [VLCD] [Modifast; Nutrition et 70 
Santé Benelux, Breda, The Netherlands] until the waist circumference was below 71 
102 cm. When the waist circumference was still above 102 cm, the VLCD was 72 
continued for another week. This value of 102 cm was chosen because it is used 73 
as cut-off value in the diagnosis of the metabolic syndrome [12]. The protein- 74 
enriched VLCD consisted of 2.1 MJ/day [500 kcal/day] and provided 51.9 g protein, 75 
50.2 g carbohydrates, 6.9 g lipids, and a vitamin and mineral content that met the 76 
Dutch recommended daily intakes. The VLCD was supplied in powder sachets that 77 
had to be dissolved in water to obtain a milkshake [vanilla, chocolate, strawberry or 78 
banana], pudding [vanilla, chocolate or caramel] or muesli [cinnamon-apple]. Three 79 
sachets had to be consumed daily according to their own preferences. In addition, 80 
participants were allowed to eat 250 g of vegetables or fruit [except bananas] each 81 
day. After the VLCD period, subjects were prescribed a mixed solid calorie- 82 
restricted diet in agreement with the Dutch dietary guidelines. This diet provided 83 
4.2 MJ/day for a period of 1 to 2 weeks. The detailed prescribed mixed solid 84 
calorie-restricted diet consisted of the three main meals. In week 7 and week 8, the 85 
participants were kept in energy balance [weight-maintenance period] by 86 
prescribing detailed weekly menus that were based on the estimated energy 87 
requirements for weight maintenance. Total energy requirement was calculated for 88 
each individual based on basal metabolic rate and physical activity levels [13]. Men 89 
assigned to the no-weight loss control treatment visited our research dietician two 90 
times and maintained their habitual diet, physical activity levels and use of alcohol 91 
throughout the total study period. At the end of the intervention periods, the 92 
abdominally obese subjects visited the research facilities twice with an interval of 2 93 
to 3 days and follow-up measurements were performed. 94 
 Subjects were asked to record in study diaries any signs of illness, 95 
medication used, alcohol consumption, any deviations of the study protocol and 96 
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other complaints. On the day preceding blood drawings, participants were asked 97 
not to consume high-fat foods or alcohol, or to perform any strenuous physical 98 
exercise. After an overnight fast [from 08.00 PM], volunteers arrived at the 99 
research facilities by public transport or car to standardize vascular measurements 100 
as much as possible. After an acclimatization period of 30 minutes in the supine 101 
position, vascular measurements were performed. Immediately after performing 102 
the measurements, an intravenous cannula was inserted into a vein and fasting 103 
blood samples were obtained.  104 
 105 
Blood analyses 106 
 107 
After blood sampling through an intravenous catheter, NaF-containing vacutainer 108 
tubes [Becton, Dickinson and Company, Franklin Lanes, NY, USA] and EDTA- 109 
coated vacutainer tubes [Becton, Dickinson and Company] were kept on ice and 110 
centrifuged within 30 minutes. To obtain plasma, the plasma tubes were 111 
centrifuged at 1300 x g for 15 minutes at 4 °C. Blood drawn in vacutainer serum 112 
tubes [Becton, Dickinson and Company] was allowed to clot for 30 minutes at 113 
21°C. To obtain serum, serum tubes were centrifuged at 1300 x g for 15 minutes at 114 
21°C. Following centrifugation, samples were immediately portioned into aliquots 115 
and stored at -80°C until analysis at the end of the intervention study.  116 
 Fasting plasma glucose [Horiba ABX, Montpellier, France] concentrations 117 
were measured in NaF-plasma. Serum fasting samples were analyzed for total 118 
cholesterol [CHOD-PAP method; Roche Diagnostics, Mannheim, Germany], HDL- 119 
cholesterol [precipitation method; Roche Diagnostics, Mannheim, Germany], 120 
triacylglycerol [GPO Trinder; Sigma-Aldrich Corp., St. Louis, MO, USA], insulin and 121 
C-peptide levels [RIA; Millipore, Billerica, MA, USA]. Triacylglycerol was corrected 122 
for free glycerol and LDL-cholesterol was calculated using the Friedewald formula 123 
[14]. The degree of insulin resistance was estimated by calculating the HOMAIR, as 124 
previously described [15]. Fasting EDTA-plasma samples were used for 125 
measurement of biomarkers for low-grade inflammation [interleukin (IL)-6, IL-8, 126 
tumor necrosis factor (TNF)-α, C-reactive protein (CRP), serum amyloid A (SAA)] 127 
and endothelial function [soluble vascular cell adhesion molecule (VCAM)-1, 128 
soluble intercellular adhesion molecule (sICAM-1), soluble endothelial selectin (sE- 129 
selectin)] by using a multi-array detection system based on electro- 130 
chemiluminescence technology [SECTOR Imager 2400; Meso Scale Discovery, 131 
Rockville, MD, USA]. Von Willebrand factor [vWF] was assessed by ELISA in 132 
citrate plasma, as previously described [16]. 133 
 134 
Clinical measurements 135 
 136 
Height was measured during screening visits using a wall-mounted stadiometer. 137 
Body weight and fat distribution by measuring the waist-to-hip circumference ratio 138 
were determined before the start of the vascular measurements, and every week 139 
for men that were assigned to the diet-induced weight-loss intervention. Blood 140 
pressure levels [systolic (SBP) and diastolic blood pressure (DBP)] and heart rate 141 
were monitored in the supine position using a semi-continuous blood pressure 142 
monitoring device [Omron Intellisense M7; Cemex Medische Techniek, 143 
Nieuwegein, The Netherlands]. The first measurement was discarded and the 144 
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average of the last three measurements was reported. After performing the 145 
vascular measurements, a Philips Achieva 3.0T TX MRI scanner with a dedicated 146 
sixteen-element torso coil [XL Torso coil; Philips Healthcare, Best, The 147 
Netherlands] was used to assess subcutaneous and visceral adipose tissue 148 
volumes. Two-dimensional (2D) T1W TSE images [nine 5 mm slices, gap = 10 149 
mm, repetition time = 526 ms, echo time = 10 ms, turbo spin echo factor = 4, 150 
number of signal averages = 1, field of view = 400 mm2 x 322 mm2, matrix size = 151 
308 x 164, resulting in an acquired in-plane voxel size of 1.3 mm2 x 1.96 mm2] 152 
were acquired centered at the top of the L4 vertebral body. Images were analyzed 153 
offline with dedicated software [Hippo Fat; IFC CNR, Pisa, Italy].  154 
  All vascular measurements were performed in a quiet and darkened room. 155 
The room was temperature controlled at 24°C. Radial artery pulse wave analysis 156 
[PWA] was performed, in triplicate, with a tonometer [ShpygmoCor v9; AtCor 157 
Medical, West Ryde, Australia] applied to the radial artery near the wrist of the 158 
arm. The central arterial waveform was derived from the peripheral arterial 159 
waveform using a validated transfer function. Central augmentation indices 160 
[CAIxHR75] were defined as the difference between the first and second peak of 161 
the central arterial waveform, expressed as a percentage of the pulse pressure 162 
and corrected for heart rate. Using the same tonometer PWVc-f was determined 163 
[17] in triplicate by measuring the arrival of the pulse wave and the delay to the R- 164 
wave of the ECG at the carotid and femoral artery. With use of the direct carotid to 165 
femoral distance, PWVc-f was calculated automatically by the program of the 166 
manufacturer. FMD was assessed by ultrasound echography in dual mode 167 
[MyLab™70; Esaote, Maastricht, The Netherlands] and recording of echo images 168 
on DVD [18]. After a 5-minute reference period, the pneumatic cuff placed around 169 
the participant’s forearm was inflated to 200 mmHg for 5 minutes, causing distal 170 
hypoxia. Upon cuff-release reactive hyperemia ensued. The echo images were 171 
analyzed offline using a custom-written Matlab program [MyFMD; Prof. A.P. 172 
Hoeks, Department of Biomedical Engineering, Maastricht University Medical 173 
Center, Maastricht, The Netherlands]. The FMD response was then quantified as 174 
the maximal percentage change in post occlusion arterial diameter relative to 175 
baseline diameter. During brachial artery FMD measurements, the Endo-PAT 2000 176 
[Itamar Medical Ltd, Caesarea, Israel] was used to measure changes in pulse 177 
wave amplitude in response to reactive hyperemia. In brief, a pneumatic probe was 178 
placed on the index finger of both hands to record the peripheral arterial tone, 179 
according to instructions of the manufacturer. The Reactive Hyperemia Index [RHI] 180 
was quantified as the post-to-pre occlusion peripheral arterial tone signal ratio in 181 
the occluded hand, normalized to the values in the control hand and then further 182 
corrected for baseline vascular tone [19]. Finally, retinal vascular images were 183 
obtained to assess microvascular diameters in the right eye. During this test, 184 
participants were seated with their head resting on a chinrest, looking directly into 185 
the non-mydriatic retinal camera [Topcon TRC-NW-300; Topcon Co., Tokyo, 186 
Japan]. The camera focused on the optic disc and photographed the retina of the 187 
right eye. Images were digitized and analyzed to calculate the mean arteriolar 188 
width, mean venular width, and AVR with appropriate software [Generalized Dual- 189 
Bootstrap Iterative Closest Point (GDBP-ICP)], as previously described [20]. In 190 
brief, the software automatically aligns the retinal images based on detected 191 
vascular centerlines by iteratively transforming the algorithm. At least 2 arteriolar 192 



DIETARY WEIGHT LOSS AND VASCULAR FUNCTION 

 95 

and 2 venular segments were measured and summarized by using the Parr- 193 
Hubbard formulas [21]. These segments differed between study subjects, but had 194 
to be the same segments at each time point for an individual. 195 
 196 
Statistical analyses  197 
 198 
Results are presented as means ± standard deviations [SDs], unless otherwise 199 
indicated. Before the start of the study, it was calculated that the statistical power 200 
to detect a true difference of at least 2.25 percentage points in FMD with 25 201 
participants per group was 80% for the weight-loss trial. It was further calculated 202 
that the statistical power to detect a true difference of at least 2.25 percentage 203 
points in FMD was over 80% when 25 normal-weight and 50 abdominally obese 204 
men were compared cross-sectionally. For these calculations, a within-subject and 205 
between-subject variability of 2.82 percentage points in FMD were used [22]. 206 
 An unpaired Student’s t test was used to examine differences at baseline 207 
between normal-weight and abdominally obese men. A one-way ANCOVA, using 208 
the baseline measurements of the outcome variables as covariates, was 209 
conducted to evaluate differences in changes between diet-induced weight-loss 210 
and no-weight loss control treatments. When residuals were not normally 211 
distributed as assessed with the Kolmogorov-Smirnov test, a Wilcoxon rank-sum 212 
was used. Changes were then calculated for each individual as the difference 213 
between the values at the end of the study and at the start of the study. Pearson 214 
correlation coefficients were determined to investigate [i] cross-sectional 215 
relationships between vascular and cardiometabolic risk markers, and [ii] 216 
relationships between changes in these markers. Differences were considered 217 
statistically significant at P < 0.05. Analyses were performed using SPSS 21.0 for 218 
Mac OS X [SPSS Incorporated, Chicago, IL, USA]. 219 
 220 
 221 
Results 222 
 223 
Study participants  224 
 225 
A consort flow diagram of participants throughout the study is shown in 226 
Supplemental Figure 6.1. After screening, 25 normal-weight men were eligible for 227 
participation and all completed the study. Baseline measurements were performed 228 
in 54 abdominally obese men, but one man dropped out because of personal 229 
reasons before completing baseline measurements. A total of 53 abdominally 230 
obese men were randomized to dietary weight-loss or no-weight loss control 231 
groups. One subject discontinued control treatment because of illness, one man 232 
dropped out because of noncompliance with the weight loss program and another 233 
participant dropped out because of personal reasons after assignment to the 234 
weight-loss program. Thus, 50 abdominally obese men completed the weight-loss 235 
study. One of the abdominally obese men from the weigh-loss group was excluded 236 
from the statistical analyses due to a fasting SBP ≥ 160 mmHg and fasting DBP ≥ 237 
100 mmHg that did not become apparent during the screening visit because of not- 238 
reported anti-hypertensive medication. Due to technical problems with the 239 
recording of echo images on DVD, we were unable to analyze FMD measurements 240 
in one normal-weight subject and in five abdominally obese subjects on one test- 241 



CHAPTER 6 

 96 

day [i.e. one measurement at the start of the trial and four measurements at the 242 
end of the treatments]. Unclear retinal vascular images were also excluded from 243 
the statistical analyses for two normal-weight participants and for eight abdominally 244 
subjects on one test-day [i.e. seven retinal images at the start of the study and one 245 
image at the end of the weight-loss treatment]. 246 
 Baseline characteristics of the study participants are shown in Tables 6.1- 247 
6.3 and Supplemental Table 6.1. The median age was comparable between the 248 
normal-weight and abdominally obese participants. As expected, the waist 249 
circumference [84.9 ± 6.3 cm versus 106.5 ± 3.6 cm] and other anthropometric 250 
measures [BMI, waist-to-hip ratio, calculated body fat, visceral and subcutaneous 251 
fat volume] were higher in the abdominally obese men (P < 0.001 for all variables). 252 
The mean weight reduction was 10.3 kg [95% CI: 9.2 to 11.4 kg; P < 0.001] after 253 
the dietary weight-loss treatment, while body weight remained stable during the 254 
weight-maintenance period [Figure 6.1]. Waist circumference was also reduced (P 255 
< 0.001) and body fat decreased by 4.0% [95% CI: 3.2 to 4.8%; P < 0.001]. All 256 
study participants obtained a waist circumference below 102 cm, except two men 257 
who at the end of the weight-loss intervention period had a waist circumference of 258 
102.5 cm and 106.3 cm, respectively. Body weight at the start of the no-weight loss 259 
control treatment was 95.9 ± 8.9 kg and at the end 96.4 ± 9.1 kg [Table 6.1].  260 
 261 

