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Abstract 
Background:  

Low 25(OH)D status is becoming increasingly prevalent worldwide and in Australia, as 

is Type II diabetes mellitus (T2DM) and cardiovascular disease (CVD). Endothelial 

dysfunction is central to the processes of both T2DM and CVD, and there is evidence 

from previous studies of an association between low 25(OH)D status and endothelial 

dysfunction. These studies indicate, but do not prove, a causative link between low 

circulating 25(OH)D status and endothelial dysfunction. A limited number of randomised 

controlled trials have been conducted in this area, and these have yielded conflicting 

outcomes.  

 

Aim: 

This thesis aimed to examine the interrelationships between vitamin D status, endothelial 

dysfunction, systemic inflammation and dyslipidaemia to shed more light on this 

important area. We proposed that cholecalciferol supplementation will improve 

endothelial function, thereby improving systemic inflammatory biomarkers and 

endothelial cell activation molecules. Also, we hypothesised that levels of circulating 

25(OH)D <75 nmol/L will contribute to endothelial dysfunction and dyslipidaemia, but 

the exact 25(OH)D level will vary with ethnicity. The long-term effects could be slowing 

the progression of T2DM and CVD. 

 

Methods: 

We conducted a systematic review and two cross-sectional studies of the previous 

research in this area. The systematic review evaluated the previous randomised controlled 

trials (RCTs) that examined the relationship between cholecalciferol supplementation and 

one or more of: endothelial function, endothelial cell activation molecules and 

inflammatory biomarkers. This enabled us to make a more definite conclusion about the 

relationship between cholecalciferol supplementation, endothelial function and systemic 

inflammation.  
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The first cross-sectional study compared lipids profiles and endothelial cell activation 

molecules among three tertiles of 25(OH)D levels. One hundred and one asymptomatic 

male and female participants were recruited for this study, however only 83 participants 

with completed data were eligible for analysis. We controlled for age, gender, BMI, 

McAuley’s index, season, medications and parathyroid hormone (PTH). 

 

The second cross-sectional study compared circulating 25(OH)D levels and glucose-

induced endothelial changes between two different ethnic groups, Australian men of 

European descent and Middle Eastern men. This was achieved through pulse contour 

analysis (PCA), which utilized finger photoplethysmography to generate a digital volume 

pulse (DVP) derived measure of arterial stiffness (SI) index and reflective index (RI) in 

each group. We examined asymptomatic participants, 21 Australian men and 17 Middle 

Eastern men. We controlled for age, ethnicity, fat mass, blood pressure, insulin sensitivity 

index, seasonal variations, heart rate, android/gynoid ratio, physical activity and seasonal 

variations.  

 

Results: 

In the systematic review, we found that circulating 25(OH)D levels of >50 nmol/L, which 

is the current cut-off value set for bone health, are probably sufficient for healthy 

endothelial function. We found evidence suggesting that cholecalciferol supplementation 

improves the endothelial function of diabetic and pre-diabetic patients when 25(OH)D 

levels are raised from <50 nmol/L to >50 nmol/L. There was also preliminary evidence 

that in hypertensive patients, cholecalciferol supplementation which increases 25(OH)D 

levels from <50 nmol/L to 62 nmol/L may reduce systemic inflammation. However, we 

found no evidence of an improvement in endothelial function or a decrease in 

inflammation among healthy subjects without diabetes, pre-diabetes or hypertension.  

 

The first cross-sectional study revealed that average circulating 25(OH)D levels of 97 

nmol/L were associated with lower levels of low density lipoprotein cholesterol (LDL-C) 

and total cholesterol (TC). Also, levels of circulating 25(OH)D > 66 nmol/L were 
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associated with lower circulating levels of triacylglycerol. However, high circulating 

25(OH)D was linked to higher levels of soluble vascular cell adhesion molecules 

(sVCAM), which may indicate a level of inflammation in the endothelial cells. Possibly 

in response to this higher level of sVCAM, we found high circulating 25(OH)D linked to 

higher level of hepatocyte growth factor (HGF), which works as a protective or healing 

agent for the endothelial cells. This may support some reports of a J-shape association 

between 25(OH)D status and CVD. 

 

The second cross-sectional study found that Australian men of European descent had the 

higher mean circulating 25(OH)D levels (60.9 nmol/L) and Middle Eastern men had the 

lower 25(OH)D levels (40.4 nmol/L). Australian men, with vitamin D sufficiency and 

better insulin sensitivity, demonstrated the most efficient endothelial function with a 

significant decrease in the adjusted mean of integrated area under the curve of reflective 

index (IAUC-RI).  In contrast, Middle Eastern men who had vitamin D deficiency and 

higher insulin resistance showed less significant decrease in IAUC-RI. However, this 

result did not reach statistical significance, possibly because of the higher affinity Gc 

phenotype of the vitamin D binding protein (Vitamin DBP) in the Middle Eastern men, as 

they have darker skin pigmentation (1). This ethnic difference may not have allowed 

adequate evaluation of 25(OH)D bioavailability in the Middle Eastern men.  

 

Conclusion: 

Overall, we found no evidence to increase the cut-off for circulating 25(OH)D to > 75 

nmol/L. Based on the limited evidence base available, the current cut-off level of > 50 

nmol/L seems to be sufficient for proper endothelial function. However, more 

randomised controlled trials need to be performed to make this conclusion with certainty. 

Additionally, more research needs to be conducted to determine at what level circulating 

25(OH)D may become harmful. There are contradictory results regarding the higher 

levels of 25(OH)D; one study found a beneficial effect on endothelial function as 

measured by flow mediated dilatation (FMD), whereas our first study showed a harmful 
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increase in sVCAM; a marker of endothelial dysfunction. Our systematic review also 

provided us with valuable insights on how to design future RCTs in the area.  
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Introduction 
Vitamin D deficiency is becoming a worldwide issue, with studies revealing 25(OH)D 

levels of less than 50 nmol/L in many countries globally (2).  The Australian Health 

Survey define levels of vitamin D sufficiency as 25(OH)D ≥ 50 nmol/L and total vitamin 

D deficiency as 25(OH)D < 50 nmol/L, these were set in regards to bone health. 

Specifically, deficiency is categorised into mild (25(OH)D = 30-49 nmol/L), moderate 

(25(OH)D = 13-29 nmol/L) and severe (25(OH)D < 13 nmol/L) (3). Due to a lack of 

sufficient data from many of the studies, we will refer to all 25(OH)D levels < 30 nmol/L 

as moderate to severe, and 25(OH)D levels < 25 nmol/L as hypovitaminosis D.  

 

In Australia, 23% of adults have hypovitaminosis D despite the presence of substantial 

ambient sunshine (4, 5). Factors contributing to low vitamin D status include indoor 

living, advanced age, high coverage clothing, darker skin colour, seasonal variations and 

sun avoidance as a response to warnings about skin cancer (6). Additional factors include 

a lack of access to vitamin D supplements and a limited intake of foods which provide 

vitamin D; these include fatty fish, meat, liver, eggs and fortified milk and mushroom (5). 

One study showed that most Australian adults only acquire 5-10% of their vitamin D 

requirement through their diet (7).  