 262 
 263 
Figure 6.1. Mean changes (± SD) in body weight following a dietary weight-loss (n = 23) treatment or 264 
no-weight loss control treatment (n = 26) in a randomized controlled trial with abdominally obese men. 265 
 266 
Cardiometabolic risk markers and plasma biomarkers 267 
 268 
Fasting total cholesterol, HDL-cholesterol, LDL-cholesterol, triacylglycerol, glucose, 269 
insulin, C-peptide and HOMAIR differed at baseline between the normal-weight and 270 
abdominally obese men (P < 0.05 for all variables) [Table 6.1]. All these metabolic 271 
risk markers, except for HDL-cholesterol, significantly improved in the abdominally 272 
obese men following dietary weight loss compared with the control treatment (P < 273 
0.05 for all variables) [Table 6.1]. In fact, these metabolic risk markers, except for 274 
HDL-cholesterol levels, did not differ significantly between the normal-weight and 275 
abdominally obese men at the end of the weight-loss intervention period. 276 
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Table 6.2 shows effects on plasma biomarkers for endothelial function and low- 278 
grade inflammation. Plasma sE-selectin concentrations were lower (P < 0.001) and 279 
sICAM-1 levels tended to be lower (P = 0.083) in the normal-weight compared with 280 
abdominally obese men, but significantly improved following dietary weight loss 281 
compared with the control treatment by 29 ng/mL [95% CI: 16 to 42 ng/mL; P < 282 
0.001] and 37 ng/mL [95% CI: 25 to 50 ng/mL; P < 0.001], respectively. In addition, 283 
sE-selectin levels were associated at baseline with visceral fat volume [r = 0.343; P 284 
= 0.002; n = 76], HOMAIR [r = 0.460; P < 0.001; n = 76] and fasting triacylglycerol [r 285 
= 0.376; P = 0.001; n = 76]. Moreover, improvements in sE-selectin levels following 286 
weight loss were related to changes in visceral fat volume [r = 0.427; P = 0.042; n 287 
= 23], HOMAIR [r = 0.630; P = 0.001; n = 23] and triacylglycerol [r = 0.428; P = 288 
0.037; n = 23]. Reductions in sICAM-1 and changes in visceral fat volume following 289 
weight loss were also correlated [r = 0.557; P = 0.006; n = 23]. No differences in 290 
sVCAM-1 and vWF% were observed. Median TNF-α and CRP concentrations 291 
were significantly lower at baseline in the normal-weight men (P < 0.05). No 292 
significant effects of weight loss were found on IL-6, IL-8, TNF-α, CRP and SAA. 293 
 294 
Blood pressure and vascular function markers 295 
 296 
At baseline, normal-weight subjects had a significantly lower brachial and aortic 297 
SBP, brachial and aortic DBP, mean arterial pressure [MAP], heart rate, brachial 298 
artery diameter and PWVc-f than the abdominally obese men (P < 0.05 for all 299 
variables). No differences were found for pulse pressure, FMD, RHI and 300 
CAIxHR75 [Table 6.3]. Blood pressure and heart rate improved following the 301 
weight-loss compared with the control treatment (P < 0.05 for all variables). At the 302 
end of the diet-induced weight-loss period, blood pressure and heart rate did not 303 
differ significantly between the normal-weight and abdominally obese men in the 304 
weight-loss group. 305 
 No differences in changes between treatments were found in baseline 306 
brachial artery diameters. Also, FMD did not change. In addition, no effects of 307 
weight loss on the RHI were observed. PWVc-f and CAIxHR75 tended to improve 308 
by 0.5 m/s [95% CI: -0.0 to 1.1 m/s; P = 0.065] and 3.7% [95% CI: -0.6 to 8.0%; P 309 
= 0.086], respectively. Further, PWVc-f was associated at baseline with visceral fat 310 
volume [r = 0.517; P < 0.001; n = 76], brachial DBP [r = 0.552; P < 0.001; n = 77] 311 
and aortic DBP [r = 0.551; P < 0.001; n = 77]. Moreover, improvements in PWVc-f 312 
following weight loss were related to changes in visceral fat volume [r = 0.467; P = 313 
0.025; n = 23], brachial DBP [r = 0.501; P = 0.013; n = 23] and aortic DBP [r = 314 
0.500; P = 0.013; n = 23]. Finally, arteriolar calibers and retinal AVR were greater 315 
in normal-weight compared with abdominally obese men (P < 0.05), but improved 316 
following weight loss compared with the control treatment by 5 µm [95% CI: 3 to 8 317 
µm; P < 0.001] and 0.02 [95% CI: 0.01 to 0.04; P < 0.01], respectively. Mean 318 
venular widths were comparable at baseline between normal-weight and 319 
abdominally obese men, and did not change following weight loss [Table 6.3]. No 320 
statistically significant correlations were observed between mean arteriolar or 321 
venular diameters with cardiometabolic risk markers. 322 
 323 
 324 

325 
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Discussion 375 
 376 
In this randomized study in abdominally obese men, diet-induced weight loss did 377 
not affect fasting FMD of the brachial artery, while retinal microvascular caliber and 378 
plasma biomarkers of endothelial function improved. Also, aortic stiffness tended to 379 
decrease. Improvements in these vascular markers were next to the beneficial 380 
effects of weight loss on the more conventional cardiometabolic risk markers. As 381 
expected, the cardiometabolic risk profile of the normal-weight participants was 382 
more favorable than that of the abdominally obese subjects at baseline. However, 383 
values were very comparable at the end of the dietary weight-loss treatment, even 384 
if a difference in BMI and waist circumference was still present.  385 
 The lack of effect on FMD contrasts findings from several [8, 9, 23], but not 386 
all [7], earlier RCTs with a no-weight loss control group. Differences in treatment 387 
and subject characteristics may have contributed to these apparently inconsistent 388 
results. In our recent meta-analysis, which involved a total of 33 human 389 
intervention studies without a no-weight loss control group, it was estimated that 390 
each 5 cm decrease in waist circumference was associated with an increase of 391 
1.17 percentage points [95% CI: 0.45 to 1.86] in FMD [6]. Based on this estimate, 392 
we would have expected a 2.57 percentage points improvement in the present 393 
study. However, the estimated change was smaller when study participants had no 394 
coexisting obesity-related morbidities or received diet-induced weight-loss regimes 395 
alone [6], which may partly explain our present results. To our knowledge, only one 396 
randomized study with a no-weight loss control group has investigated the effects 397 
of dietary weight loss on FMD in overweight and obese adults [23]. In that trial, 398 
brachial artery FMD improved by 1.90 percentage points after 12 weeks of reduced 399 
energy intake. Like in our RCT, weight loss was about 10% of initial body weight, 400 
but a weight-maintenance period of 4 weeks was used. However, BMI ranged up 401 
to 40 kg/m2 in that study, while none of the male subjects in our study had a 402 
baseline BMI above 35 kg/m2. Indeed, we have previously reported less 403 
pronounced effects of weight loss on fasting FMD in trials with study participants 404 
who had a mean BMI below 35 kg/m2 [6]. Moreover, FMD did not differ between 405 
normal-weight and abdominally obese volunteers at the start of the study. Taken 406 
together, these findings suggest that FMD is not strongly related to BMI when 407 
values are below 35 kg/m2 [24]. As expected, baseline brachial artery diameters 408 
were smaller in normal-weight participants, but did not change following weight 409 
loss in the abdominally obese men. Lastly, similar results were found for the RHI. 410 
The RHI is a measurement obtained at the fingertips and therefore reflects small 411 
artery reactivity, while FMD evaluates a large conduit artery. These findings agree 412 
with a previous RCT involving individuals with a similar BMI as our study 413 
population [25], but differ from a trial of improved RHI following dietary weight loss 414 
in severely obese patients [26]. Thus, a possible discrepancy may be related to 415 
BMI.  416 
 The PWVc-f, which is considered the gold standard method for measuring 417 
arterial stiffness [27], tended to improve by 0.5 m/s. Results of longitudinal studies 418 
have estimated, at a mean follow-up period of about 8 years, that the risk of 419 
cardiovascular disease events decreases by 7% when PWVc-f decreases by 0.5 420 
m/s [28]. To date, only one randomized trial with a no-weight loss control group 421 
has investigated the effects of diet-induced weight loss on arterial stiffness in 422 
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overweight and obese adults. In agreement, Dengo and colleagues have reported 423 
a decrease in PWVc-f [29]. Also, effects of weight loss on retinal microvascular 424 
caliber were addressed. Improvement in the retinal arteriolar diameters was 425 
observed, but not in the venular diameters.  Consequently, the retinal AVR 426 
improved. McGeechan suggested that the risk of coronary heart disease 427 
decreases by 4% when mean arteriolar calibers increased by 5 µm [i.e. the change 428 
we found in our study] in women, but not in men [30]. In our study, mean arteriolar 429 
calibers did not correlate with blood pressure, as has been observed before [31]. 430 
Also, it has been suggested that the retinal venular diameter correlates with 431 
conventional cardiometabolic risk markers [31], which we could not confirm. 432 
Finally, effects on plasma biomarkers of microvascular endothelial function were 433 
studied and positive effects were observed for sE-selectin and sICAM-1, which are 434 
both involved in the adhesion of leukocytes to the endothelium [32]. This suggests 435 
that endothelial activity is reduced after dietary weight loss. 436 
 Vascular function and cardiometabolic risk markers at the end of the diet- 437 
induced weight-loss intervention became comparable with those of normal-weight 438 
men despite still a large difference in both BMI [30.1 ± 2.1 kg/m2 versus 23.3 ± 1.8 439 
kg/m2] and waist circumference [95.9 ± 4.2 cm versus 84.9 ± 6.3 cm]. Interestingly, 440 
study participants assigned to the weight-loss program obtained a waist 441 
circumference below 102 cm, which underlines the practical relevance of the cut- 442 
off value.  443 
 Although the mechanisms for the beneficial effects of dietary weight loss 444 
on vascular function have not been fully elucidated, depletions in visceral fat [33] 445 
and associated improvements in blood pressure and other cardiometabolic risk 446 
markers may be major causes. Excess visceral fat is characterized by abdominal 447 
obesity, metabolically more active [34], and closely linked to disturbed vascular 448 
homeostasis [5]. In fact, changes in various vascular function markers [i.e. sE- 449 
selectin, sICAM-1 and PWVc-f] correlated with reductions in visceral fat volume, but 450 
not with subcutaneous fat. The magnitude of the effect on blood pressure found in 451 
this study was in agreement with a previous meta-analysis. Reductions of 6.2 452 
mmHg [95% CI: 4.4 to 8.1 mmHg] and 5.0 mmHg [95% CI: 3.3 to 6.6 mmHg] in 453 
SBP and DBP, respectively, were observed in study populations with an average 454 
weight loss above 5.0 kg [35]. In agreement with others, decreases in DBP 455 
correlated with changes in pulse wave velocity [36]. Alternatively, beneficial effects 456 
on at least some of the vascular function parameters may also be related to 457 
changes in serum triacylglycerol concentrations following weight loss, which were 458 
for all lipids comparable to those reported by a previous diet-induced weight-loss 459 
intervention study [37]. Interestingly, we found at baseline a positive correlation 460 
between plasma sE-selectin and serum concentrations of triacylglycerol. Moreover, 461 
changes in sE-selectin correlated significantly with reductions in fasting levels of 462 
serum triacylglycerol following weight reduction. The HOMAIR decreased 463 
suggesting that insulin sensitivity improved following weight loss. Also, reductions 464 
in plasma sE-selectin levels correlated significantly with improvements in the 465 
HOMAIR. In fact, previous studies have reported higher levels of sE-selectin and 466 
sICAM-1 in individuals with insulin resistance [38], and vascular endothelial 467 
dysfunction may be closely related to impaired glucose metabolism [39]. Finally, 468 
this trial cannot provide evidence that dietary weight loss decreases plasma 469 
markers reflecting low-grade systemic inflammation in abdominally obese men. No 470 
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effects on pro-inflammatory cytokines were found. As reviewed by Klimcakova and 471 
colleagues [40], similar conclusions were reached in many other studies with 472 
different weight-loss protocols. Therefore, there is no evidence that improvements 473 
in low-grade systemic inflammation have contributed to the beneficial effects on 474 
vascular function markers associated with weight loss in our study population. 475 
 476 
In conclusion, our data indicate that in abdominally obese men diet-induced weight 477 
loss was associated with improvements in retinal microvascular caliber, plasma 478 
biomarkers of endothelial function, and more conventional risk markers related to 479 
cardiometabolic health. Aortic stiffness tended to decrease following weight loss, 480 
but brachial FMD was not affected. Improvements in these vascular markers may 481 
relate to the beneficial effects of weight loss on visceral fat volume, blood pressure, 482 
serum lipids and plasma glucose. Further, the cardiometabolic risk profile at the 483 
end of the dietary weight-loss program became comparable with those of normal- 484 
weight men, which may underline the practical relevance of the waist 485 
circumference cut-off value used in the diagnosis of the metabolic syndrome [12]. 486 
 487 
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Supplemental data 507 
 508 
 509 

 510 
 511 
Supplemental Figure 6.1. Consort flow diagram. Diagram of the progress through the phases of this 512 
randomized parallel trial with two treatment groups. 513 
  514 
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Supplemental Table 6.1. Measurements of the abdominally obese men at baseline1 515 
      Abdominally obese 

         
                              Abdominally obese 

        Baseline2     Baseline2 

Anthropometrics  Blood pressure  

Age [years]  51.8 [45.7-60.7] Brachial SBP [mmHg]    127 ± 10 

Body weight [kg]     96.9 ± 8.4 Brachial DBP [mmHg]      81 ± 7 

BMI [kg/m2]    30.1 ± 2.1 Brachial PP [mmHg]      46 ± 8 

Waist circumference [cm]  106.5 ± 3.6 MAP [mmHg]    101 ± 9 

Waist-to-hip ratio    0.99 ± 0.04 Central SBP [mmHg]    125 ± 13 

Calculated body fat [%]    28.0 ± 3.5 Central DBP [mmHg]      82 ± 7 

Visceral fat volume [L]    2.34 ± 0.72 Heart rate [BPM]  62 ± 8 

Subcutaneous fat volume [L]    3.09 ± 0.78         

    

Metabolic risk markers  Vascular function  

Total cholesterol [mmol/L]     5.56 ± 0.97 Brachial diameter [cm]3   0.51 ± 0.06 

HDL-cholesterol [mmol/L]    1.11 ± 0.21 Brachial artery FMD [%]3   3.54 ± 2.16  

LDL-cholesterol [mmol/L]3    3.67 ± 0.88 Reactive Hyperemia Index   2.20 ± 0.42 

TAG [mmol/L]     1.82 ± 0.91 CAIxHR75 [%]   12.5 ± 12.5 

Glucose [mmol/L]    5.64 ± 0.48 PWVc-f [m/s] 

 

 

    9.2 ± 1.7 

Insulin [uU/mL]    11.6 ± 5.4 Arteriolar width [µm]4    124 ± 17 

C-peptide [ng/mL]    1.69 ± 0.67 Venular width [µm]4    219 ± 20 

HOMAIR    2.84 ± 1.38 Arteriolar-to-venular ratio4   0.57 ± 0.06 

    

Endothelial dysfunction  Low-grade inflammation  

sVCAM-1 [ng/mL]     413 ± 79 IL-6 [pg/mL]3 0.62 [0.47-0.87] 

sICAM-1 [ng/mL]     255 ± 52 IL-8 [pg/mL] 3.57 [2.83-3.95] 

sE-selectin [ng/mL]     108 ± 45 TNF-α [pg/mL] 2.03 [1.67-2.44] 

vWf [%]     125 ± 44 CRP [µg/mL]5 1.44 [0.54-2.95] 
1 Abdominally obese subjects: n = 52. TAG: triacylglycerol; sVCAM: soluble vascular cell adhesion 516 
molecule; sICAM: soluble intercellular adhesion molecule; sE-selectin: soluble endothelial selectin; 517 
vWf: von Willebrand factor; IL: interleukin; TNF: tumor necrosis factor; CRP: C-reactive protein; 518 
SAA: serum amyloid A; SBP: systolic BP; DBP: diastolic BP; PP: pulse pressure; MAP: mean 519 
arterial pressure; BPM: beats per minute; FMD: flow-mediated vasodilation; CAIxHR75: central 520 
augmentation index adjusted for heart rate; PWVc-f: carotid-to-femoral pulse wave velocity. 2 Values 521 
are means ± SD or medians [25-75th percentile]. 3 Abdominally obese subjects: n = 51. 4 522 
Abdominally obese subjects: n = 45. 5 Abdominally obese subjects: n = 49. 6 Abdominally obese 523 
subjects: n = 47. 524 
 525 

 526 
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Abstract 
 
Background: Epidemiological studies have suggested a protective effect of 
magnesium intake on cardiovascular risk. However, intervention trials of 
magnesium supplementation on blood pressure and conventional cardiometabolic 
risk markers are inconsistent. Effects on vascular function markers related to 
cardiovascular risk have hardly been studied.  
 
Objective: The objective was to evaluate the effects of long-term magnesium 
supplementation on arterial stiffness.  
 
Design: We performed a 24-week, randomized, double-blind, placebo-controlled 
intervention study. Fifty-two overweight and slightly obese individuals (30 men and 
22 postmenopausal women, age 62 ± 6 years) were randomized to receive either 
three times daily magnesium (3 x 117 mg or 350 mg/day) or placebo capsules. 
Twenty-four hour urine collections and 24-hour ambulatory blood pressure 
assessments were performed at the start and at the end of the study. Carotid-to-
femoral pulse wave velocity (PWVc-f) was assessed at baseline, after 12 weeks, 
and at week 24.  
 
Results: Serum magnesium concentrations did not differ after 12 weeks, but 
tended to increase after 24-week magnesium supplementation compared with 
placebo by 0.02 mmol/L (95% CI: 0.00 to 0.04 mmol/L; P = 0.09). Twenty-four hour 
urinary magnesium excretion increased by 2.01 mmol (95% CI: 1.22 to 2.93 mmol; 
P < 0.001) at week 24. PWVc-f was not changed after 12 weeks (0.0 m/s; 95% CI: -
0.6 to 0.5 m/s; P = 0.90), but was improved in the magnesium compared with the 
placebo group by 1.0 m/s (95% CI: 0.4 to 1.6 m/s; P = 0.001) after 24 weeks. 
Office and 24-hour ambulatory blood pressure levels were not changed. No 
adverse events were observed.  
 
Conclusion: Our data indicate that a daily magnesium supplement of 350 mg for 24 
weeks in overweight and obese adults reduces arterial stiffness, as estimated by a 
decrease in PWVc-f, suggesting a potential mechanism by which an increased 
dietary magnesium intake beneficially affects cardiovascular health. 
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Introduction 1 
 2 
A meta-analysis of 16 prospective cohort studies involving 313,041 subjects found 3 
an inverse association between dietary magnesium and cardiovascular disease 4 
(CVD) risk [1]. Each 200 mg per day increment in dietary magnesium intake was 5 
associated with a 22% lower risk of ischemic heart disease (IHD). Another 6 
approach to estimate dietary magnesium intake is to measure 24-hour urinary 7 
magnesium excretion. In a prospective cohort study involving 7,664 adults, low 8 
urinary magnesium excretion was associated with an increased risk of IHD [2]. 9 
Results of these epidemiological studies underline the need for well-designed 10 
intervention trials to examine a potential causal role of magnesium intake in the 11 
prevention of CVD. However, randomized controlled trials (RCTs) with 12 
cardiovascular events as endpoints are missing, while results from intervention 13 
studies investigating the effects of magnesium intake on blood pressure [3] and 14 
other conventional cardiometabolic risk markers [4-8] are inconsistent and showed 15 
in general no clear effects. An alternative approach is to investigate the effect of 16 
magnesium supplementation on non-invasive vascular function markers that are 17 
related to cardiovascular risk. Arterial stiffness is a validated marker to 18 
demonstrate cardiovascular health benefits [9]. In this respect, carotid-to-femoral 19 
pulse wave velocity (PWVc-f), a non-invasive method that measures the 20 
propagation of the forward pressure wave travelling along the aorta, is considered 21 
the gold standard method for quantifying arterial stiffness [10]. A recently published 22 
meta-analysis of individual participant data from 16 studies involving a total of 23 
17,635 participants showed that PWVc-f was a predictor of IHD, CVD risk and CVD 24 
mortality, independent of other established cardiovascular risk factors [11]. To 25 
date, one RCT addressed the effect of oral magnesium supplementation on arterial 26 
stiffness, but found no effect [8]. Of note, this study was carried out with only 14 27 
healthy young men and lasted only 8 weeks, which may have been to short to 28 
induce changes in arterial stiffness. Therefore, the objective of this randomized, 29 
double-blind, placebo-controlled intervention trial was to investigate the effects of 30 
magnesium supplementation for a 24 weeks period in a large group of subjects. 31 
The trial was performed in overweight and obese middle-aged and elderly adults, 32 
because they may be expected to have an increased arterial stiffness at baseline 33 
[12], allowing for improvement by the intervention. 34 
 35 
 36 
Subjects and methods 37 
 38 
Study population 39 
 40 
Apparently healthy overweight and slightly obese men and women were recruited 41 
via posters in university and hospital buildings or by advertisements in local 42 
newspapers. In addition, volunteers who had participated in earlier studies were 43 
approached. To avoid any possible variations in the study outcomes due to 44 
hormonal effects, only postmenopausal (two or more years after last menstruation) 45 
women were included. Volunteers were invited for a screening visit if they met the 46 
following inclusion criteria: aged between 45 and 70 years, stable body weight 47 
(weight gain or loss < 3 kg within three months prior to the screening visit), non- 48 
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smoker, willing to abstain from dietary supplements one month prior to the study 49 
and during the study, no current use of proton pump inhibitors or medication known 50 
to affect lipid or glucose metabolism, no diabetes, not receiving anti-hypertensive 51 
medication, and no participation in another biomedical study within one month prior 52 
to the screening visit. Fifty-two overweight and slightly obese adults were included. 53 
They had a BMI between 25 and 35 kg/m2; fasting serum triacylglycerol 54 
concentrations ≤ 4.5 mmol/L; serum creatinine concentrations < 116 µmol/L for 55 
men and < 101 µmol/L for women; no indications for treatment with cholesterol- 56 
lowering medications according to Dutch Cholesterol Consensus [13]; no active 57 
cardiovascular disease like congestive heart failure or any cardiovascular event in 58 
the past, such as an acute myocardial infarction or cerebrovascular accident; no 59 
active inflammatory disease; and no drug or alcohol abuse. All study participants 60 
gave written consent before entering the study. The study was conducted 61 
according to the guidelines laid down in the Declaration of Helsinki, approved by 62 
the Medical Ethics Committee of Maastricht University Medical Center, and 63 
registered on September 8th, 2014 at ClinicalTrials.gov as NCT02235805. 64 
 65 
Study design and products 66 
 67 
The study had a randomized, double-blind, placebo-controlled, parallel design with 68 
a 24-week experimental period. Subjects were allocated to receive either 69 
magnesium or placebo capsules using a computer generated randomization 70 
scheme stratified by gender. Study participants were requested to take for 24 71 
weeks daily one capsule after breakfast, one capsule after lunch and one capsule 72 
after dinner. On the days of blood sampling, the first capsule was taken after all 73 
measurements were completed. Each capsule provided 116.7 mg magnesium 74 
(Magnesium Citrate Complex [Mg 16%]; AMT Labs Inc., North Salt Lake, UT, 75 
USA). Thus, daily magnesium intake provided by the three capsules was 350 mg. 76 
Placebo capsules contained starch (Amylum Solani). All the capsules were kindly 77 
provided by Laboratorium Medisan B.V. (Heerenveen, The Netherlands). DRcaps 78 
(Capsugel, Cambridge, UK) acid-resistant hypromellose capsules were used. The 79 
capsules were prepared in one batch. A total daily dose of 350 mg was 80 
administered as this is considered the tolerable upper intake level (UL) of 81 
supplemental magnesium for adults [14]. Magnesium citrate was deliberately 82 
chosen, since this type of supplement has a higher bioavailability as compared 83 
with other magnesium formulations [15]. Capsules were provided in blister strips 84 
that contained 15 capsules. The blisters were number-coded so as to blind both 85 
study subjects and investigators. Our research dietician provided six blister strips 86 
to the volunteers every four weeks. Participants were kindly requested to return all 87 
blisters at the next visit including any unused capsules that were counted as a 88 
measure of compliance. Study volunteers maintained their habitual diet, physical 89 
activity levels and consumption of alcohol throughout the total study period. 90 
  Measurements were performed at the start of the study, after 12 weeks, 91 
and at the end of the study. Twenty-four hour ambulatory blood pressure was 92 
monitored (Mobil-O-Graph; I.E.M., Stolberg, Germany) and all subjects collected 93 
24-hour urine samples at baseline (day -3) and at week 24 (day 165). Blood 94 
pressure recordings were taken every 15 minutes during daytime (from 07.00 AM 95 
till 11.00 PM) and every 30 minutes at night (from 11.00 PM till 07.00 AM) on the 96 
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non-dominant arm. Subjects were asked to maintain their normal daily activities 97 
during all the recording periods and to avoid intensive exercise. The first recording 98 
was discarded and a 24-hour mean ambulatory blood pressure was calculated, as 99 
well as daytime (from 07.00 AM till 11.00 PM) and nighttime (from 11.00 PM till 100 
07.00 AM) means. Variabilities were quantified as the SD of 24-hour, daytime and 101 
nighttime values. Nocturnal blood pressure reductions were calculated as 102 
continuous variables ([the mean daytime blood pressure - the mean nighttime 103 
blood pressure] / the mean daytime blood pressure) x 100 [16]. For 24-hour urine 104 
collection, study volunteers were instructed to discard the first morning urine 105 
samples and to collect all urine for the following 24 hours. A separate container 106 
was used to collect all urine during the night and the first morning urine sample of 107 
the next morning after arousal. Participants were requested to empty their bladder 108 
completely before going to sleep. In addition, they completed at the start and at the 109 
end of the trial a food-frequency questionnaire (FFQ) to estimate food intake from 110 
the previous four weeks. FFQs were immediately checked by a research dietician 111 
in the presence of the participants. Energy and nutrient intakes were calculated 112 
using the Dutch Food Composition Tables [17]. Individuals were requested to 113 
record daily in study diaries any signs or symptoms of illnesses, use of medication, 114 
consumption of alcohol, any deviations of the study protocol and any other 115 
complaints.  116 
 117 
Blood sampling and analyses 118 
 119 
Fasting blood samples were taken at the start of the study (days -3 and 0), at week 120 
12 (day 84), and at the end of the study (days 165 and 168) from a forearm vein by 121 
venipuncture. On the days preceding blood sampling, participants were requested 122 
not to consume alcohol or to perform any strenuous physical exercise. On the 123 
morning of blood sampling, subjects arrived after an overnight fast (no food or 124 
drink after 08.00 PM, except for water) at the Metabolic Research Unit Maastricht 125 
(MRUM) research facilities by public transport or by car to the standardize 126 
measurements as much as possible. After blood sampling, NaF-containing 127 
vacutainer tubes (Becton, Dickinson and Company, Franklin Lanes, NY, USA) and 128 
EDTA-coated vacutainer tubes (Becton, Dickinson and Company) were 129 
immediately kept on ice and centrifuged within 30 minutes. To obtain plasma, 130 
plasma separator tubes were centrifuged at 1300 x g for 15 minutes at 4 °C. Blood 131 
drawn in vacutainer serum tubes (Becton, Dickinson and Company) was first 132 
allowed to clot for at least 30 minutes at 21°C. To obtain serum, serum separator 133 
tubes were centrifuged at 1300 x g for 15 minutes at 21°C. Following 134 
centrifugation, plasma and serum samples were immediately portioned into 135 
aliquots and stored at -80°C until analysis at the end of the study. 136 
 Serum and urinary magnesium and calcium concentrations were 137 
determined photometrically with Magnesium and Calcium Gen.2 (COBAS; Roche 138 
Diagnostics GmbH, Mannheim, Germany) by the Central Diagnostic Laboratory 139 
Maastricht University Medical Center. Sodium and potassium concentrations were 140 
assessed with the indirect ion-selective electrode (ISE) method Na-K-Cl for Gen.2 141 
(COBAS; Roche Diagnostics GmbH). In addition, hematological parameters were 142 
determined, including hemoglobin, red blood cells count, hematocrit, white blood 143 
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cell count, differential leukocyte count and platelet count. Technicians were not 144 
aware of the treatments of the participants. 145 
 146 
Clinical measurements 147 
 148 
Height was measured during the screening using a wall-mounted stadiometer. 149 
Weight and the waist-to-hip circumference ratio as a measure of body fat 150 
distribution were determined before the start of the vascular measurements at the 151 
start of the trial (day 0), at week 12, and at the end of the trial (day 168). After 152 
placement of the tonometer leads and an acclimatization period of 30 minutes in 153 
the supine position, office blood pressure (systolic [SBP] and diastolic blood 154 
pressure [DBP], and pulse pressure) and heart rate (HR) were measured using a 155 
semi-continuous blood pressure monitoring device (Omron M7; CEMEX Medische 156 
Techniek, Nieuwegein, The Netherlands). The first measurement was discarded 157 
and the average of the last three measurements is reported.  158 
  Vascular measurements were performed in a quiet, darkened, 159 
temperature-controlled room at 22°C. Radial artery pulse wave analysis (PWA) 160 
was performed in triplicate, with a tonometer (SphygmoCor v9; AtCor Medical, 161 
West Ryde, Australia) that was applied to the radial artery near the wrist of the 162 
arm. The central arterial waveform was derived from the peripheral waveform 163 
using a validated transfer function. Central augmentation indices (CAIxHR75) were 164 
defined as the difference between the first peak and second peak of the arterial 165 
waveform, expressed as a percentage of the pulse pressure and corrected for 166 
heart rate. Using the same tonometer, PWVc-f was determined, in triplicate, by 167 
measuring the arrival of the pulse wave and the delay to the R-wave of the 168 
electrocardiogram at the carotid and femoral artery. PWVc-f was calculated 169 
automatically by the program of the manufacturer after entering 80% of the direct 170 
straight carotid-to-femoral distance [18]. 171 
 172 
Statistical analyses  173 
 174 
Results are presented as means ± SDs, unless otherwise indicated. Before the 175 
start of the study, it was calculated that the statistical power to detect a true 176 
difference of at least 1.2 m/s in PWVc-f with 25 participants per treatment group 177 
was 80%. For these power calculations, an α of 0.05 and within-subject variability 178 
of 1.5 m/s in PWVc-f, that we found in a previous trial, were used [19]. Differences 179 
in baseline values between both treatment groups were tested using an unpaired 180 
Student’s t test. A one-way ANCOVA, using the baseline measurements of the 181 
outcome variables as covariates, was conducted to evaluate differences in 182 
responses between magnesium and placebo treatments. A P < 0.05 was 183 
considered statistically significant. Analyses were performed using SPSS 23.0 for 184 
Mac OS X (SPSS Incorporated, Chicago, IL, USA). 185 
 186 
 187 
  188 



MAGNESIUM AND ARTERIAL STIFFNESS 

115 

Results 189 
 190 
Study participants 191 
 192 
A consort flow diagram of subjects throughout the study is shown in Supplemental 193 
Figure 7.1. After screening, 52 subjects were eligible for participation and started 194 
the trial. One male subject from the magnesium group dropped out in week 6 195 
because of personal reasons. A total of 51 individuals (29 men and 22 196 
postmenopausal women) completed the trial. FFQ data at the start of the study 197 
were missing for one woman from the placebo group. Baseline characteristics of 198 
the adults who completed the study are shown in Table 7.1. The mean age of the 199 
study participants was 62 ± 6 years and their mean BMI was 29.6 ± 2.8 kg/m2. 200 
 Energy and nutrient intakes, as estimated with FFQs, did not change 201 
during the study (Supplemental Table 7.1). BMI (29.3 ± 2.6 kg/m2 versus 29.9 ± 202 
3.1 kg/m2; P = 0.40) and fat distribution (waist-to-hip circumference ratio; 0.95 ± 203 
0.07 versus 0.96 ± 0.09; P = 0.59) were comparable at baseline between the 204 
magnesium and placebo groups (Table 7.1). At the end of the study, these values 205 
were respectively 29.4 ± 2.9 kg/m2 and 0.95 ± 0.07 versus 30.2 ± 3.4 kg/m2 and 206 
0.97 ± 0.08 for the magnesium and placebo groups. Changes were not different 207 
between the two groups. No effects on hematological parameters were observed.  208 
 As evidenced from capsule count, overall compliance ranged between 209 
86% and 102%, and was on average 99% and 98% for the magnesium and 210 
placebo groups, respectively. No serious adverse events were reported in 211 
individuals’ diaries. Only one woman from the magnesium group reported mild 212 
headache and mild gastrointestinal complaints for seven days during the 11th week 213 
of the study. 214 
 215 
Table 7.1. Baseline characteristics of the overweight and obese adults who completed the study 1,2 216 