 

Chronic non-communicable diseases, particularly cardiovascular disease (CVD) and 

Type 2 Diabetes Mellitus (T2DM), are continually becoming more widespread and 

together constitute the greatest disease burden worldwide. CVD and T2DM are currently 

responsible for more than half of the global mortality, and it is predicted that such chronic 

conditions will be the main cause of death worldwide by 2020 (8, 9). In 2014-15, in 

Australia 5.7% of men, 4.7% of women and 30.7% of all Australians above 75 years of 

age were CVD patients (10). In 2016, 1.086 million Australians were diagnosed with 

T2DM, and this is predicted to be 1,503,000 by 2030 (11, 12).  

 

CVD and T2DM are pathological states in which inflammation and vascular pathology 

are predominant factors – this thesis will explore the probability that these factors are 
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partly dependent on vitamin D status and its modulation of endothelial function and 

insulin resistance. T2DM is an insidious disease which progresses over the years from a 

pre-diabetic state to a diabetic state in the absence of intervention; once established, it is 

generally a permanent chronic condition and often leads to cardiovascular compromise 

(13). For that reason, it is imperative that there be a focus on early detection and 

prevention of T2DM to lower the mortality rates related to CVD and diabetes (14).  

 

The pathophysiology of T2DM can involve one or more of several genetic factors that 

have been associated with increased T2DM risk. Transcription factor 7-like 2 (TCF7L2) 

gene overexpression is one such genetic factor; this gene is highly associated with insulin 

secretion (15). In 2013, a meta-analysis study on TCF7L2 found that single nucleotide 

polymorphism of rs7903146, rs12255372, rs11196205 and rs290487 in TCF7L2 

increased the risk of T2DM (16). T2DM is also linked to mutations of genes involved in 

mitochondrial protein synthesis, such as the 3243A>G mutation in the mitochondrial 

tRNA and the H324Q variant in the nuclear-encoded mitochondrial leucyl tRNA 

synthetase, which may lead to altered mitochondrial protein synthesis, thereby increasing 

the risk of glucose intolerance developing (17). Genotypes can also contribute to fasting 

plasma glucose (FPG) variation, which increases the risk of T2DM and CVD (18). These 

genotypes include mutations of loci which encode glucokinase (GCK), islet-specific 

glucose 6 phosphatase catalytic subunit-related protein (G6PC3) and melatonin receptor 

type 1B (MTNR1B) (18). In summary, mutations of genes involved in insulin secretion, 

glucose intolerance development and fasting plasma glucose variation are all implicated 

in the pathophysiology of T2DM.  

 

T2DM and CVD are largely linked to obesity and the sedentary lifestyles increasingly 

engaged in by many people around the world (19). Higher fat mass allows greater storage 

of some fat soluble vitamins, including vitamin D, and so a low 25(OH)D status may be a 

consequence of that state (20). Vitamin D deficiency in this situation may contribute 

towards developing T2DM (21). For example, a decrease in insulin secretion from 

pancreatic cells via vitamin D receptor activation may be followed by increased 
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parathyroid hormone (PTH) and insulin resistance (IR) leading to T2DM (6, 22-24). 

However, the relationship between low 25(OH)D, IR and obesity is not clear yet. The 

most recent research studies did not support a role for vitamin D in preventing obesity, so 

further randomised controlled studies are required to explain this relationship (24, 25).  

 

Vitamin D deficiency is suspected to be a risk factor for endothelial dysfunction, insulin 

resistance and metabolic syndrome (MetS) (21). Endothelial cells interpret and respond to 

blood-borne signals and haemodynamic variations (26); they synthesise and secrete 

products which are responsible for vasodilation and vasoconstriction (26). Therefore, 

endothelial dysfunction (ED) can cause various harmful processes to occur in the body 

and thereby seriously deplete the health status of the affected individual. Insulin 

resistance (IR) occurs when body cells become unable to maintain normal glucose and 

lipid homeostasis, which leads to a requirement for higher levels of insulin to maintain a 

normoglycaemic state (27, 28). IR is a sign of metabolic syndrome, which is a precursor 

to CVD and T2DM (11). ED and IR are both implicated in artherosclerosis and 

cardiovascular demise, which is not surprising considering the interdependent 

relationship between endothelial function and insulin production (29). ED hinders the 

movement of insulin across the capillaries, and conversely a lower insulin production 

alters the balance between vasodilators and vasoconstrictors and thus modifies 

endothelial function (29).  

 

Atherosclerosis is an disease in which plaque (lipid-laden macrophage) accumulates in 

the sub-endothelial part of the walls of the arteries (30). Its early pathophysiology 

includes endothelial dysfunction (ED), which is greatly influenced by the renin-

angiotensin system (RAS) (31). Activation of the angiotensin II-type 1 receptor (AT1R) 

at the endothelial cells prompts vasoconstriction and neuro-humoral activation (31). It 

also contributes to over-release of reactive oxygen species, which leads to a decrease of 

nitric oxide (NO) availability and apoptosis of vascular cells, as well as an increase of the 

expression of the oxidised low density lipoprotein (LDL) receptor, adhesion molecules, 

chemotactic factors and pro-inflammatory cytokines (31). The reduction of NO 
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availability leads to vasoconstriction which increases the release of endothelin-1, 

thromboxanes and serotonin; this consequently causes proliferation and migration of 

vascular smooth muscle cells, eventually culminating in atherosclerosis (32).  

 

There are vitamin D receptors (VDR) in most body cells; therefore, vitamin D plays a 

vital homeostatic role in the body. This role includes the regulation of bone metabolism 

and oxidative stress as well as the onset of inflammatory states which may lead to chronic 

disease (33).  There is strong evidence that vitamin D has a direct positive effect on 

insulin release via the VDR (23). As a major body organ, endothelial cell plays 

substantial role in vitamin D metabolism. Active vitamin D may be secreted from 

endothelial cells in order to modulate the local effects which control inflammatory 

mechanisms and vasculature (34). 1,25(OH)2D binding to VDR leads to the expression of 

multiple genes, which include vascular endothelial growth factor (VEGF), which is 

downregulated in individuals with T2DM (35, 36). Thus it is clear that endothelial VDR, 

and thus vitamin D, eventually play a vital role in glucose homeostasis in the blood, 

endothelial function, vascular integrity and blood pressure maintenance.  

 

Hypovitaminosis D can lead to higher levels of parathyroid hormone (PTH), which in 

turn may lead to increased insulin resistance (6, 24, 37-40). It may also permit an acute-

phase inflammatory response, which may be partly responsible for the increased risk of 

cardiovascular events in individuals with low vitamin D (41). Vitamin D is known to be 

an important anti-inflammatory and immunomodulatory molecule, which conducts 

autocrine and paracrine signalling in immune cells (42, 43). Vitamin D promotes 

endothelial function in many ways, which include the enhancement of blood pressure, the 

prevention of arterial calcification and the suppression of inflammatory states (11, 35, 44-

51). However, further investigation is needed to explain vitamin D mediated endothelial 

pathophysiology in MetS. Vitamin D deficiency has not only been linked to CVD but 

also to autoimmune conditions and certain inflammatory conditions (43, 52). These 

include systemic lupus erythematosus, inflammatory bowel disease, scleroderma, 
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rheumatoid arthritis multiple sclerosis, immune-mediated thyroid disease and T1DM 

(52).  