       Magnesium Group Placebo Group 

   
Men / women, n                14 / 12                15 / 10 

Age, years                62 ± 5                62 ± 6 

BMI, kg/m2             29.3 ± 2.6             29.9 ± 3.1 

Waist circumference, cm              100 ± 9              104 ± 11 

Waist-to-hip circumference ratio             0.95 ± 0.07             0.96 ± 0.09 

Total cholesterol, mmol/L             6.08 ± 0.88             5.70 ± 0.81 

TAG, mmol/L             1.34 ± 0.63             1.37 ± 0.50 

Glucose, mmol/L             5.53 ± 0.52             5.49 ± 0.60 

Serum creatinine, µmol/L             80.1 ± 11.3             82.1 ± 13.3 

Brachial SBP, mmHg              130 ± 15              126 ± 14 

Brachial DBP, mmHg                82 ± 8                81 ± 7 

HR, b.p.m.                58 ± 7                61 ± 6 
1 Magnesium group: n = 26; placebo group: n = 25. BMI: body mass index; TAG: triacylglycerol; 217 
SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate; b.p.m.: beats per 218 
minute. 2 Values are means ± SDs. 219 
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Vascular function markers and blood pressure 220 
 221 
After 12 weeks of supplementation, changes in PWVc-f were not statistically 222 
different between the two treatment groups (Table 7.2). At the end of the study, 223 
PWVc-f was significantly improved in the oral magnesium supplementation group 224 
compared with the placebo group by 1.0 m/s (95% CI: 0.4 to 1.6 m/s; P = 0.001). 225 
No effects were observed on CAIxHR75. 226 
 The effects of dietary magnesium supplementation on blood pressure are 227 
presented in Table 7.2 and Supplemental Table 7.2. Office SBP, DBP, pulse 228 
pressure and HR did not change after 12 weeks and 24 weeks of supplementation. 229 
There were also no significant effects on mean 24-hour, mean daytime and mean 230 
nighttime ambulatory blood pressure levels. Variabilities and nocturnal reductions 231 
in SBP and DBP did not differ between the two treatment groups. 232 
 233 
Serum and urinary parameters 234 
 235 
Serum magnesium concentrations did not differ at 12 weeks, but tended to 236 
increase after oral magnesium supplementation compared with the placebo 237 
treatment by 0.02 mmol/L (95% CI: 0.00 to 0.04 mmol/L; P = 0.09) at the end of 238 
the study. Magnesium intake resulted in increased serum potassium 239 
concentrations of 0.24 mmol/L (95% CI: 0.07 to 0.42 mmol/L; P = 0.007) at 12 240 
weeks, while no significant differences were observed compared with placebo after 241 
24 weeks. No effects on serum calcium and sodium concentrations were found 242 
(Table 7.3). Serum mineral concentrations were within normal range at baseline, at 243 
week 12, and at the end of the trial [20]. 244 
 Table 7.3 shows the effects of 24-week magnesium citrate 245 
supplementation on urinary parameters. Twenty-four hour urinary magnesium 246 
excretion increased by 2.01 mmol (95% CI: 1.22 to 2.93 mmol; P < 0.001). In fact, 247 
all individuals from the magnesium group had increased 24-hour urinary 248 
magnesium concentrations at the end of the trial. No differences in other urinary 249 
parameters were observed. No differences in other urinary parameters were 250 
observed. 251 
  252 
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Discussion 256 
 257 
In this RCT with overweight and obese men and postmenopausal women, we 258 
found a decrease in PWVc-f after 24-weeks of daily supplementation with 350 mg 259 
magnesium, indicating an improvement in arterial stiffness. The PWVc-f, which is 260 
considered the current gold standard method for measuring arterial stiffness [10], 261 
was reduced by 1.0 m/s. Results of longitudinal epidemiological studies have 262 
estimated that the risk of cardiovascular events decreases by 14% when PWVc-f 263 
improves by 1.0 m/s [21], underlining the potential clinical relevance of these 264 
findings.  265 
 To the best of our knowledge, this is the first human intervention trial to 266 
demonstrate an improvement in arterial stiffness following magnesium 267 
supplementation. Only in one other intervention study, effects of magnesium 268 
supplementation (368 mg per day) on arterial stiffness have been examined, but 269 
no effects were reported [8]. However, arterial stiffness was estimated by a 270 
method, which is not considered to be the gold standard [22] and correlated poorly 271 
with PWVc-f [23]. Moreover, the number of participants was limited and the trial 272 
lasted only 8 weeks [8]. In fact, we also did not observe an improvement in PWVc-f 273 
at week 12 of the trial, while PWVc-f was improved after 24 weeks of magnesium 274 
supplementation. 275 
 Blood pressure is a major determinant of arterial stiffness. In fact, a 276 
systematic review of observational studies showed that blood pressure was an 277 
independent predictor of the PWV response in 90% of the published studies 278 
involving both outcomes [24]. In contrast, we found an improved PWVc-f without 279 
any change in blood pressure levels or variability. A lack of effect on blood 280 
pressure is in agreement with the findings of a meta-analysis of 20 RCTs, that 281 
involved a total of 1,220 adult participants. In that meta-analysis, no overall effect 282 
of magnesium supplementation on SBP and DBP was reported [3]. However, 283 
significant heterogeneity between included studies was found and subgroup 284 
analyses suggested a beneficial effect of magnesium supplementation on blood 285 
pressure at total daily doses above 370 mg, which is slightly above the daily 286 
supplement of 350 mg we have used [25]. In contrast to the PWVc-f, we observed 287 
no effects on CAIxHR75. The CAIxHR75 is a non-invasive measurement of the 288 
arterial pressure waveform that depends on the tone of peripheral resistance 289 
arteries, while PWVc-f is a direct indicator of arterial stiffness depending on the 290 
longer-term structural remodeling of large elastic arteries [10]. Previous trials 291 
showed that vascular stiffness and wave reflection indices do not necessarily 292 
change in parallel [26, 27]. Therefore, it is possible that long-term magnesium 293 
supplementation has an impact on the aorta, but not on peripheral muscular 294 
arteries. Also other longer-term dietary interventions have been shown to improve 295 
markers of arterial stiffness without any apparent effects on brachial blood 296 
pressure levels [28], possibly through improvements in structural characteristics of 297 
large elastic arterial walls [10]. In fact, as compared with muscular arteries, a much 298 
more pronounced age-related decline in arterial wall properties of the aorta has 299 
been found allowing for improvement of this large elastic artery by interventions. 300 
These differences are probably related to differences in elastin-collagen smooth- 301 
muscle proportions [29]. 302 
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Even though we did not address underlying mechanisms, magnesium may 303 
improve arterial structure by blocking the deposition of calcium in the human 304 
arterial wall [30, 31]. Serum and urinary calcium concentrations did not differ 305 
following magnesium supplementation, while serum potassium concentrations 306 
were higher after 12 weeks. Other studies have reported that magnesium 307 
supplementation for 4 weeks [32] and 6 weeks [33] also increased serum 308 
potassium concentrations. However, we observed no effects on serum potassium 309 
concentrations after 24 weeks of oral magnesium supplementation, suggesting that 310 
it takes a few months for potassium concentrations to reach a new steady-state. 311 
Also, serum concentrations of sodium did not change significantly. Therefore, it is 312 
not likely that the observed effects on PWVc-f are due to homeostatic changes in 313 
these minerals. Alternative possible mechanisms to explain the beneficial effects of 314 
magnesium may relate to the postulated actions of magnesium on vascular tone, 315 
endothelial function, inflammation and oxidative stress [34]. 316 
 Intervention studies have shown that oral magnesium bioavailability varies 317 
between different formulations [15]. Magnesium citrate supplementation in our 318 
study tended to increase serum magnesium concentrations by 0.02 mmol/L, while 319 
24-hour urinary magnesium excretion increased by 2.01 mmol. These findings are 320 
in agreement with those of a recent  meta-analysis of magnesium supplementation 321 
studies. Increases of 0.05 mmol/L (95% CI: 0.02 to 0.07 mmol/L) in serum and of 322 
1.52 mmol (95% CI: 1.20 to 1.83 mmol) in urinary magnesium were observed [35), 323 
when total daily doses of magnesium varied between 197 and 884 mg (median: 324 
360 mg). Increases in serum and urinary magnesium concentrations were more 325 
pronounced at higher intakes and longer study duration. Because 2 mmol is 326 
equivalent to 49 mg of magnesium, the observed urinary increment appears to be 327 
rather low. This may be due to a lower rate of gastrointestinal absorption than the 328 
30%, which is usually assumed for magnesium absorption from the gut [36, 37], 329 
possibly due to the relatively high magnesium intake in our trial [38]. All subjects 330 
that received the magnesium capsules had higher urinary magnesium 331 
concentrations at the end of the study. This indicates that the compliance was 332 
excellent, as also evidenced from capsule count. Urinary magnesium excretion did 333 
not increase in the previous RCT that found no effect of magnesium 334 
supplementation on arterial stiffness [8). In that study, magnesium pidolate was 335 
administered to healthy young men, aged 23 to 33 years, with a family history of 336 
the metabolic syndrome. These results could not relate to total daily magnesium 337 
dose, as they also used about 350 mg as we did. Thus, except for subject 338 
characteristics and study duration, the magnesium formulation used may also at 339 
least partly explain the lack of effects in that study. We deliberately chose to supply 340 
magnesium citrate as this type of supplement has a higher bioavailability as 341 
compared with other formulations [15]. 342 
 343 
In conclusion, our data indicate that an oral magnesium intervention for 24 weeks 344 
in overweight and slightly obese adults results in a clinically relevant reduction in 345 
arterial stiffness, suggesting a potential mechanism by which an increased 346 
magnesium intake beneficially affects cardiovascular health outcomes. 347 
 348 
 349 
  350 
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Supplemental data 370 
 371 
Supplemental Table 7.1. Energy and nutrient intakes at baseline and after a 24-week magnesium or 372 
placebo treatment in a randomized controlled trial with overweight and slightly obese adults 1 373 
 374 

  Magnesium Group Placebo Group Treatment Effect 

     Baseline 2    24 weeks 2   Baseline 
2 

  24 weeks 2 Δ 24 weeks 3 

      

Energy, MJ/day      9.7 ± 1.9      9.3 ± 2.5   10.7 ± 3.5    10.2 ± 3.1 -0.1 (-1.1; 0.9) 

Energy, kcal/day   2317 ± 454   2223 ± 594  2546 ± 837   2435 ± 748  -29 (-270; 212)  

Carbohydrate, En%    41.8 ± 6.9    41.9 ± 7.3   40.1 ± 8.3    41.2 ± 6.7 -0.3 (-3.3; 2.7)  

Protein, En%    15.6 ± 2.8    15.6 ± 2.7   16.2 ± 3.0    16.0 ± 2.7 -0.1 (-1.4; 1.1)  

Total fat, En%    37.4 ± 5.4    37.3 ± 6.1   39.5 ± 7.6    38.7 ± 5.9  0.0 (-2.6; 2.5)  

SFA, En%    12.4 ± 2.6    12.2 ± 2.4   12.8 ± 3.4    12.8 ± 2.8 -0.3 (-1.1; 0.4) 

MUFA, En%  13.2 ± 3.0    13.7 ± 3.7   14.6 ± 4.5    14.6 ± 3.9  0.1 (-1.4; 1.7) 

PUFA, En%      8.1 ± 2.0      8.0 ± 2.3     8.3 ± 2.1      7.8 ± 1.9  0.3 (-0.6; 1.3) 

Alcohol, En%      2.9 ± 2.7      2.9 ± 2.8     1.9 ± 1.9      1.8 ± 1.9  0.1 (-0.4; 0.6) 

Dietary fiber, g/day    27.1 ± 6.3    25.3 ± 8.0   28.3 ± 8.8    27.4 ± 9.1 -1.2 (-4.8; 2.5) 

Cholesterol, mg/day     234 ± 83     231 ± 91    255 ± 119     254 ± 93    -9 (-44; 26) 
1 Magnesium group: n = 26; placebo group: n = 24. En%: energy percentage; FA: fatty acids. 2 375 
Values are means ± SDs. 3 Values are mean changes (95% CI) obtained from a one-way 376 
ANCOVA with baseline value as covariate. 377 

 378 
 379 
 380 
 381 

  382 
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Supplemental Table 7.2. Ambulatory blood pressure measurements at baseline and after a 24-week 383 
magnesium or placebo treatment in a randomized controlled trial with overweight and obese adults 1 384 
 385 

      Magnesium Group          Placebo Group        Treatment Effect 

                                                            Baseline 2       24 weeks 2      Baseline 2      24 weeks 2     Δ 24 weeks 3 
      

Daytime SBP, mmHg       127 ± 12       126 ± 11       129 ± 13       128 ± 13        0 (-5; 5) 

Daytime DBP, mmHg         81 ± 8         80 ± 8         83 ± 8         81 ± 9        0 (-3; 3)  

Daytime PP, mmHg         46 ± 7         46 ± 7         46 ± 9         46 ± 8        0 (-3; 3)  

Daytime HR, b.p.m.         69 ± 8         70 ± 9         73 ± 6         71 ± 8        1 (-3; 5)  

Nighttime SBP, mmHg       114 ± 12       114 ± 11       116 ± 12       116 ± 13       -2 (-6; 3)  

Nighttime DBP, mmHg         70 ± 9         70 ± 10         71 ± 9         72 ± 9        0 (-3; 3) 

Nighttime PP, mmHg         45 ± 5         44 ± 6         44 ± 9         45 ± 8       -1 (-4; 2) 

Nighttime HR, b.p.m.         62 ± 9         60 ± 6         64 ± 6         62 ± 6       -2 (-4; 1) 

SD 24-hour SBP, mmHg         14 ± 3         14 ± 4         15 ± 4         14 ± 4        1 (-2; 3) 

SD 24-hour DBP, mmHg         11 ± 2         11 ± 3         11 ± 2         11 ± 3        0 (-1; 2) 

SD 24-hour HR, b.p.m.           9 ± 2           9 ± 3         10 ± 3           9 ± 4        0 (-2; 2) 

SD Daytime SBP, mmHg         13 ± 3         13 ± 4         14 ± 5         13 ± 4        0 (-2; 3) 

SD Daytime DBP, mmHg         10 ± 2         10 ± 4         10 ± 3         10 ± 3        0 (-2; 2) 

SD Daytime HR, b.p.m.           9 ± 3           9 ± 3         10 ± 3           9 ± 4        0 (-2; 2) 

SD Nighttime SBP, mmHg         11 ± 3         12 ± 4         12 ± 5         12 ± 5        0 (-2; 3) 

SD Nighttime DBP, mmHg           8 ± 2           9 ± 3         10 ± 2           9 ± 3        1 (-1; 2) 