 

This thesis investigates the relationship between vitamin D status and endothelial 

function. Therefore, it involves the measurement of 25(OH)D levels and endothelial 

physiology. Vitamin D status will be measured via radioimmunoassay (DiaSorin). 

Endothelial function can be  evaluated by examining the functioning of either coronary 

arteries or peripheral arteries (26). The gold standard technique involves using both 

intracoronary agonist infusion and quantitative angiography, which is too invasive for the 

purpose of this research (53). Less invasive techniques measure endothelial function 

through major peripheral arteries. These techniques include flow-mediated dilation 

(FMD), augmentation index (AIx), central pulse wave velocity (PWV) and pulse contour 

analysis (PCA) (54). However, the simple technique of PCA is gaining credibility (55).  

 

PCA was used in this research because our laboratory has sufficient experience in this 

technique, it is simple and can be performed by one operator (55). The concept of the 

PCA technique depends on generating a digital volume pulse (DVP) through employing 

finger photoplethysmography to measure stiffness index (SI) and reflective index (RI) 

(55). SI measures the large arteries’ stiffness while RI measures the small arterioles’ 

vascular tone (55). The results of the pulse trace system analysis of DVP are strongly 

correlated with the central augmentation index (AI) and pulse wave velocity (PWV) (55). 

PCA produces highly reproducible PWV results within the same participant (55). 

However, a weakness of PCA method is that the SI and RI indices calculated from the 

PWV are influenced by cardiovascular properties such as those that occur naturally in 

aging, and may also be different in participants with uncommon waveforms (56). The 

pulse amplitude is vulnerable to several confounding factors, however the amplitude does 

not affect the PWV and therefore the SI and RI, making this weakness of the PCA 

method inapplicable to the measurements taken in our study (56).  
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The increasing incidence of T2DM and CVD in conjunction with lower vitamin D status 

among Australian adults led us to evaluate previous studies linking vitamin D to 

endothelial function to attain a conclusion about their relationship. This thesis aimed to 

find the optimal cut off for 25(OH)D that would benefit endothelial health; this is done 

by systematically reviewing all randomised controlled trials of supplemental 

cholecalciferol. This thesis also includes two clinical studies: one to evaluate the 

association between tertiles of 25(OH)D and endothelial function among Australian 

adults; and another  examined the differences in endothelial function between Middle 

Eastern and European Australian men, and the potential contribution of 25(OH)D.  
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Chapter 1: 
Literature review 
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Chapter 1: Literature review 

1 An overview of vitamin D  
1.1 Vitamin D: forms, sources and requirements  

Vitamin D supplementation as cod liver oil was first discovered as a effective treatment 

for rickets and osteomalacia in the 1930s (57). Current ongoing research has 

demonstrated that vitamin D acts in various classical and non-classical capacities, 

including as a prohormone, hormone, and cell signalling molecule for several pathways 

(58, 59). The various functions of vitamin D both in its capacity as a hormone and factor 

in various additional pathways have been elucidated following the identification of 

Vitamin D2 (ergocalciferol) in 1931 and subsequent discovery of vitamin D3 

(cholecalciferol) in 1936 (58).  

 
Figure 1: Vitamin D2 and Vitamin D3 chemical structure.  

 

There are two ways in which the human body can obtain vitamin D: the conversion of 7-

dehydrocholestrol in the skin to cholecalciferol (the most 25(OH)D source (5)); or via 

appropriate dietary intake according to the recommended daily intake (Figure 2) (59). 

Vitamin D is found in many forms throughout nature, however vitamin D2 

(ergocalciferol, found in fungi) and vitamin D3 (cholecalciferol, found in mammals) are 

well-researched forms (Figure 1) (60). Vitamin D2 is formed following the conversion of 
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fungal sterol ergosterol after exposure to ultraviolet irradiation in plants (60). Meanwhile, 

vitamin D3 is the main product of conversion of 7-dehydrocholesterol in human and 

animals following exposure of melanocytes within the skin to ultraviolet sunlight (60). 

Vitamin D will be used in this thesis referring to both vitamin D2 and vitamin D3, unless 

otherwise stated. Neither vitamin D2 and vitamin D3 are active and require two 

hydroxylation reactions in the liver and kidney in order to produce the active form (59). 

The first reaction occurs in the hepatocytes wherein vitamin D hydroxylase transforms 

calciferol to 25 hydroxy vitamin D (25(OH)D). Cytochrome P450 2 R1 (CYP2R1) is 

mostly responsible for this reaction (59). Subsequently, 25(OH)D is converted to 1,25 

dehydroxy vitamin D (calcitriol), the active form, in the kidney by 1-α-hydroxylase, with 

parathyroid hormone (PTH) mediated up-regulation, and fibroblast-like growth factor-23 

(FGF23) mediated down-regulation (59).  
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Figure 2: Vitamin D metabolism in the body. Vitamin D2: ergocalciferol, Vitamin D3: 

cholecalciferol, Calcitriol: active vitamin D (1-25 dihydroxy vitamin D).  
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The sunlight required to convert subdermal 7-dehydrocholestrol to inactive vitamin D is 

measured using minimal erythema dose (MED), which is the time required for the 

ultraviolet sun light B (UVB) to cause faint redness of the skin (5). However, erythema 

can occur after exposure to ultraviolet A (UVA) without synthesising vitamin D, which 

limits the accuracy of this index (5). The index time varies depending on the season, the 

angle of the sun light and proximity to the equator (5)(see Table 1).  

 

Table 1: Period of time (h) needed to synthesise vitamin D through sun exposure in 

the middle of the day for moderately fair skin to achieve approximately one-third of 

MED.  

Region and city December-January 
10 am or 2 pm (11 
am or 3pm daylight 
saving time) 

July-August 
12 pm 

Cairns  6-7 7 
Townsville 5-7 11 
Brisbane 6-7 11 
Perth 5-6  15 
Sydney  6-8 16 
Adelaide 5-7 19 
Melbourne 6-8 25 
Hobart  7-9 29 
Auckland 6-8 24 
Christchurch 6-9 40† 

MED: minimal erythemal dose, † in this city very little vitamin D made under the skin as there is limited 

UVB (5).  

 

The traditional factors for poor vitamin status include illness or immobility (sedentary 

and indoor living), age related decline in skin synthesis, dress habits (covering the skin), 

skin colour and overall sun avoidance due to public health messages for skin cancer (61, 

62). Not surprisingly the highest rate of vitamin D deficiency is seen in dark skinned, 
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veiled, pregnant mothers and the elderly and is more common in migrants to Australia as 

opposed to those of Caucasian origin and born in Australia (7, 62).  

 

The secondary source of vitamin D is oral intake from food, fortified food, or 

supplements. There are only a few vitamin D containing food sources such as fatty fish 

(with high fat content such as salmon, sardine, herring and mackerel), meat (especially 

pig meat), liver, milk, eggs and mandatory fortified margarine (5, 63). Unfortunately, 

these foods do not contain a sufficient amount of vitamin D to meet  current 

recommended levels (5). On the other hand, there are some products which are a valuable 

source of vitamin D such as fortified milk product with 200 IU (5 µg) of vitamin D per 

250 mL serve, and mushrooms that have been treated by UV radiation that provide 800 

IU (20 µg) of vitamin D2 per 100 g (5) (see table 2 for more vitamin D food content in 

the market).  