SD Nighttime HR, b.p.m.           5 ± 2           5 ± 3           5 ± 2           6 ± 3        0 (-1; 2) 

Dipping SBP, %         10 ± 7         10 ± 5         10 ± 5           9 ± 5        0 (-4; 3) 

Dipping DBP, %         14 ± 8         13 ± 7         14 ± 7         12 ± 6        1 (-3; 4) 
1 Magnesium group: n = 26; placebo group: n = 25. BP: blood pressure; SBP: systolic blood 386 
pressure; DBP: diastolic blood pressure; PP: pulse pressure; HR: heart rate; b.p.m.: beats per 387 
minute; SD: standard deviation of individual 24-hour, daytime or nighttime values (within-subject 388 
variability). 2 Values are means ± SDs. 3 Values are mean changes (95% CI) obtained from a one- 389 
way ANCOVA with baseline value as covariate.  390 
 391 



MAGNESIUM AND ARTERIAL STIFFNESS 

123 

 392 
 393 
Supplemental Figure 7.1. Consort flow diagram. Diagram of the progress through the phases of this 394 
randomized parallel trial with two treatment groups. 395 
  396 
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Introduction 1 
 2 
Improving diet is instrumental for the prevention of cardiovascular disease (CVD) 3 
[1], which is already for many decades a leading cause of morbidity and mortality 4 
worldwide [2]. However, the number of large randomized controlled trials (RCTs) 5 
with appropriate follow-up periods and with cardiovascular events as endpoints is 6 
limited, as they require inclusion of thousands of participants with very long follow- 7 
up periods. As an alternative approach, the effects of dietary interventions on non- 8 
invasive vascular function markers as surrogate risk markers of CVD can be 9 
investigated. These markers are associated with future cardiovascular events and 10 
can also be used to demonstrate CVD benefits [3]. However, there is an urgent 11 
need to know which of these vascular function markers are sensitive to dietary 12 
changes, as vascular dysfunction is a key mechanism whereby a healthy diet 13 
improves cardiovascular health [1]. The research described in the present thesis 14 
therefore focused on (i) three well-defined nutritional intervention studies and (ii) 15 
two meta-analyses of intervention studies, which were specifically designed to 16 
assess the specific effects of various dietary factors on the many different non- 17 
invasive vascular function markers in adult individuals [Table 8.1]. 18 
 19 
 20 
Relevance of vascular function markers 21 
 22 
Many different non-invasive vascular function markers exist, each addressing a 23 
different aspect of the vasculature. Flow-mediated vasodilation (FMD) of the 24 
brachial artery is used to assess endothelial function, while other markers can be 25 
used to address arterial stiffness, such as pulse wave velocity (PWV), or 26 
microvascular structure (e.g. arteriolar-to-venular ratio [AVR] in retinal vessels). 27 
The relation between various vascular function markers and the risk of CVD is 28 
briefly summarized in chapter 2. Vascular endothelial dysfunction and arterial 29 
stiffening are key mechanisms whereby a healthy diet improves cardiovascular risk 30 
[1]. The present dissertation therefore primarily focused on the effects of dietary 31 
changes on markers of endothelial function and arterial stiffness. In fact, FMD of 32 
the brachial artery was the primary study outcome parameter in two dietary 33 
intervention studies [chapters 3 and 6] and in both meta-analyses [chapters 4 34 
and 5], while the randomized intervention trial described in chapter 7 was 35 
specially designed to address the long-term effects of oral magnesium citrate 36 
supplementation on carotid-to-femoral PWV (PWVc-f). The relevance of the various 37 
non-invasive vascular function measurements is further discussed in the sections 38 
described below. 39 
 40 
Markers of vascular endothelial function 41 
 42 
Celermajer and colleagues introduced the measurement of FMD in 1992 [4] and up 43 
till now it has been a study outcome in more than 3500 publications. The 44 
assessment of FMD is the most accepted and established non-invasive method to 45 
measure endothelial function and has been shown to correlate with invasively 46 
assessed endothelial function in coronary arteries [5]. However, ultrasound 47 
measures of FMD are complex and require careful training of the operator and 48 
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well-defined analysis protocols. FMD of the brachial artery was measured 49 
according to the guidelines [6] in all nutritional intervention studies described in the 50 
thesis [chapters 3, 6 and 7]. In 2005, an extensive meta-analysis was conducted 51 
on 250 studies, which revealed that technical aspects of the measurement (i.e. 52 
position of pneumatic cuff and duration of occlusion) affect the FMD response [7]. 53 
In the intervention trials we performed [chapters 3, 6 and 7], the cuff was placed 54 
around the participant’s forearm and inflated for 5 minutes, since this approach 55 
gives an FMD response that is predominantly endothelium mediated. In contrast, 56 
positioning the cuff proximal to the imaging site may provoke a response that may 57 
partly be related to ischemia-induced hypoxia in the area being imaged [8]. 58 
 Brachial FMD is inversely associated with future CVD events and a recent 59 
meta-analysis of prospective epidemiologic studies has suggested that each 1.0% 60 
increase in FMD is associated with a 8% lower risk of overall CVD [9]. Therefore, 61 
studies with FMD as an outcome variable may give insight into the effects of 62 
dietary interventions on CVD risk. However, treatment differences of 1.0% in 63 
brachial FMD are relatively large compared with absolute FMD values, which are 64 
usually between 2% and 8%. This means that a strong intervention is needed to 65 
observe physiologically relevant effects on fasting FMD. In combination with a 66 
within-subject variability of 2.8% in FMD [10], power calculations showed that large 67 
numbers of participants were needed to detect relevant treatment differences of 68 
1.8% [chapter 3] and 2.3% [chapter 6], respectively. Importantly, trials described 69 
in this dissertation were adequately powered, since observed within-subject 70 
variabilities were less than the 2.8% used for the sample size calculations. In fact, 71 
a within-subject variability of 2.3% in fasting FMD was found in chapter 3, while we 72 
found a within-subject variability of 2.6% in the weight-loss intervention trial that is 73 
described in chapter 6. To improve reproducibility of FMD measurements, all tests 74 
were performed at the same time of the day for a particular study subject [11] in a 75 
quiet, darkened, and temperature-controlled room. Many other factors are also 76 
known to affect endothelial function, such as habitual dietary intake, consumption 77 
of alcohol and physical exercise [12]. On the days preceding the vascular 78 
measurements, individuals were therefore requested not to consume high-fat foods 79 
or alcoholic beverages, or to perform any strenuous physical exercise. Further, on 80 
the morning of the measurements, volunteers arrived after an overnight fast (no 81 
foods or drinks after 08.00 PM, except for water) at the research facilities by public 82 
transport or by car to standardize FMD measurements as much as possible 83 
[chapters 3, 6 and 7]. 84 
 Even though some claim the contrary [13], baseline brachial diameters 85 
(Dbase) can be changed by some interventions, such as red wine consumption 86 
and physical exercise [14]. Changes in Dbase are important because a change in 87 
Dbase affect the quantification of the FMD response. Therefore, we do agree with 88 
Atkinson and Batterham that it is preferable that Dbase, as an important 89 
confounder of the FMD, is reported in all studies on flow-mediated responses [15]. 90 
We have already reported these data in one study [chapter 6], and no changes in 91 
response to diet-induced weight reduction were found. Further, Dbase did not differ 92 
between test days in the study described in chapter 3 (data not shown) and did 93 
not change from fasting values at two hours after consumption of the meal with 94 
beetroot juice (0.53 mm versus 0.52 mm) or control drink (0.52 mm versus 0.53 95 
mm). Consequently, changes in Dbase do not explain our study results. Finally, 96 
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dependency on Dbase may also affect meta-analyses of intervention studies on 97 
FMD of the brachial artery. Unfortunately, in both meta-analyses described in the 98 
present thesis [chapters 4 and 5], Dbase data were in general missing in the 99 
included trials to analyze into more detail whether baseline diameters may also 100 
have contributed to the significant heterogeneity found among the included studies. 101 
 Peripheral arterial tonometry (PAT) is another functional measure of 102 
vascular endothelial function, which is easier to use and provides better 103 
reproducibility as compared with ultrasound assessments of FMD. This technique 104 
also adds to the predictive value of the Framingham risk score [16]. In addition, 105 
several EndoPAT studies have demonstrated an improvement in endothelial 106 
function as a result of dietary changes [17]. EndoPAT assessments of vascular 107 
endothelial function were performed according to guidelines [18] during brachial 108 
FMD measurements in the nutritional intervention studies described in chapters 6 109 
and 7. In agreement with the majority of studies applying both brachial ultrasound 110 
and PAT, we found no correlation between FMD and the reactive hyperemia index 111 
(RHI). The RHI is the primary outcome of the EndoPAT measurement and defined 112 
as the post-to-pre occlusion PAT signal ratio obtained at the fingertips. However, 113 
the utility and predictive value of EndoPAT measurements in terms of future CVD 114 
risk have been less established than of FMD measurements [19]. Furthermore, the 115 
flow increase and subsequent increase of the PAT signal during reactive 116 
hyperemia is a complex response, that is only partly mediated by the endothelium 117 
and partly dependent on the gas nitric oxide (NO) [20]. In contrast, the flow- 118 
mediated response, which is measured in a large peripheral muscular artery, is 119 
primarily mediated by NO [21]. More research is thus required to evaluate the 120 
relevance of the RHI, as a valuable marker of vascular endothelial function in 121 
dietary intervention trials. 122 
 123 
Markers of arterial stiffness 124 
 125 
The most valid and reliable measure of arterial stiffness is PWVc-f, which is 126 
relatively easy to measure and predictive of future CVD events and mortality. The 127 
predictive value is superior to that of brachial artery stiffness (carotid-to-radial 128 
PWV), the augmentation index (AIx), and central pulse pressure [22]. In fact, 129 
PWVc-f is now considered the gold standard for arterial stiffness assessments and 130 
a meta-analysis has suggested that the risk of CVD events decreases by 14% 131 
when PWVc-f improves by 1.0 m/s [23]. PWVc-f values depend on both the 132 
algorithm applied on the waveforms and the estimate of the carotid-to-femoral 133 
distance. In fact, different algorithms applied on the same waveform can lead to 134 
differences in calculated values between 5% and 15%, while differences in carotid- 135 
to-femoral distance alone can lead to differences in PWV values of up to 30% [24]. 136 
In all dietary intervention trials described in the present thesis [chapters 3, 6 and 137 
7], we used the most frequently used algorithm (i.e. the intersecting tangent 138 
algorithm) to standardize our PWV measurements. Furthermore, we used 80% of 139 
the direct carotid-to-femoral distance, because this appears to be the most 140 
accurate body surface distance estimate. In fact, these and other procedures were 141 
performed according to the recommendations, which were recently described in an 142 
expert consensus document on arterial stiffness [25]. To improve the 143 
reproducibility of PWV measurements, repeated measures were recommended 144 
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[25]. In the intervention trials described in chapters 3, 6 and 7, we performed at 145 
least three measurements. If the most extreme PWVc-f values differed by more 146 
than 1.0 m/s, a fourth measurement was performed. The reported PWV values 147 
were the average of all PWVc-f measurements. A within-subject variability of 1.2 148 
m/s in PWVc-f was found in the randomized study described in chapter 3, while we 149 
found a within-subject variability of 1.4 m/s in the diet-induced weight-loss 150 
intervention study [chapter 6]. Based on these study results, a conservative 151 
estimate for the within-subject variability of 1.5 m/s in PWVc-f was finally used for 152 
our sample size calculation when designing the long-term magnesium citrate 153 
intervention trial, which is described in chapter 7 of the present dissertation. 154 
 Even though dietary factors may improve arterial stiffness by targeting the 155 
functional mechanisms that regulate arterial stiffness such as the bioavailability of 156 
NO [26], long-term dietary intervention trials (i.e. several months) may also reduce 157 
arterial stiffness by altering arterial structure [27]. Blood pressure is a major 158 
determinant of arterial stiffness. In fact, a systematic review of observational 159 
studies showed that blood pressure was an independent predictor of the PWV 160 
response in 90% of the published trials involving both outcomes, although causality 161 
could not be established [28]. We found that reductions in diastolic blood pressure 162 
following diet-induced weight loss correlated with changes in PWVc-f [chapter 6]. 163 
Based on a meta-analysis of 13 longitudinal trials that had a mean follow-up of 45 164 
months, measurements of arterial stiffness, such as AIx, have predictive value for 165 
future cardiovascular outcomes independently of blood pressure levels [29]. 166 
Furthermore, we have reported that magnesium supplementation improved PWVc-f 167 
in overweight and obese men and postmenopausal women, without any change in 168 
office or ambulatory blood pressure [chapter 7]. This suggests that magnesium 169 
supplementation for 24 weeks may improve PWVc-f by altering the structure of 170 
large elastic arteries [30]. Therefore, to establish the potential of longer-term 171 
nutritional interventions to improve cardiovascular health, it is useful to quantify 172 
effects on measures of arterial stiffness in addition to assessments of blood 173 
pressure levels. 174 
 175 
Markers of microvascular structure 176 
 177 
The microcirculation in retina is accessible to non-invasive measurement and 178 
retinal images were obtained to assess microvascular structure of the eye. In the 179 
intervention trials described in chapters 3, 6 and 7, retinal vascular calibers were 180 
determined using a 45-degree digital camera (Topcon TRC-NW-300). The non- 181 
mydriatic retinal camera focused on the optic disc and photographed the retina of 182 
the right eye. All Images were digitized and analyzed with the appropriate software, 183 
as described earlier [31]. At least 2 arteriolar and 2 venular segments were 184 
measured at all time points for an individual, and summarized as the central retinal 185 
artery and central retinal vein equivalent by using the Parr and Hubbard formulas 186 
[32]. These equivalents are projected calibers for the central retinal vessels, 187 
measured away from the optic disc. Beneficial changes in retinal vessel diameters 188 
are associated with a decreased risk of CVD outcomes [33, 34]. McGeechan and 189 
colleagues have suggested that the risk of coronary heart disease (CHD) 190 
decreases by 17% when mean arterial diameters increase by 20 µm in women, but 191 
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not in men. In that meta-analysis, it was further found that the risk of CHD was 192 
reduced by 16% when venular diameters decrease by 20 µm in women [34].  193 
 194 
 195 
Table 8.1. Overview of the main results of the studies presented in this thesis 1 196 

                        Type of research    Exposure                          Main results and clinical relevance 

Chapter 3 A randomized 
crossover study 
with 20 healthy 
overweight and 
obese men 

Effects of a single 
dose of beetroot 
juice (providing 500 
mg dietary nitrate) 
on postprandial 
endothelial function 

After consumption of beetroot juice, the 
postprandial impairment in FMD following 
a standardized mixed meal was improved 
(P = 0.030) compared with the control 
drink (-0.37 ± 2.92% vs. -1.56 ± 2.90%). 
Whether these postprandial changes in 
FMD are related to health outcomes, 
remains to be determined. 

Chapter 4 A meta-analysis 
of 7 (vitamin E) 
and 9 (vitamin D) 
randomized 
controlled trials 

Effects of 
supplementation 
with the fat-soluble 
vitamins E and D on 
endothelial function 

A causal relationship between vitamin E 
supplementation and improved FMD could 
not be ascertained, while no effects of 
vitamin D supplementation were found 
(0.15%; 95% CI: −0.21% to 0.51%; P = 
0.41). Effects did not depend on subject 
characteristics, treatment characteristics or 
technical aspects of the brachial artery 
FMD measurement. 