 

In Australia, 19% of adults take a supplement which contains vitamin D and 5% of adults 

take a single vitamin D supplement (64). The use of a single vitamin D supplement, 

which contains 25 μg (1000 IU) of vitamin D, increases serum 25(OH)D by 10 nmol/L 

and significantly improves the likelihood of vitamin D sufficiency. Meanwhile, the use of 

supplements which contain vitamin D as well as other nutrients does not have such a 

great impact, because in these the vitamin D doses are lower and more varied; for each 1 

μg of vitamin D that such a supplement contains, there is an increase in serum 25(OH)D 

by 0·41 nmol/L (65). Therefore, vitamin D status is only significantly impacted by the 

use of single vitamin D supplements in 5% of Australian adults (65). Australian adults 

are more likely to take a supplement containing vitamin D if they are female, more 

advanced in age, have higher level education, greater socio-economic status or higher 

levels of physical activity (65).  
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Table 2: Vitamin D amount in selected foods.  

Food  Vitamin D, 
µg/100g 

Vitamin D, 
IU/100g 

Source of 
data 

Spreadable butter  10 400 Label claim 
Spreadable olive 
oil  

10 400 Label claim 

Cornflakes 
cereals 

3.575 143 Label claim 

Egg substitutes 1.6 64 Label claim 
Malted drink 
powder 

0.5 20 Label claim 

 

Vitamin D intake through diet in Australia is poor. According to Pascoe et al. (2001), the 

average vitamin D intake among Australians is 1.2-2.6 µg/day (48 -104 IU/day) 

suggesting that for most Australian adults dietary intake only makes a small contribution 

of 20% to 50% of their daily vitamin D requirement (66, 67). Adequate daily intake for 

Australian adult (<50 years) is 5 µg/day (Nutrient recommended values (NRVs)), which 

is only a third of the more recent United States (U.S) recommended dietary allowance 

(RDA) for vitamin D, as seen in Table 3 (5, 67, 68).  
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Table 3: Comparison between vitamin D daily adequate intake (AI) for Australian 

adults and recommended dietary allowance (RDA) for US adults.  

Gender Age  AI RDA 

Men 

19-30 
years 

5.0 µg (200 IU) 15.0 µg 
(600 IU) 

31-50 
years 

5.0 µg (200 IU) 15.0 µg 
(600 IU) 

51-70 
years 

10.0 µg (400 IU) 15.0 µg 
(600 IU) 

>70 
years 

15.0 µg (600 IU) 20.0 µg 
(800 IU) 

Women 

19-30 
years 

5.0 µg (200 IU) 15.0 µg 
(600 IU) 

31-50 
years 

5.0 µg (200 IU) 15.0 µg 
(600 IU) 

51-70 
years 

10.0 µg (400 IU) 15.0 µg 
(600 IU) 

>70 
years 

15.0 µg (600 IU) 20.0 µg 
(800 IU) 

National Health and Medical Research Council (NHMRC) and National Institutes of Health (67, 68).  

 

1.2 The physiological roles of vitamin D in the body  
Vitamin D has a plethora of physiological roles within the human body as a hormone and 

as a cellular messenger. The most well recognised and accepted function of vitamin D is 

its implications in calcium and phosphate homeostasis and metabolism through 

augmentation of calcium absorption (59). Accordingly, pathological states associated 

with calcium and phosphorus homeostasis have been well analyses within the literature. 

Numerous studies demonstrate increasingly roles of vitamin D in infectious disease, 

autoimmunity, cardiovascular disease, musculoskeletal conditions, diabetes mellitus 

(both type 1 and type 2), several malignancies, neurocognitive decline and various 

pregnancy outcomes (69). This review will focus on the less well known and enigmatic 

actions of vitamin D. Interestingly, vitamin D receptors (VDRs), a member of the nuclear 

receptor superfamily, are ubiquitously present throughout body tissues that are not 

involved in calcium and phosphate homeostasis (33). Genetic studies conducted by Zella 

et al (2008) also showed that calcitriol regulates hundreds of genes potentially 
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representing up to 5% of the entire genome (70). Notwithstanding this, the significance of 

this control mechanism is not understood.  

 

Vitamin D mediated immune modulation is particularly of interest within the research 

literature. The nexus between vitamin D and inflammation lies in the inverse relationship 

between circulating 25(OH)D and inflammatory biomarker levels (71). Indeed, 

controversy remains as to which of the variables is causative of lowering the other (71). 

Nonetheless, vitamin D receptors are present on an array of immune cells, including 

antigen presenting cells, T and B lymphocytes and monocytes (72). Evidence supports a 

multifactorial role for vitamin D in immune function such as the promotion of tolerogenic 

status, attenuation of autoimmune mediated effects in the context of autoimmune disease, 

and monocyte/macrophage synthesis of 1,25(OH)2D as an integral component of innate 

immune function (72, 73). Vitamin D mediated modulation of T-lymphocytes, B-

lymphocyte and macrophage/monocyte populations highlights an important role for 

vitamin D in the appropriate augmentation of inflammatory states (71).  

 

Vitamin D also alters CD4+ T-cell differentiation and promotes monocyte maturation 

(26). Liu et al. (2006) demonstrated the role of monocyte/macrophage synthesis through 

gene analyses that demonstrated toll-like receptor (TLR) 2/1 induced macrophage 

expression of CYP27B1 and VDR. A series of studies indicated that cathelicidin gene 

transcription (LL-37), which encodes proteins involved in intracellular bacterial killing 

pathways, is stimulated directly by 1,25(OH)2D-VDR interaction (74-76). Several studies 

using human cultures and gene analyses comprehensively demonstrate a significant role 

of vitamin D in the antimicrobial activity of monocytes, and therefore the importance of 

sufficient vitamin D status in humans (73, 77). The role of vitamin D in endothelial 

function and the inflammatory modulatory effects of vitamin D on endothelial function 

are elucidated further in “Vitamin D and endothelial function” (a review paper (26)) end 

of this chapter).  
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Absorption and metabolism of vitamin D 
Vitamin D is absorbed at the gastrointestinal tract luminal lining. The former process 

occurs when dietary intake containing vitamin D is processed within the human gut, 

resulting in the degradation of food components and absorption of 25(OH)D (e.g. from 

meat). Based on the lipid soluble nature of these compounds, the molecules are absorbed 

at the level of the small intestine alongside other lipid-soluble nutrients. Indeed, it has 

been suggested that vitamin D absorption relies on the presence of lipid-rich foods in 

order to provoke bile and pancreatic lipase release into the duodenum and fat 

emulsification (78, 79). Subsequently, emulsified fats and vitamin D can travel into the 

enterocytes of the small intestinal tract packaged as micelles (59). Once micelles cross 

the enterocyte, vitamin D is packaged in chylomicrons alongside cholesterol, 

triacylglycerols, other lipid-soluble substances and apolipoproteins that eventually enter 

the systemic circuit via the lymphatic network (59). This highlights the increased 

efficiency of vitamin D absorption and metabolism when consumed with fat-containing 

foods (80, 81). This is supported by studies demonstrating that pancreatic insufficiency 

and impaired bile release hinders vitamin D absorption at the gastrointestinal interface 

(82-84). Nonetheless, no optimal lipid intake that correlates with peak vitamin D 

absorption has been determined, and a recent review did not find sufficient data that a 

high fat content meal significantly increases cholecalciferol bioavailability (63). 