Chapter 5 A meta-analysis 
of intervention 
studies with 
experimental (n = 
4) and quasi-
experimental (n = 
33) designs 

Effects of weight 
loss on vascular 
endothelial function 

Each 10 kg decrease in body weight was 
associated with an increase of 1.11% 
(95% CI: 0.47 to 1.76%; P = 0.001) in 
FMD, which has been related to a 9% 
decrease in the risk to develop CVD. 
Effects were larger when subjects received 
low-fat energy-restricted diets or weight-
reduction regimens including exercise 
therapy or weight-loss medication.  

Chapter 6 A randomized 
parallel trial with 
50 abdominally 
obese male 
subjects 

Effects of diet-
induced weight loss 
on endothelial 
function and arterial 
stiffness 

No effects on fasting FMD were  observed, 
while markers of arterial stiffness (AIx and 
PWVc-f) tended to improve by 3.7% (P = 
0.086) and 0.5 m/s (P = 0.065), 
respectively. In fact, results of longitudinal 
studies have suggested that the risk of 
CVD decreases by 7% when PWVc-f 

improves by 0.5 m/s. 

Chapter 7 2 A randomized 
parallel trial with 
51 healthy 
overweight and 
slightly obese 
men and women 

Effects of oral 
supplementation 
with magnesium 
citrate (350 mg per 
day) for 24 weeks 
on arterial stiffness 

Long-term magnesium supplementation 
improved PWVc-f compared with placebo 
by 1.0 m/s, which has been related with a 
14% decrease in the risk to develop CVD. 
No significant effects on blood pressure 
levels were found. 

1 FMD: flow-mediated vasodilation; PWVc-f: carotid-to-femoral pulse wave velocity. 197 
2 Some analyses (markers of endothelial function and microvascular structure) are still ongoing. 198 

  199 
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Dietary factors and vascular function 200 
 201 
The results presented in this thesis show that nutritional interventions can 202 
beneficially affect vascular function. An overview of the main outcomes and the 203 
clinical relevance of these findings is presented [Table 8.1]. Beetroot juice 204 
improved in overweight and slightly obese men postprandial FMD after 205 
consumption of a standardized mixed meal [chapter 3]. We found no 206 
unambiguous evidence to support the use of the fat-soluble vitamins E and D to 207 
improve fasting FMD in adults [chapter 4], while a linear relationship between 208 
weight loss and fasting FMD of the brachial artery was found in overweight and 209 
obese adults [chapter 5]. Diet-induced weight loss improved markers of 210 
endothelial function and arterial stiffness in abdominally obese men [chapter 6]. 211 
Furthermore, long-term oral magnesium supplementation reduced PWVc-f in 212 
overweight and slightly obese men and postmenopausal women, which indicates 213 
an improvement in arterial stiffness [chapter 7]. The section below discusses the 214 
effects of these dietary factors on the various non-invasive vascular function 215 
markers in adult individuals. 216 
 217 
Beetroot juice supplementation 218 
 219 
In healthy overweight and slightly obese men, a single dose of beetroot juice 220 
attenuated the postprandial impairment of FMD following a mixed meal, possibly 221 
through increases in NO levels. The beetroot juice (140 mL) provided 222 
approximately 500 mg dietary nitrate. The present study [chapter 3] was recently 223 
included in a systemic review and meta-analysis of RCTs, that was conducted to 224 
examine the effects of inorganic nitrate and beetroot supplementation on vascular 225 
function measurements [35]. Nine crossover and three parallel trials, including a 226 
total of 246 participants, were included. As expected, improvements in vascular 227 
function were reported following inorganic nitrate and beetroot consumption. 228 
Higher nitrate doses induced more pronounced vascular effects, whereas aging, 229 
increased BMI and raised systolic blood pressure were associated with a reduced 230 
effect. In addition, their analyses showed that inorganic nitrate supplementation 231 
had a similar effect on vascular function compared with beetroot juice 232 
supplementation. These results, however, should be interpreted with caution. If 233 
studies included more than one method to assess vascular health, results from 234 
each method were entered and a pooled estimate for each trial was calculated. 235 
Even though beetroot juice improved postprandial FMD, the pooled effect size for 236 
our trial was 0.14 (95% CI: -0.30 to 0.59) since we found no differences between 237 
interventions for PWV and the AIx. In agreement, the authors of the meta-analysis 238 
reported a non-significant effect on PWV after performing a stratified analysis by 239 
method (FMD versus PWV). Also, fasting and postprandial effects were combined. 240 
In one trial, beetroot improved in healthy men postprandial vascular function after 241 
the consumption of bread [36], and we found that a single dose of beetroot juice 242 
attenuated the postprandial impairment of FMD following a mixed meal [chapter 243 
3]. In fact, these postprandial challenge tests may be useful to detect early 244 
perturbations in vascular health, possibly even before changes in the vasculature 245 
can be found under fasting conditions. Finally, significant heterogeneity was found 246 
among the trials included in the meta-analysis [35] that may be partly due to 247 
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differences in duration of the dietary interventions. Study duration ranged from 248 
several hours (i.e. acute effects) to days (i.e. chronic effects), but meta-regression 249 
analyses suggested that effects on vascular health were not significantly related to 250 
duration of the studies.  251 
 252 
Table 8.2. Energy content and macronutrient composition of the test meals 1 253 

1 FA: fatty acids. 254 

 255 
Postprandial challenge tests 256 
 257 
We have found a postprandial impairment of FMD two hours after the consumption 258 
of a standardized mixed meal. The test meal consisted of two muffins (containing 259 
57 g fat) and 140 mL of a carbohydrate control drink [chapter 3]. Interestingly, a 260 
postprandial decrease in brachial FMD was not observed in the weight-loss trial 261 
described in chapter 6 (data not shown). In that study, individuals also received a 262 
mixed-meal challenge to investigate whether body weight modifies postprandial 263 
vascular responses. FMD of the brachial artery was also measured two hours 264 
following the meal, but the macronutrient composition [Table 8.2] of the meal 265 
(fat/carbohydrate/protein: 28 En%/ 59 En%/ 13 En% or 57 g/ 121 g/ 26 g) was 266 
different as compared with the test meal used in chapter 3 267 
(fat/carbohydrate/protein: 27 En%/ 66 En%/ 7 En% or 57 g/ 138 g/ 14 g). In fact, 268 
we deliberately chose to use a standardized mixed meal consisting of two muffins 269 
with 300 mL low-fat milk, as its composition more closely matched the 270 
compositions of daily diets consumed in real life. Differences regarding the 271 
postprandial effects on brachial artery FMD between both studies may thus relate 272 
to the amount or source of dietary proteins present in the mixed meal. In fact, the 273 
postprandial impairment in FMD of the brachial artery was not observed when 274 
caseinate proteins were added to the mixed meal [37], which was explained by an 275 
increased supply of the amino acid L-arginine. Irrespective of the intervention, we 276 
did observe postprandial decreases in DBP and AIx [chapter 3], that were 277 
probably due to fast neuronal- and hormonal-mediated peripheral vasodilation in 278 
response to food intake [38]. In addition, food intake involves other vascular 279 
changes, such as a decreased blood flow in peripheral muscle [39]. This may 280 

 Two muffins   Low-fat milk  Control drink 

Energy (kJ) 4095   503 600 

Energy (kcal) 980   120 142 

Protein (g) 14.5   12.0 0.0 

Carbohydrates (g) 
 
 

103.0   18.0 35.5 

Total fat (g) 56.6   0.0 0.0 

Saturated FA (g) 33.9   

Trans FA (g) 2.2   

Monounsaturated FA (g) 14.5   

Polyunsaturated FA (g) 2.7   

Cholesterol (mg) 349 
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affect brachial blood pressure levels and the AIx, which is deduced from a pulse 281 
wave analysis of the radial artery pressure waveform. Finally, fasting AIx is a non- 282 
invasive measurement of arterial stiffness and a lower AIx is significantly 283 
associated with a lower risk of CVD [29]. Even though these frequent but transient 284 
postprandial decreases in AIx may not reflect true improvements in arterial 285 
stiffness, it still remains to be investigated whether they are of clinical importance 286 
for long-term cardiovascular health. 287 
 288 