Additionally, a minimal amount of absorbed vitamin D also travels directly to the liver 

with monosaccharides and amino acids (59). 

 

Adipose tissue postprandial uptake has been depicted rapidly as plasma 25(OH)D 

decreased (63, 85). This highlights the relationship between increased adiposity and 

reduced calcitriol (59). This is significant for people who do not expose themselves to the 

sunshine often enough, for whom food is the main source of vitamin D; this may include 

people who are elderly or hospitalised (63). 

 

Metabolism of prohormone vitamin D to its active form (calcitriol) occurs through two 

hydroxylation steps, the first of which occurs in the liver and the second in the kidney. 
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These hydroxylation steps utilise different enzymes. Liver based hydroxylation to 

25(OH)D is catalysed by at least one CYP enzyme (86). The broader regulatory 

mechanisms of this enzymatic hydroxylation process are largely unknown, however it is 

likely that the specific enzyme responsible is CYP2R1, as has been illustrated in multiple 

in vitro and genome studies (86-88). CYP2R1 has been shown to have greater 25-

hydroxylase activity than other enzymes proposed to demonstrate such activity, including 

CYP3A4 and CYP27A1 (88). Other enzymes, including 7-dehydocholesterol reductase 

and CYP24A1, as well as Gc protein (also known as vitamin D-binding protein (DBP)) 

have been reported to affect serum 25(OH)D levels (1, 59, 89).  

 

Vitamin DBP bound 25(OH)D travels to the kidney via the blood before it the molecule 

undergoes its second hydroxylation by 1α-hydroxylase (CYP27B1) to form calcitriol the 

active form of vitamin D (90). Serum calcium and phosphate levels are instrumental in 

the regulation of this final rate-limiting step, both of which are regulated upstream 

primarily by PTH synthesis and secretion and to a lesser degree fibroblast-like growth 

factor-23 (FGF23) phosphaturic activity (59). The former acts to decrease renal 

expression of sodium/phosphate transporters, ultimately leading to a reduction in serum 

calcitriol (59). Meanwhile, calcium sensitive PTH secretion from the parathyroid gland 

leads to increased expression of 1α-hydroxylase (CYP27B1) consequently increasing 

calcitriol formation to facilitate the end effect of enhanced vitamin D dependent intestinal 

calcium absorption. This demonstrates the significance of vitamin D sufficiency in 

relation to calcium, and therefore bone, homeostasis.    

 

Storage of vitamin D 
Non-specific vitamin D stores are located within the adipose tissue, most likely due to the 

lipophilic nature of vitamin D, however more specific mechanisms of vitamin D 

mobilisation and storage states and the physiological ways in which they are favoured 

remain unknown (91-93). As will be discussed throughout this review, the implications of 

vitamin D storage in adipose tissue remains an important nutritional consideration as the 
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prevalence of obesity rises in Australia (94). Moreover, it has been highlighted that 

increased adiposity and therefore vitamin D storage may reduce the availability of the 

compound such that larger dietary or supplemental 25(OH)D is required to achieve 

appropriate and homeostatic levels (5).  

 

Vitamin D toxicity 
Vitamin D toxicity occurs at 150-200 nmol/L of vitamin D in the blood (5) 

Hypercalcaemia and hypercalcuria are the most concerning outcomes of vitamin D 

toxicity in human. The only aetiology of vitamin D toxicity is hyper-supplementation 

with oral or intravenous vitamin D (1). Daily supplementation with more than 50,000 IU 

per day elevates plasma vitamin D levels to approximately 374 nmol/L in a healthy 

individual, while lower doses of around 10,000 IU a day over months will not cause such 

toxicity (95). Intramuscular vitamin D injections of 100,000 -150,000 IU may be 

beneficial for patients with poor absorption, however intramuscular preparations are not 

yet available in Australia (5). Interestingly, hypercalcemia may occur at levels above 140 

nmol/L and hypercalcaemia is not seen until 25(OH)D in the blood reaches 220 nmol/L, 

and is often not reported until levels exceed 500 nmol/L (96).  

 

1.3 Vitamin D epidemiology in Australian and worldwide populations  
Vitamin D deficiency is a major global issue with total deficiency levels of 25(OH)D < 

50 nmol/L being widely observed around the globe (2). The most at-risk regions for 

vitamin D deficiency are more likely to be observed in Southern Asia and Middle Eastern 

regions (2). The risk factors for lower vitamin D levels include: old age and associated 

skin changes, gender, sunlight angle, season, skin colour (darker skin synthesises less 

vitamin D less through sun exposure), vitamin D availability in the diet and vitamin D 

fortification (2). This section explores the epidemiology of vitamin D deficiency in 

Australia and other regions of the world. 

 

The limits set by the Australian Health Survey define levels of vitamin D sufficiency and 

deficiency by the circulating 25(OH)D that can be measured in the blood. Vitamin D 
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sufficiency is defined as 25(OH)D ≥ 50 nmol/L and total vitamin D deficiency as 

25(OH)D < 50 nmol/L. Specifically, deficiency is categorised into mild (25(OH)D = 30-

49 nmol/L), moderate (25(OH)D = 13-29 nmol/L) and severe (25(OH)D < 13 nmol/L) 

(3). For the purposes of this review, we will refer to all 25(OH)D levels < 30 nmol/L as 

moderate to severe, due to a lack of sufficient data from many of the studies as to the 

specific levels of each participant. This literature review includes many studies which 

have used the previous definition and cut-off for hypovitaminosis D, which was set at 

circulating 25(OH)D < 25 nmol/L, therefore we will reference hypovitaminosis D where 

it most accurately represents the data to do so (see table 4).  

 

Table 4: Classifications of vitamin D status using plasma 25(OH)D levels. 

Term Range 
Vitamin D sufficiency  25(OH)D ≥ 50 nmol/L 
Total vitamin D deficiency  25(OH)D < 50 nmol/L 
Mild vitamin D deficiency  25(OH)D = 30 – 49.9 nmol/L 
Moderate vitamin D deficiency  25(OH)D = 13 – 29.9 nmol/L 
Severe vitamin D deficiency  25(OH)D < 13 nmol/L 
Moderate to severe vitamin D deficiency  25(OH)D < 30 nmol/L 
Hypovitaminosis D  25(OH)D < 25 nmol/L 
 

The studies included in this review used one or both of two different methods of 

measuring circulating 25(OH)D. Radioimmunoassay has been commonly used 

worldwide, but liquid chromatography–tandem mass spectrometry (LC-MS/MS) is a 

newer method that is becoming more reliable in measuring 25(OH)D. A recent study 

exploring the methods of vitamin D quantifications claimed that radioimmunoassay 

slightly overestimated  vitamin  D deficiency by up to 3% (97) when compared with LC-

MS/MS. 