 289 
 290 
Figure 8.1. Forest plot of random controlled trials (RCTs) that investigated the effect of vitamin D 291 
supplements on fasting flow-mediated vasodilation (FMD) of the brachial artery. The solid squares 292 
represent the weight of individual studies and the diamond represents the weighted mean difference 293 
(WMD) in FMD (calculated using fixed-effect meta-analyses). In all randomized studies combined, 294 
vitamin D did not increase FMD (WMD: 0.24%; 95% CI: -0.10% to 0.59%; P = 0.17). 295 
 296 
 297 
Fat-soluble vitamin supplements 298 
 299 
The lack of effect of fat-soluble vitamin D supplements on fasting FMD [chapter 4] 300 
were in agreement with a more recently published meta-analysis of randomized 301 
trials [40]. The authors reported that vitamin D supplementation did not improve 302 
FMD and results did not depend on various subject or treatment characteristics. 303 
However, the weighted mean difference (WMD) was different in both meta- 304 
analyses (0.15% [95% CI: -0.21% to 0.51%] versus 0.96% [95% CI: -0.14% to 305 
2.06%]). This is explained by (i) two relevant trials [41, 42] that were not included in 306 
the more recently published meta-analysis and (ii) one study published in August 307 
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2014 that was not included in our meta-analysis as the literature search was 308 
updated till July 2014. In that trial, Zoccali and colleagues reported a significant 309 
improvement of 1.8% in fasting FMD after 12 weeks of paricalcitrol (i.e. a synthetic 310 
and biologically active form of vitamin D) treatment in participants with chronic 311 
kidney disease [43]. We repeated the analyses performed in chapter 4, but 312 
inclusion of that trial [43]did not alter the conclusions of our meta-analysis [Figure 313 
8.1]. In case the recent study was included in our subgroup analyses, there were 314 
also no predefined subject or treatment characteristics related to the effects 315 
observed on fasting brachial artery FMD. In the more recently published meta- 316 
analysis, the methodological quality of the included studies was determined by the 317 
Jadad scoring system by evaluating the correctness of randomization, blinding, 318 
and reporting of withdrawals [44]. However, the quality of the trials did not 319 
influence the overall effect of vitamin D administration on FMD and may therefore 320 
not explain the observed lack of effect in our analysis. 321 
 322 
Weight-loss intervention studies 323 
 324 
A significant linear relationship between weight loss and fasting FMD was found in 325 
our meta-analysis of 33 intervention trials without a no-weight loss control group, 326 
indicating an improvement in endothelial function [chapter 5]. The results of the 327 
meta-regression analyses were comparable after excluding intervention trials 328 
involving exercise therapy of weight-loss medication. In fact, we estimated that 329 
each 10 kg decrease in body weight was associated with a significant increase of 330 
1.25% (95% CI: 0.57 to 1.94%) in fasting FMD. In addition, it was estimated that 331 
each 5 cm decrease in waist circumference was associated with an improvement 332 
of 1.28% (95% CI: 0.47 to 2.09%) in FMD. However, no linear relationship was 333 
found between weight loss and fasting FMD after excluding trials involving 334 
volunteers with obesity-related morbidities. As effects may depend on both the 335 
type of weight-loss treatment and subject characteristics, we performed a well- 336 
designed RCT including a no-weight loss control group to investigate the effects of 337 
dietary weight loss on various markers of endothelial function in men [chapter 6]. 338 
Even though some plasma biomarkers of endothelial function improved following 339 
dietary weight loss, fasting FMD did not change. These apparently inconsistent 340 
outcomes have been thoroughly discussed in chapter 6 of the present 341 
dissertation. 342 
 Effects on plasma biomarkers of endothelial function were studied and 343 
beneficial effects were observed on both sE-selectin and sICAM. These 344 
biomarkers were also combined into overall z scores and diet-induced weight loss 345 
significantly reduced the overall score for biomarkers of endothelial dysfunction 346 
(data not shown). However, these calculations have some limitations because they 347 
are based on the assumption that each biomarker carries a similar weight, which 348 
may not be true because some plasma markers may be more strongly related to 349 
CVD risk than others [45]. In addition, the various biomarkers address different 350 
aspects of the vasculature, which should also be considered. Finally, retinal 351 
arteriolar diameters were significantly higher in the normal-weight compared with 352 
abdominally obese men, but improved following dietary weight loss compared with 353 
the no-weight los control treatment by 5.0 µm [chapter 6]. McGeechan has 354 
suggested that the risk of CHD decreases by 4% when mean arteriolar calibers 355 
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increase by 5.0 µm [34], underlining the potential practical relevance of these 356 
findings. To the best of our knowledge, this is the first intervention study to 357 
demonstrate an improvement in retinal AVR following diet-induced weight loss. In a 358 
meta-analysis of observational trials a lower BMI was also significantly associated 359 
with wider retinal arteriolar calibers [46]. Based on our results, a causal relationship 360 
between weight loss and retinal microvascular changes can now be ascertained for 361 
the first time. Therefore, examining retinal vascular calibers may provide useful 362 
information about microvascular network alterations in nutritional intervention trials 363 
with abdominally obese individuals. 364 
 In the intervention study described in chapter 6, Pearson correlation 365 
coefficients were determined to examine cross-sectional relationships between 366 
many different vascular function markers and more traditional cardiometabolic risk 367 
markers (e.g. blood pressure, serum lipids, inflammatory markers, plasma glucose 368 
and insulin sensitivity). In addition, relationships between improvements in these 369 
markers were assessed, but hardly any significant relationships were observed. 370 
One potential explanation may be the complex relationship between dietary factors 371 
and CVD outcomes. In fact, both vascular function and cardiometabolic risk 372 
markers exist on the pathway between diet and CVD risk, but they may relate to 373 
different and partly independent mechanisms.  374 
 375 
Magnesium supplementation 376 
 377 
In the third dietary intervention study described in this thesis [chapter 7], we found 378 
that magnesium citrate supplementation for 24 weeks significantly reduced PWVc-f 379 
in healthy overweight and slightly obese adults. A total daily dose of 350 mg was 380 
administered as this was the tolerable upper intake level for supplemental 381 
magnesium for adults set by the Food and Nutrition Board (FNB) of the Institute of 382 
Medicine (IOM) [47]. Furthermore, magnesium citrate was chosen as it has a 383 
higher bioavailability as compared with other magnesium formulations [48]. No 384 
adverse events related to oral magnesium intake were observed and no 385 
differences in various hematological parameters, including differential leukocyte 386 
counts, were found between treatment groups (data not shown). Interestingly, in 387 
contrast to PWVc-f, we did not observe effects on the AIx. This difference may arise 388 
from the fact that these measures reflect different aspects of arterial stiffness. The 389 
AIx is a non-invasive measure of the arterial pressure waveform that depends on 390 
the tone of resistance arteries, while PWVc-f is a direct indicator of arterial stiffness 391 
that depends on the longer-term structural remodeling of large elastic arteries [30]. 392 
Previous trials also showed that vascular stiffness and wave reflection indices do 393 
not necessarily change in parallel [49, 50]. Therefore, the observed decrease in 394 
PWVc-f, but not in AIx, may be due to a more pronounced impact of long-term 395 
magnesium supplementation on the aorta than on the peripheral muscular 396 
arterioles and arteries. 397 
 398 
 399 
Conclusion and future directions  400 
 401 
The research described in the present thesis focused on three well-defined 402 
nutritional intervention studies and two meta-analyses that were designed to 403 
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assess the effects of dietary factors and weight loss on vascular function markers 404 
predicting the risk for CVD. We provide further evidence that dietary changes 405 
improve cardiovascular health based on beneficial effects on endothelial function 406 
and arterial stiffness. An overview of the main results of the studies presented in 407 
the present thesis and the clinical relevance of these findings is presented [Table 408 
8.1]. Even though the various non-invasive vascular function measurements 409 
described in the present thesis are used for research purposes worldwide, none of 410 
these functional measurements are routinely used in clinical practice. Further 411 
research is therefore warranted to evaluate the clinical application of FMD of the 412 
brachial artery, while PWVc-f has already been depicted as a promising future tool 413 
for cardiovascular risk prediction in clinical practice [51, 52]. 414 
 415 
From industrial, academic, and public health perspective, there is an urgent need 416 
to know which of the many different vascular function markers are sensitive to diet- 417 
induced changes as vascular dysfunction is a key mechanism whereby a healthy 418 
diet improves cardiovascular health [1]. The present thesis provides evidence that 419 
endothelial function, as estimated by FMD, is impaired following a dietary stressor 420 
(i.e. a standardized mixed-meal challenge) as reported in chapter 3, while FMD of 421 
the brachial artery is improved after the consumption of dietary components, such 422 
as inorganic nitrate [chapter 3], or following defined lifestyle changes leading to 423 
weight reduction [chapter 5]. Conversely, no fasting or postprandial differences 424 
were observed in the weight-loss study described in chapter 6, which suggests 425 
that FMD is not strongly related to BMI when values are below 35 kg/m2 [53]. Even 426 
though these measurements of flow-mediated responses are complex and have 427 
several important shortcomings as discussed, brachial FMD may be considered as 428 
a valuable vascular function marker to examine cardiovascular health effects of 429 
nutritional interventions known to affect NO bioavailability. PAT is another non- 430 
invasive vascular function measurement, which is more easy to use and provides 431 
better reproducibility than the ultrasound assessment of FMD. EndoPAT results 432 
were only reported in chapter 6 and no differences in RHI were observed. This 433 
thesis therefore does not provide relevant evidence on the sensitivity of EndoPAT 434 
measurements to dietary changes, while more research is required to evaluate the 435 
relevance of the RHI as a valuable marker of endothelial function in individuals. In 436 
addition, plasma biomarkers were measured as an indirect approach to determine 437 
endothelial function and dietary weight loss improved both sE-selectin and sICAM 438 
concentrations [chapter 6]. Plasma biomarkers of endothelial function are valuable 439 
outcome measures in addition to, but not instead of functional markers such as 440 
FMD. To identify potential improvements in arterial stiffness, PWVc-f was measured 441 
in all intervention studies described in this dissertation [chapters 3, 6 and 7]. Oral 442 
magnesium citrate supplementation for 24 weeks improved PWVc-f in overweight 443 
and slightly obese adults [chapter 7], while arterial stiffness, as estimated by 444 
PWVc-f, tended to decrease by 0.5 m/s following diet-induced weight loss [chapter 445 
6]. Based on these data, PWVc-f is considered as a valuable non-invasive 446 
functional marker to examine longer-term effects of dietary changes on the risk of 447 
CVD. Besides PWVc-f as measurement of arterial stiffness, the AIx was 448 
investigated. There are few nutritional intervention studies in which AIx was 449 
measured. In the weight-loss clinical trial described in chapter 6, AIx tented to 450 
improve by 3.7%, while no differences were found following magnesium 451 
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supplementation [chapter 7]. Further, postprandial changes in AIx did not differ 452 
between both test meals in chapter 3. More research is thus warranted to evaluate 453 
the sensitivity of the AIx to diet-induced changes. Finally, retinal arteriolar calibers 454 
improved following weight loss as compared with the control treatment by 5.0 µm 455 
[chapter 6]. As a result, non-invasive assessments of the retinal microvascular 456 
structure may be relevant to demonstrate potential cardiovascular health benefits 457 
in well-defined nutritional intervention studies. 458 
 459 
As a next step, the postprandial vascular response should be further characterized. 460 
Even though effects of dietary weight loss on vascular function have been 461 
demonstrated in the fasting state [chapter 6], postprandial vascular effects are not 462 
clear. This is of particular interest, since abdominally obese participants have a 463 
disturbed postprandial metabolism [54]. We also reported postprandial differences 464 
in FMD responses, possibly due to differences in the macronutrient composition of 465 
the mixed-meal challenges [37]. Therefore, future research should focus on effects 466 
of diet macronutrients on postprandial vascular function. Further, beneficial effects 467 
of magnesium supplementation on arterial stiffness were reported in chapter 7. 468 
Next, the effects of a daily intake of magnesium on other vascular function 469 
measurements should be investigated, including markers of endothelial function 470 
and microvascular structure.  471 
 The primary target is the large part of the population that is at increased 472 
cardiovascular risk. Therefore, future research should also be performed in 473 
subjects with the metabolic syndrome. Finally, this thesis focused on the potential 474 
of diet and weight loss to improve peripheral vascular function and metabolic 475 
health. However, effects of dietary changes on the vasculature of the brain are 476 
largely unknown. This is of particular interest, since neurovascular dysfunction is a 477 
key pathological event that precedes the development of impaired cognitive 478 
function [55, 56]. Future research should now broaden its focus on implementing 479 
new-concepts for healthy living at a whole body level. In particular, the interaction 480 
between brain and periphery regarding the effects of diet and weight loss on both 481 
vascular and metabolic heath is of great relevance.   482 
 483 
 484 
 485 
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A healthy diet is a cornerstone for the prevention or delay of cardiovascular 706 
disease (CVD), which is the leading cause of morbidity and mortality in many parts 707 
of the world. However, the number of large randomized controlled trials (RCTs) 708 
with appropriate follow-up periods and with CVD events as endpoints is limited, as 709 
they require inclusion of thousands of study participants with very long follow-up 710 
periods. As an alternative approach, the effects of dietary interventions on 711 
surrogate risk markers of CVD can be studied. In this respect, vascular function 712 
markers are of interest, as some of these markers are associated with future 713 
cardiovascular events. From industrial, academic, and public health perspective, 714 
there is an urgent need to know which of the many different vascular function 715 
markers are sensitive to diet-induced changes. The research presented in this 716 
thesis therefore focused on (i) three well-defined dietary intervention trials and (ii) 717 
two meta-analyses of intervention studies, which were specifically designed to 718 
assess the specific effects of various dietary factors and weight loss on different 719 
non-invasive vascular function markers in adult individuals. 720 
 721 
The relation between various vascular function markers and the risk of CVD is 722 
briefly summarized in chapter 2. Then, effects of dietary fatty acids on these 723 
cardiovascular risk markers and on CVD risk itself are discussed. We concluded 724 
that replacement of dietary saturated fatty acids (SFAs) by cis-polyunsaturated 725 
fatty acids lowers the risk of CVD. However, more research is warranted to 726 
evaluate the effects of replacing SFAs with carbohydrates or cis-monounsaturated 727 
fatty acids. The intake of trans fatty acids from hydrogenated oils should be as low 728 
as possible independent of the macronutrient that is replacing. The next two 729 
chapters describe the effects of specific dietary components on vascular 730 
endothelial function. In chapter 3 it was investigated in healthy overweight and 731 
obese men whether beetroot juice, which is rich in inorganic nitrate, could 732 
counteract the postprandial impairment of brachial artery flow-mediated 733 
vasodilation (FMD) induced by a mixed meal. For this, twenty men participated in a 734 
randomized crossover trial and consumed in random order a mixed meal providing 735 
57 g of fat cominbed with either beetroot juice (providing 500 mg of dietary nitrate) 736 
or a control drink. After consumption of beetroot juice, the postprandial impairment 737 
in FMD following a mixed meal was significantly improved compared with the 738 
control drink (-0.37 ± 2.92% versus -1.56 ± 2.90%; P = 0.030 for the difference in 739 
changes). Plasma concentrations of nitric oxide (NO), which is a potent 740 
vasodilator, were significantly higher following beetroot juice consumption. From 741 
this study, we concluded that a single dose of beetroot juice attenuates the 742 
postprandial impairment of FMD following a mixed meal, possibly through 743 
increases in plasma NO concentrations. In chapter 4, a meta-analysis was 744 
performed to quantify effects of supplementation with the fat-soluble vitamin E and 745 
vitamin D on fasting FMD in adults. Randomized placebo-controlled trials were 746 
identified by a systematic search till July 2014. Seven RCTs studying the effects of 747 
vitamin E supplements (range: 300 to 1800 IU per day) and nine RCTs examining 748 
the effects of vitamin D supplements, that involved respectively 303 and 658 749 
adults, were included. A causal relationship between vitamin E supplementation 750 
and improved FMD could not be ascertained, while we found no effects of vitamin 751 
D supplementation. The current meta-analysis, therefore, did not provide 752 
unambiguous evidence to support the use of fat-soluble vitamin supplements to 753 
improve fasting FMD in adults. The effects of weight loss on vascular function 754 
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markers were investigated in the next two chapters. In a meta-analysis, effects of 755 
weight loss on fasting FMD in adults were quantified [chapter 5]. Studies with 756 
experimental (RCTs) and quasi-experimental designs published before June 2014 757 
were identified by a systematic search. Four RCTs involving 265 subjects were 758 
included. Weight loss increased fasting FMD vs. control by 3.29%. A total of 1517 759 
individuals participated in 33 studies with a quasi-experimental design. Forty-nine 760 
relevant study arms were included. Results of the meta-regression analysis 761 
suggested that each 10 kg decrease in body weight was associated with an 762 
increase of 1.11% in FMD. Further, it was estimated that each 5 cm decrease in 763 
waist circumference increased fasting FMD by 1.17%. Effects were more 764 
pronounced when participants had coexisting obesity-related morbidities. Also, 765 
effects may be larger when study volunteers received low-fat diets or weight- 766 
reduction regimens including exercise therapy or weight-loss medication. Then, a 767 
randomized intervention trial was performed, which was specially designed to 768 
investigate (i) effects of dietary weight loss on different vascular function markers 769 
and (ii) differences between normal-weight and abdominally obese men at baseline 770 
and after weight loss [chapter 6]. For this, apparently healthy normal-weight (n = 771 
25; waist circumference below 94 cm) and abdominally obese men (n = 54; waist 772 
circumference: 102 - 110 cm) participated. Abdominally obese men were randomly 773 
allocated to a diet-induced weight-loss program or a no-weight loss control group. 774 
Men assigned to the weight-loss program obtained a waist circumference below 775 
102 cm, that is the cut-off value used in the diagnosis of the metabolic syndrome. 776 
Weight loss did not affect FMD, which suggests that FMD is not strongly related to 777 
BMI when values are below 35 kg/m2. Carotid-to-femoral pulse wave velocity 778 
(PWVc-f) tended to decrease, while the retinal microvascular caliber, plasma 779 
biomarkers of endothelial function and the more conventional cardiometabolic risk 780 
markers improved. These markers differed at baseline between normal-weight and 781 