Australia and New Zealand 
In Australia, 23% of adults and an even greater proportion of elderly people have vitamin 

D deficiency (4, 5). As many as 50% of women may experience vitamin D deficiency 

during winter (5). A 2007 study in Australia compared the levels of serum vitamin D in 

winter and spring to those in summer and autumn. In winter and spring, deficiency was 
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40.5% in southeast Queensland, 37.4% in Geelong and 67.3% in Tasmania (98). They 

also found hypovitaminosis D to be 7.1 % in southeast Queensland, 7.9% in Geelong and 

13% in Tasmania (98). In summer and autumn, deficiency was 18% in southeast 

Queensland, 10% in Geelong and 32% in Tasmania (98). A study of aged-care facilities 

in northern Sydney found a high prevalence of moderate to severe vitamin D deficiency 

(circulating 25(OH)D < 28 nmol/L) in the elderly residents, specifically in 68% of men 

and 86% of women, with a mean circulating 25(OH)D of 17 nmol/L overall (99). A case 

study conducted in Royal Hobart Hospital in Tasmania found that 67% of elderly patients 

admitted with a hip fracture had moderate to severe vitamin D deficiency (25(OH)D <28 

nmol/L) (100). A cross-sectional study of elderly Tasmanian people living in the 

community revealed that 17% had moderate to severe vitamin D deficiency (<28 nmol/L) 

(101).  

 

A New Zealand study measured the levels of plasma vitamin D in elderly women living 

independently, and found that in summer 26% had vitamin D deficiency levels  of 

25(OH)D < 40 nmol/L, while in winter this proportion increased to 69% (102). An 

Auckland study revealed vitamin D deficiency in 49% of women and 9% of men (103).  

 

Asia 
In the Southern Asian regions, vitamin D deficiency precipitates seemingly less severe 

effects. Postmenopausal women in Indonesia and Malaysia have a mean mild vitamin D 

deficiency (25(OH)D = 48 nmol/L) (104). In India, vitamin D deficiency has been 

demonstrated in several populations including neonates, children, pregnant women and 

healthy adults (105-109). Furthermore, vitamin D deficiency levels have been 

demonstrated among Pakistanis, although most alarming is the hypovitaminosis D among 

infants (110, 111). Bangladeshi and Sri Lankan populations have been shown to have 

mild to moderate vitamin D deficiency (hypovitaminosis D according to their cut-off 

which is set at 37.5 nmol/L), particularly among women of all ages and low income 

groups (112, 113). In China and Mongolia, total vitamin D deficiency rates are high and 

this is a major health issue alongside deficient calcium intake, leading to elevated rickets 
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prevalence among Chinese and Mongolian children (114). Moreover, a study conducted 

in China demonstrated 89% of adolescent girls had total vitamin D deficiency (115), and 

48% of the elderly had hypovitaminosis D (116). Japanese studies illustrate vitamin D 

levels to be higher than in neighbouring regions such as China and India where moderate 

to severe vitamin D deficiency is common, again more prevalent amongst inactive elderly 

and women under 30 years old (117). Individual migrants of Asian heritage, regardless of 

gender or age, seem to be particularly vulnerable to vitamin D deficiency (118, 119).   

 

South America 
In South America, vitamin D deficiency prevalence varies within the same country. In 

Argentina, northern population have a mean 25(OH)D of 52 nmol/L, while southern areas 

have a mean mild deficiency of 36 nmol/L (120). An epidemiological study of vitamin D 

status and osteoporotic women conducted in Mexico, Chile and Brazil with a cut of 75 

nmol/L demonstrated lower mean values in Mexico (65.5 nmol/L) compared to Chile 

(75.5 nmol/L) and Brazil (81.5 nmol/L) (121).  

 

North America 
The National Health and Nutrition Examination Survey (NHANES) from 2001 to 2006 

demonstrated approximately 8% prevalence of moderate to severe vitamin D deficiency, 

and a further 24% have mild vitamin D deficiency (122). These results were determined 

by radioimmunoassay (DiaSorin), which may have slightly overestimated deficiency by 

up to 3% (97). Specifically, moderate to severe vitamin D deficiency was found to be 

highest among the elderly population aged >70 years old. Moreover, differences between 

ethnic groups and gender remained persistent (2). For example, black males had higher 

rates of moderate to severe deficiency compared to white and Hispanic males, while 

moderate to severe vitamin D deficiency was higher in women living beyond 70 years old 

compared to men (122).  

 

More recent data from the NHANES (2007 to 2010) measured circulating 25(OH)D 

levels using a liquid chromatography–tandem mass spectrometry (LC-MS/MS), 
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calculating the sum of 25-hydroxyvitamin D2 and 25-hydroxyvitamin D3 in plasma (97). 

This study found that the prevalence of 25(OH)D levels <40 nmol/L is around 16% in all 

people over the age of one year (97). Increased vitamin D supplementation, awareness of 

vitamin D health benefits and the new technique for measuring circulating 25(OH)D may 

have all played a role in this improvement. 

 

Canada 
Canadian epidemiological studies demonstrate striking similarities to the North American 

prevalence of vitamin D deficiency. An observational study evaluating women aged 18 to 

35 years old found that in winter, 21% of white women, 32% of non-white women and 

25% of black women had serum 25(OH)D of <40 nmol/L (123). Nevertheless, a seasonal 

study performed on a population of elderly (>83 years) residing in a long-term care 

facility found that moderate to severe vitamin D deficiency was 9% during fall and 18% 

during winter (124). This seasonal variation is expected, however the lower overall rates 

among the elderly population contrasts the higher rate of moderate to severe vitamin D 

deficiency in the younger Canadian populations, as well as the neighbouring North 

American context. Furthermore, the vitamin D deficiency in the elderly populations 

increased from 38% during fall to 60% during spring (124).  

 

Europe  
In Europe, the most recent reports of combined population studies using LC-MS/MS, 

including over 55,000 adults and children,  found that  have 40.4% of individuals have 

total vitamin D deficiency, of which 13%  have moderate to severe deficiency (125). It 

was found across nine European countries – Greece, Spain, Italy, Hungary, Austria, 

France, Belgium, Germany and Sweden – that 27% have mild vitamin D deficiency 

(defined in this study as 25(OH)D = 27.5-49.99 nmol/L) while 15% of the populations 

have moderate to severe deficiency (here defined as < 27.5 nmol/L), according to a study 

conducted by Healthy Lifestyle in Europe by Nutrition in Adolescence (HELENA)  (126, 

127). Specifically, one study in a German paediatric population revealed that 44.5% had 

total vitamin D deficiency, of which 6% had hypovitaminosis D (125, 128). Similar 
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values were collected in an adult study in Germany where it was found that 54.5% have 

total vitamin D deficiency, of which 4.2% have hypovitaminosis D (125, 129, 130).  

 

In the United Kingdom (UK), adult studies using Vitamin D Standardization Program 

(VDSP) Calibration found that 57.9% have total vitamin D deficiency and 16.8% of these 

have hypovitaminosis D (125, 131). In Ireland, cohort studies examining children from 

birth until five years of age using VDSP-LC-MS/MS found that 26.7% have total vitamin 

D deficiency and 1.6% of these have hypovitaminosis D (125, 132). Furthermore, another 

Irish population study using VDSP-LC-MS/MS depicted 43.7% with total vitamin D 

deficiency and 11.4% of the cohort with moderate to severe vitamin D deficiency (133).  