abdominally obese individuals, but became very comparable following the weight- 782 
loss program, although the waist circumference was still different. Finally chapter 783 
7 describes the results of a long-term intervention study in which the effects of 784 
magnesium supplementation on arterial stiffness were investigated. Fifty-two 785 
overweight and slightly obese individuals (30 men and 22 women) participated in a 786 
24-week, randomized, double-blind, intervention trial and received either three 787 
times daily magnesium (350 mg/day) or placebo capsules. PWVc-f was not 788 
changed after 12 weeks, but was improved in the magnesium compared with the 789 
placebo group by 1.0 m/s after 24 weeks. Office and 24-hour ambulatory blood 790 
pressure were not changed. We concluded from this trial that a daily magnesium 791 
supplement of 350 mg for 24 weeks in overweight and slightly obese middle-aged 792 
and elderly individuals may reduce arterial stiffness, suggesting a potential 793 
mechanism by which an increased magnesium intake beneficially affects 794 
cardiovascular health outcomes. 795 
 796 
In conclusion, the present dissertation provides further evidence that dietary 797 
changes affect cardiovascular health by improving vascular endothelial function 798 
and arterial stiffness. FMD is considered the current non-invasive gold standard 799 
technique to assess vascular endothelial function. Even though measurements of 800 
flow-mediated responses are complex and have several important shortcomings, 801 
FMD may be considered as a valuable marker to examine cardiovascular health 802 
effects of dietary interventions known to affect NO bioavailability. The most valid 803 
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and reliable measure of arterial stiffness is PWVc-f, which is the current gold 804 
standard for arterial stiffness assessments. Based on the results reported in this 805 
thesis, PWVc-f is considered as a valuable non-invasive vascular function marker to 806 
examine the effects of longer-term dietary changes on the risk of adverse 807 
cardiovascular health outcomes. 808 
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Hart- en vaatziekten (HVZ) zijn de belangrijkste oorzaak van ziekte en sterfte. Het 882 
risico om HVZ te ontwikkelen kan worden verlaagd door het voedingspatroon te 883 
veranderen. Het aantal gerandomiseerde studies met een controle groep (RCT) 884 
naar de effecten van voeding op cardiovasculaire ziekten is echter beperkt. Echter, 885 
in plaats daarvan, kunnen effecten van voedingsinterventies op risicomarkers voor 886 
HVZ, zoals non-invasieve markers voor vaatfunctie, worden onderzocht. Deze 887 
vaatfunctiemarkers voorspellen toekomstige cardiovasculaire uitkomsten en 888 
kunnen ook gebruikt worden om eventuele gunstige effecten op het 889 
cardiovasculaire risico te bestuderen. Het identificeren van vaatfunctiemarkers, die 890 
veranderen als gevolg van een veranderd voedingspatroon, is echter van groot 891 
belang aangezien een verslechterde vaatwandfunctie een belangrijk mechanisme 892 
is waarlangs een gezonde voeding het cardiovasculair risico verlaagt. Het 893 
onderzoek, dat in dit proefschrift staat beschreven, heeft zich dan ook gericht op (i) 894 
drie RCTs en (ii) twee meta-analyses van interventiestudies, die specifiek zijn 895 
opgezet om de effecten van voedingsfactoren en gewichtsverlies op verschillende 896 
non-invasieve vaatfunctiemarkers te bepalen in volwassenen. 897 
 898 
Het verband tussen verschillende markers voor vaatfunctie en het risico op HVZ is 899 
samengevat in hoofdstuk 2. Vervolgens zijn de effecten van verschillende 900 
vetzuren in de voeding op cardiovasculaire risicomarkers en ziekten besproken. 901 
We concludeerden dat het vervangen van verzadigde vetzuren door cis- 902 
meervoudig onverzadigde vetzuren het risico op HVZ verlaagt, terwijl verder 903 
onderzoek verricht moet worden om het vervangen van verzadigde vetzuren door 904 
cis-enkelvoudig onverzadigde vetzuren en koolhydraten goed in kaart te brengen. 905 
De inname van trans-vetzuren moet zo laag mogelijk zijn. De volgende twee 906 
hoofdstukken beschrijven het effect van enkele voedingsfactoren op 907 
endotheelfunctie. In de voedingsinterventiestudie beschreven in hoofdstuk 3 908 
onderzochten we in twintig mannen met overgewicht of matige obesitas de 909 
effecten van nitraatrijk bietwortelsap op de postprandiale verslechtering van de 910 
flow-gemedieerde vasodilatatie van de arteria brachialis (FMD), die optreedt na het 911 
nuttigen van een maaltijd. De mannen consumeerden in een willekeurige volgorde 912 
een maaltijd (57 g vet) met bietwortelsap (500 mg nitraat) of een controle drankje. 913 
In vergelijking met het controle drankje, nam de FMD na de maaltijd minder sterk 914 
af na de consumptie van bietwortelsap (-1.56 ± 2.90% versus -0.37 ± 2.92%;). 915 
Plasma stikstofmonoxide (NO) concentraties waren verhoogd na de inname van 916 
bietwortelsap. NO is een stof, die een  een belangrijke rol speelt bij het verwijden 917 
van bloedvaten. Uit deze studie konden we concluderen dat een éénmalige 918 
inname van bietwortelsap de afname in de FMD na een maaltijd voorkomt door 919 
verhoging van de plasmaconcentraties van NO. In hoofdstuk 4 werd een meta- 920 
analyse uitgevoerd om de effecten van suppletie met de vetoplosbare vitaminen E 921 
en D op FMD te kwantificeren. RCTs gepubliceerd voor juli 2014 werden op 922 
systematische wijze verzameld. In totaal werden zeven onderzoeken met vitamine 923 
D en negen interventiestudies naar de effecten van vitamine E (300-1800 IU/dag) 924 
gevonden, waaraan respectievelijk 303 en 658 volwassenen deelnamen. Een 925 
oorzakelijk verband tussen vitamine E suppletie en een verbetering van FMD kon 926 
niet worden vastgesteld, terwijl er geen effecten van suppletie met vitamine D 927 
werden gevonden. Deze meta-analyse kon derhalve geen éénduidig bewijs 928 
leveren dat in volwassenen suppletie met deze twee vetoplosbare vitaminen een 929 
positief effect heeft op FMD. De volgende twee hoofdstukken beschrijven de 930 
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effecten van gewichtsverlies op vaatmarkers. De effecten van gewichtsverlies op 931 
FMD werden gekwantificeerd in een meta-analyse [hoofdstuk 5]. 932 
Interventiestudies gepubliceerd voor juni 2014 werden op systematische wijze 933 
verzameld en vier RCTs met 265 volwassenen werden geïncludeerd. 934 
Gewichtsverlies verbeterde de FMD ten opzichte van de controlegroep met 3,29%. 935 
In totaal hebben 1517 volwassenen deelgenomen in 33 afvalstudies met een 936 
quasi-experimentele onderzoeksopzet. Er waren 49 relevante studiearmen. Meta- 937 
regressieanalyses lieten zien dat een daling van het lichaamsgewicht met 10 kg 938 
samenging met een verbetering van 1,11% in FMD. Een afname van de 939 
buikomtrek met 5 cm ging samen met een verbetering van 1,17% in FMD. Dit 940 
effect was significant groter in deelnemers met obesitas-gerelateerde 941 
aandoeningen of na gewichtsreductie-interventies, die mede werden 942 
bewerkstelligd door een verhoogde lichamelijke activiteit of het gebruik van 943 
geneesmiddelen voor de behandeling van obesitas. Vervolgens werd een RCT 944 
uitgevoerd om enerzijds de effecten van gewichtsverlies als gevolg van een 945 
energiebeperkt dieet op verschillende vaatmarkers te identificeren en anderzijds 946 
om verschillen te onderzoeken tussen mannen met een normaal lichaamsgewicht 947 
en met abdominale obesitas bij aanvang van het onderzoek en na gewichtsverlies 948 
[hoofdstuk 6]. Vijfentwintig mannen met een normaal lichaamsgewicht 949 
(tailleomtrek < 94 cm) en vierenvijftig mannen met abdominale obesitas 950 
(tailleomtrek: 102-110 cm) namen deel aan deze studie. Mannen met abdominale 951 
obesitas werden willekeurig toegewezen aan een groep die middels een 952 
energiebeperkt dieet gewicht moest verliezen (interventiegroep) of aan een groep 953 
die hun voedingspatroon niet veranderde zodat hun gewicht constant bleef 954 
(controlegroep). Deelnemers in de interventiegroep hadden na acht weken een 955 
buikomtrek kleiner dan de grenswaarde die gehanteerd wordt bij de diagnose van 956 
het metabool syndroom (102 cm). Er werden geen effecten gevonden op FMD. 957 
Gewichtsverlies als gevolg van een energiebeperkt dieet verbeterde echter wel de 958 
polsgolfsnelheid in de aorta (PWVc-f), de diameters van de bloedvaatjes van het 959 
netvlies, plasmaconcentraties van biomarkers van endotheelfunctie en de meer 960 
bekende cardiometabole risicomarkers, zoals het serum cholesterolgehalte, het 961 
plasma glucosegehalte en de bloeddruk. Deze markers verschilden bij aanvang 962 
van de RCT tussen mannen met een normaal lichaamsgewicht en met abdominale 963 
obesitas, maar waren bijna vergelijkbaar na de gewichtsreductie. Hoofdstuk 7 964 
beschrijft tenslotte de resultaten van een lange-termijn studie naar de effecten van 965 
magnesiumsuppletie op de arteriële stijfheid. Tweeënvijftig volwassen met 966 
overgewicht of matige obesitas (30 mannen en 22 vrouwen) namen deel aan een 967 
gerandomiseerd, dubbelblind, placebo-gecontroleerd interventieonderzoek. Hierin 968 
werd het effect van een dagelijkse inname van 350 mg magnesium (3 x 117 mg), 969 
gedurende 24 weken, op de PWVc-f onderzocht. Er werd geen effect gevonden na 970 
12 weken, terwijl de PWVc-f was verbeterd met 1 m/s aan het einde van de studie. 971 
De bloeddruk, die door ons ‘s ochtend voorafgaande aan de bloedafname werd 972 
gemeten alsmede de bloeddruk die gedurende 24-uur werd gemeten, veranderden 973 
niet. Uit deze interventiestudie concludeerden we dat een dagelijks 974 
magnesiumsupplement van 350 mg gedurende 24 weken de arteriële stijfheid 975 
verbetert, hetgeen een mogelijk mechanisme is waarlangs een verhoogde inname 976 
van magnesium het risico op HVZ verlaagt. 977 
 978 
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In conclusie, dit proefschrift levert verder bewijs dat veranderingen in 979 
samenstelling van de voeding het risico op cardiovasculaire aandoeningen kunnen 980 
verminderen door een gunstige werking op vasculaire endotheelfunctie en arteriële 981 
stijfheid. FMD is de huidige gouden standaard om endotheelfunctie te 982 
onderzoeken. Ondanks enkele belangrijke tekortkomingen kan FMD toch 983 
beschouwd worden als een waardevolle marker om de risico’s op het krijgen van 984 
HVZ te beoordelen van voedingsinterventies, die het NO metabolisme 985 
beïnvloeden. De meest valide en betrouwbare marker voor arteriële stijfheid is 986 
PWVc-f. Op basis van de resultaten beschreven in dit proefschrift kan PWVc-f 987 
beschouwd worden als een waardevolle vaatfunctiemarker om de effecten van 988 
lange-termijn voedingsinterventies op het risico van HVZ te voorspellen. 989 
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Valorisation 1034 
 1035 
The medical, societal and economic consequences of cardiovascular disease 1036 
(CVD) combined with the growing world population over the age of 60 years 1037 
requires multilevel assessments and multidimensional solutions. The World Health 1038 
Organization (WHO) has estimated that by the year 2050 the world population 1039 
aged 60 or over will be two billion. Human ageing is associated with an increased 1040 
risk of cardiovascular problems and effective intervention strategies are highly 1041 
needed for the prevention or delay of CVD. The research described in the present 1042 
dissertation focused on three well-defined intervention studies and two meta- 1043 
analyses of intervention trials, which were specially designed to assess the specific 1044 
effects of various dietary factors and weight loss on vascular function markers 1045 
predicting the risk for CVD. We provided further evidence that dietary changes 1046 
improve cardiovascular health based on beneficial effects on vascular endothelial 1047 
function and arterial stiffness. Besides the scientific value of the research 1048 
described in this dissertation, the study findings can also be presented in terms of 1049 
societal and economic relevance, which is known as valorisation. Valorisation has 1050 
been defined by the Dutch National Valorisation Commission as “the process of 1051 
creating value from knowledge by making knowledge suitable and/or available for 1052 
societal and/or economic use, and by translating that knowledge into competitive 1053 
products, services, processes and commercial activities”. In other words: “How can 1054 
the findings described in this thesis be translated into practice?”. The societal and 1055 
economic relevance of these findings will be first addressed. The next question 1056 
that needs to be addressed is how the generated scientific knowledge can be 1057 
translated into practice.  1058 
 1059 
 1060 
Societal and economic relevance 1061 
 1062 
Various vascular function markers are associated with future cardiovascular events 1063 
and can also be used to demonstrate CVD benefits. We found that a single dose of 1064 
beetroot juice improved the postprandial impairment in flow-mediated vasodilation 1065 
of the brachial artery (FMD) after consumption of a mixed meal [reported in 1066 
chapter 3]. In our meta-analysis described in chapter 5, it was estimated that 1067 
each 10 kg decrease in body weight was associated with an increase of about 1% 1068 
in FMD. Results from prospective epidemiological studies have suggested that the 1069 
risk of CVD decreases by 8% when FMD increases by 1% [1]. In abdominally 1070 
obese men, diet-induced weight-loss tended to decrease carotid-to-femoral pulse 1071 
wave velocity (PWVc-f) by 0.5 m/s [chapter 6]. A decrease of this magnitude at the 1072 
population level would lead to a 7% risk reduction of CVD [2]. Furthermore, as 1073 
reported in chapter 7, long-term magnesium supplementation in overweight and 1074 
slightly obese adults improved PWVc-f as compared with placebo by 1 m/s, which 1075 
has been related with a 14% decrease in the risk to develop CVD [2]. The 1076 
relevance of these nutritional interventions in promoting public health can thus be 1077 
found in the prevention of CVD in the large part of the population that is at 1078 
increased cardiovascular risk, but not yet diagnosed with disease or under medical 1079 
treatment. In addition, high-risk patients such as subjects already diagnosed with 1080 
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CVD may also benefit from these intervention strategies, but this warrants further 1081 
studies. 1082 
 Identifying effective intervention strategies to prevent or postpone 1083 
conditions such as CVD associated with human aging will also have an enormous 1084 
economic impact. In fact, nutritional interventions described in the present 1085 
dissertation, such as oral magnesium supplementation [chapter 7], which can be 1086 
easily achieved at low costs, could scale down medical costs, revalidation and 1087 
medication, and would therefore be of significant economic relevance. This would 1088 
also have a great societal impact, since CVD is the leading cause of death 1089 
worldwide [3]. However, potential risks that may be associated with the 1090 
consumption of dietary components described in this dissertation should also be 1091 
kept in mind. For instance, concern has been raised about potential adverse 1092 
effects of vitamin E supplementation. One meta-analysis indeed concluded that 1093 
high-dose vitamin E supplementation may increase all-cause mortality in trials 1094 
supplying daily doses > 400 IU, that involved adults with chronic diseases [4]. In 1095 
another thorough meta-analysis, vitamin E given singly or in combination with other 1096 
antioxidant supplements was also found to increase mortality in randomized 1097 
primary and secondary prevention trials when trials with low methodological quality 1098 
were excluded [5]. 1099 
 The various vascular function measurements described in this dissertation 1100 
may also function as future screening tools to determine the specific components, 1101 
either from nutritional or pharmacological origin, that will be beneficial to reduce the 1102 
risk to develop CVD. Measurement of these validated vascular markers may also 1103 
give physicians the opportunity in the future to early diagnose and follow the 1104 
progression of cardiovascular complications. In fact, PWVc-f has already been 1105 
depicted as a promising future tool for cardiovascular risk prediction in clinical 1106 
practice [6, 7]. This is of the great importance, as it has been shown that various 1107 
treatments are more effective if they are given early in the disease process. 1108 
Furthermore, more information on the development and natural progression of 1109 
age-related conditions such as CVD will be provided. Overall, the present thesis 1110 
provides further data on the sensitivity of various vascular markers to diet-induced 1111 
changes. From industrial, academic and public health perspective, these results 1112 
may be of great relevance as vascular dysfunction is a key mechanism whereby a 1113 
healthy diet and healthy lifestyle improve cardiovascular health [8]. 1114 
 1115 
 1116 
Translation into practice  1117 
 1118 
The results described in this thesis have been presented at national and 1119 
international conferences to colleagues inside and outside the field with the 1120 
purpose to increase the awareness of the medical, societal and economic 1121 
consequences of CVD and to highlight the potential impact of diet and weight loss. 1122 
Results have also been discussed with experts for possible explanations or 1123 
innovative ways to look at the data. For instance, experts of the industrial partners 1124 
within this project have contributed to the described research projects through 1125 
regular discussions at tri-annual expert meetings.  Moreover, research findings 1126 
have been published or submitted to international peer-reviewed scientific journals 1127 
in the categories “nutrition and dietetics” and “peripheral vascular disease”. 1128 
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Published research data are therefore accessible to scientists worldwide, and will 1129 
drive other research groups for further investigation with the purpose to further 1130 
broaden current knowledge. 1131 
 The research described in the present thesis was funded by research 1132 
grant CH-001 from the Top Institute of Food and Nutrition (TIFN). TIFN is a public- 1133 
private partnership between knowledge institutes, industry and government 1134 
conducting strategic research in food and nutrition. Further, magnesium and 1135 
placebo capsules were kindly provided by Laboratorium Medisan B.V. 1136 
(Heerenveen, The Netherlands). These interactions and cooperation’s are crucial 1137 
for the optimal valorisation of findings extracted from scientific research. In fact, 1138 
scientists have a good insight into existing knowledge from scientific publications 1139 
and they can use that knowledge to design promising trials. Scientists know how to 1140 
perform well-designed intervention studies and academia have state-of-the-art 1141 
facilities to investigate health effects of the most promising products. On the other 1142 
hand, industries focus on the innovative and practical use of research, and the 1143 
translation into products that can be marketed, while the Dutch government 1144 
supports science and industry to transfer scientific knowledge for the benefit of 1145 
society and the economy. Close collaborations between these partners will have 1146 
societal and economic impact as they facilitate both the translation of research 1147 
findings into commercial products that may lead to an improvement in quality of life 1148 
and the application of generated knowledge for governmental policy-making. 1149 
 Research findings reported in the present dissertation should be confirmed 1150 
in additional studies. The effects of dietary interventions may also differ between 1151 
target groups. While we focused on the large part of the population that is at 1152 
increased cardiovascular risk, but not yet diagnosed with disease or under drug 1153 
treatment, future research should now broaden its focus on different target groups 1154 
(e.g. subjects with the metabolic syndrome or CVD patients). Only when results 1155 
are confirmed in several independent scientific trials, these study findings can be 1156 
considered univocal. The generated scientific knowledge can be used by different 1157 
policy makers. One group may be the Health Council of the Netherlands, which is 1158 
an independent scientific advisory body informing the Dutch government and 1159 
parliament on public health. Health agencies such as the Netherlands Nutrition 1160 
Centre (Voedingscentrum) are valuable in providing scientific evidence-based 1161 
information on healthy and safe food to the Dutch population. In addition, the 1162 
European Food and Safety Authority (EFSA) is the agency of the European Union 1163 
that provides highly valuable scientific advice on the use of foods and food 1164 
components. EFSA protects European consumers from scientifically unfunded 1165 
advice regarding healthy nutrition, which has a negative impact on nutritional 1166 
science and also threatens the credibility of nutritional scientists. 1167 
 1168 
 1169 
 1170 
 1171 
 1172 
 1173 
 1174 
 1175 
  1176 
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