 

In Iceland, the age, gene, environment and susceptibility (AGES) study used VDSP-

Calibration to find that 33.6% have total vitamin D deficiency and 4.2% of these have 

hypovitaminosis D (125, 134). Meanwhile, two studies in Denmark using VDSP-

Calibration found that 36.8% have total vitamin D deficiency and 2.6% of the population 

have hypovitaminosis D (135, 136). An additional Danish study using VDSP-Calibration 

discovered 23.6% had total vitamin D deficiency and 4.3% of the population had 

moderate to severe deficiency (137). In Norway, 76.1% were shown to have total vitamin 

D deficiency and 39.6% of these had hypovitaminosis D (125, 138). Another Norwegian 

study used VDSP-Calibration to find that only 18.6% of the population had total vitamin 

D deficiency and 0.3% of these had hypovitaminosis D (125, 139, 140). A third 

Norwegian study differs again, where the radioimmunoassay protocol for measuring 

25(OH)D demonstrated that 26.9% have total vitamin D deficiency and 8.9% have 

moderate to severe vitamin D deficiency, and the LC-MS-MS method showed 6.6% to 

have mild vitamin D deficiency and a further 27.9% to have moderate to severe vitamin 

D deficiency (137).  

 

A study in Finland used VDSP-Calibration to determine that 6.6% of the study 

population have total vitamin D deficiency and 0.4% of these have moderate to severe 

deficiency (125). A study in Hoorn, the Netherlands using radioimmunoassay method 
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found that in summer, 32% have total deficiency and 1.7% have moderate to severe 

deficiency, and in winter, 44.3% have total deficiency and 6.6% have moderate to severe 

deficiency (141). Another Dutch study (LASA: Longitudinal Aging Study Amsterdam) 

used VDSP-Calibration to find that 28.5% have total vitamin D deficiency and 2.4% of 

these have moderate to severe deficiency (125, 142). In Greece, 62.4% have total vitamin 

D deficiency and 2.2% of these have moderate to severe deficiency, as determined by 

VDSP-LC-MS/MS methods (125, 143). It is evident that throughout the majority of the 

European nations, the prevalence of total vitamin D deficiency and, of particular 

importance, moderate to severe vitamin D deficiency is relatively high.  

 

Middle East 
The Middle East experiences high UVB levels, however, vitamin D status is still low in 

most countries, as measured by radioimmunoassay. This could be a result of some 

cultural and religious practices, such the wearing of hijabs, veils and modest clothing, and 

hot weather in some countries. In the Kingdom of Saudi Arabia (KSA), as many as 80% 

of adolescent girls have hypovitaminosis D (144). In Riyadh KSA, a 2012 study found 

that 99.8% of children have moderate to severe vitamin D deficiency (25(OH)D < 30 

nmol/L); specifically, 83% of 331 boys and girls had hypovitaminosis D (25(OH)D levels 

< 25 nmol/L), while 16.8 % had moderate vitamin D levels between 25 – 29.9 nmol/L 

(145). A recent study revealed mean mild and moderate deficiency levels of circulating 

25(OH)D in Saudi boys and girls, 40 nmol/L and 27 nmol/L respectively  (146).  

Similarly, in Saudi adults, the mean levels of circulating 25(OH)D reveal mild deficiency 

in both men and women, 40 nmol/L and 31 nmol/L respectively. Another study 

discovered that 83% of back pain patients have hypovitaminosis D (147). A cohort study 

of 3,475 Saudi adults showed a mean mild deficiency (25(OH)D = 35.5 nmol/L), 

however 36.1% of women and 48.8% of men had hypovitaminosis D (148).  

 

Similarly, a Saudi cross-sectional study of healthy men found that 48.9% had 

hypovitaminosis D and 38.9% had mild to moderate deficiency, with circulating 

25(OH)D levels between 25-50 nmol/L (149). Meanwhile, among adolescents, around 
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70% of Iranian girls and as many as 32% of Lebanese girls and 9-12% of Lebanese boys 

have hypovitaminosis D (150-152).  

 

Conclusion 
It is apparent that vitamin D deficiency is spread worldwide, and there are many factors 

contributing to this, such as skin colour and cultural, religious and lifestyle practices, 

including inactivity, wearing high coverage clothing for women, excessive use of 

sunscreen, eating diets poor in vitamin D, and living and working predominantly indoors. 

However, the level for determining vitamin D deficiency was set based on that needed for 

bone health (25(OH)D ≥ 50 nmol/L), which research indicates is less than the levels 

needed for extra-skeletal benefits. Thus, a new cut off needs to be determined to ensure 

people receive the other benefits of vitamin D as well, which would increase the 

prevalence of vitamin D deficiency around the whole world.  

 

2 Endothelial Function  
2.1 Endothelial function and dysfunction  

Endothelial cells are a form of epithelium layer that lies sandwiched between the interior 

lumen of blood and lymphatic vessels and the vascular smooth muscle (45). Therefore, 

the endothelium forms the fluid-structure interface that facilitates fluid movement 

functions. The endothelium plays a vital role in the functions of autocrine, paracrine and 

endocrine signalling systems (153). The role of endothelial cells is to interpret and 

respond to blood-borne signals and haemodynamic alterations (26). Optimal endothelial 

function is the ability to respond to physical and chemical changes in the body by 

releasing many components that regulate smooth muscle cell proliferation, vascular tone, 

thromboresistance, cellular adhesion and vessel wall inflammation (154). The 

endothelium can act to synthesise and secrete its major vasodilatory products: nitric oxide 

(NO), endothelial-derived hyperpolarising factor (EDHF), and prostacyclin (PG12); and 

vasoconstrictive endothelin-1 (ET-1) to modulate vascular smooth muscle tone (26). This 

vasomotion of endothelial cells  directly regulates vessel tone and diameter, which allows 

vascular tone to be measured as indirect indicator of endothelial function (154). 
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Specifically, endothelial-dependent vasomotion can be used as the endpoint in 

endothelial function assessment such as flow mediated dilation (FMD), augmentation 

index (AIx), pulse wave velocity (PWV) and pulse contour analysis (PCA). This is 

discussed in greater detail in the review paper (26).  

 

Endothelial dysfunction (ED) is therefore characterised by several deleterious events that 

may compromise the health status of an individual both from a histopathological and 

gross physiological standpoint. Section 1.4.4 will consider the roles of vitamin D in 

endothelial physiology. Moreover, insulin resistance will be explored in relation to 

vitamin D status and the effects of hypovitaminosis, particularly as it aligns with the 

pathophysiological process of ED.  

 

2.2 Endothelial function testing  
Invasive methods: 

Endothelial function has long been studied using many techniques. Endothelial 

physiology is most commonly evaluated by assessing either the coronary or the 

peripheral arteries (26). The gold standard technique for evaluation of endothelial 

dysfunction is the use of both intracoronary agonist infusion and quantitative 

angiography. This technique normally requires hospitalisation and is based on invasive 

procedures in which artery catheterisation is used to assess the endothelial-dependent 

vasodilation (53). Therefore, this method is unsuitable for use in most research studies as 

it requires a highly proficient practitioner to perform it and it is difficult to obtain ethics 

approval and permission from the participants. Alternative non-invasive methods have 

been developed that are more practicable than conventional methods (53).  

 

Non-invasive methods: 
The non-invasive methods that are commonly used in research include flow mediated 

dilation (FMD), Augmentation index (AIx), pulse wave velocity (PWV), reactive 

hyperemia peripheral arterial tonometry (RH-PAT) and pulse contour analysis (PCA) 

(47, 55, 155). These latter methods usually utilise the endothelium dependent pathway, 
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whereas FMD could use either endothelium dependent or independent pathway. Also, 

there are non-invasive methods of measuring systemic inflammatory biomarkers and/or 

endothelial cell activation molecules. In the following paragraphs, each method will be 

discussed separately. 

 

2.2.1.1 Flow mediated dilation (FMD): 
Studies evaluating peripheral arterial functioning now typically measure flow-mediated 

dilation (FMD) (54), which is a non-invasive and reproducible indicator of endothelial 

response to hemodynamic stress. FMD may be evaluated by the variation in the diameter 

of a peripheral artery through either the endothelium dependent pathway or the 

endothelium-independent pathway (26, 47). The endothelium dependent pathway will 

stimulate the release of NO from the endothelium which should vasodilate the peripheral 

arteries, whereas the endothelium-independent pathway bypasses the endothelium to 

relax the muscles, which should also vasodilate the peripheral arteries (47, 156). The 

endothelium-dependent pathway is usually activated by the administration of sheer stress, 

acetylcholine infusion or salbutamol inhalation, whereas the endothelium-independent 

pathway is initiated by administration of sub-lingual glyceryl trinitrate (GTN) (47). The 

change in diameter of a peripheral artery, usually the brachial artery, is then assessed 

using ultrasound (US) imaging (47, 54). High quality US images are essential for 

accurate analysis. Ultrasonographers require several months of hands-on training as well 

as continuous practice to ensure optimal quality and consistency of the data (47, 54, 156). 

US techniques are highly operator-dependent and at risk of investigator bias, and so 

simpler techniques may be used in research.  

 

Reactive hyperemia peripheral arterial tonometry (RH-PAT): 
RH-PAT measures EF by the application of a finger probe to track the changes in the 

digital volume that occur with pulse waves (157).  This change is used to calculate the 

ratio by dividing the digital volume throughout reactive hyperemia by the baseline (157). 

RH-PAT is affordable, reproducible, operator independent and initial studies indicate it 

could have 80% sensitivity when compared with the gold standard technique (157, 158). 
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However, further studies are needed to assure the ability of RH-PAT to detect or predict 

patients with CVD (158). 

 

Augmentation index (AIx): 
AIx is a ratio calculation from the blood pressure waveform, this usually done through 

measuring aortic central AIx near the heart, which is invasive and not easy to evaluate, so 

a non-invasive technique of applanation tonometry is often used (159). This technique 

involves measuring the carotid artery AIx, which correlates well with aortic central AIx 

but is consistently lower than aortic AIx (160). Also, this technique needs a technician 

with a lot of experience, is not easy to apply to patients, and is not suitable for patients 

with major atherosclerotic plaques or calcified arteries (160). Thus, a generated transfer 

function (TF) technique has been invented to measure the central AIx using radial artery 

applanation. However, this technique’s reliability is still questioned and insufficient to 

calculate the central AIx (160). These limitations of the TF technique have led to the use 

of the direct measurement of radial Aix using radial arterial tonometry,  which showed 

substantial correlation with both invasively and non-invasively measured aortic central 

AIx values (161). However, the major limitation of AIx is that the timing of the arrival of 

the reflective pulse wave can be influenced by arterial stiffness, patient’s height, left 

ventricular contractility, and arterial vasodilation properties (160).  

 

Pulse wave velocity (PWV): 
PWV is the time between two blood pressure wave form in different arterial sites (162). 

In PWV two electrocardiographs are simultaneously placed at two different surface 

landmarks and are used to determine the time it takes for the pulse wave to travel 

between these different artery sites, commonly the carotid and femoral arteries (162). The 

distance between these landmarks is used in conjunction with the pulse wave travel time 

to calculate the pulse wave velocity (162). A strength of PWV is that it is highly linked to 

endothelial function through the direct effects of endothelin-1 (ET-1) on large artery 

PWV and nitric oxide (NO) bioavailability on arterial stiffness (163). In detail, ET-1 

regulates the endothelial smooth muscles cells which may cause arterial vasoconstriction, 
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while less NO increases arterial stiffness (163). The limitations of PWV include its need 

to be performed by a person with significant expertise, its reproducibility is not yet 

satisfactory and its validity is limited for patients with sinus arrhythmia (164).  

 
 

Pulse contour analysis (PCA): 
In PCA, the pulse trace system employs finger photoplethysmography to measure the 

amount of light absorbed by the haemoglobin thus producing a digital volume pulse 

(DVP) which facilitates stiffness index (SI) and reflective index (RI) measurements (55). 

The measured parameters from PCA are: stiffness index (SI) = time from first peak to 

second peak; (PPT) (sec)/height (m), which usually measures large arteries; and reflective 

index (RI) = ratio of the heights (amplitude) of wave B to wave A, which measures small 

arterioles (Figure 3)(55). While the former is a measure of large artery stiffness, RI is a 

measure of small artery vascular tone (Figure 3). Vasodilation leads to a smaller RI while 

vasoconstriction results in a rise RI values.  

 
 

 

 

 

 

 

 

 

 

Figure 3: Pulse contour analysis (PCA) parameters, including refractive index (RI) 

and   stiffness index (SI) for determining endothelial function (55).  

 

Hence the pulse trace system analysis of DVP is simple and the results are strongly 

correlated with the augmentation index and central pulse wave velocity (55). PCA 
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produces highly reproducible PWV results, with a coefficient variation (CV) of 10.5% 

within the same participant (55). Another strength of this technique is that it can be 

conducted by one operator which made it easier for the primary researcher to work within 

the limited budget (55).  

 

However, PCA results are more variable and thus less reliable (164). In particular, PCA 

measurement indices are affected by cardiovascular properties in older individuals and 

may also differ in individuals with uncommon waveforms (56). The pulse amplitude is 

also susceptible to the influences of respiration, an individual’s cold fingers, sympathetic 

nervous system activity and factors contributing to local perfusion, however the pulse 

contour is mostly unaffected by the pulse amplitude (56). The SI and RI measurements 

rely mostly on the contour analysis which may not be affected by the pulse amplitude. 

Therefore, the susceptibility of the pulse amplitude is largely irrelevant for our study 

purposes. Our laboratory has extensive experience with PCA, including its cross-

validation and its detection of changes in the reflective index (RI) as a response to 

nutrient manipulation (55).  

 

Measurement of systemic inflammatory biomarkers and endothelial  cell  
activation molecules: 

EF can be evaluated through the measurement of systemic inflammatory biomarkers such 

as C-reactive protein (CRP), interleukin 6 (IL-6) and tumour necrosis factor alpha 

(TNFα). EF can also be assessed by the levels of endothelial cell activation molecules 

such as soluble vascular cellular adhesion molecule (sVCAM), soluble intracellular 

adhesion molecule (sICAM), P-selectin and E-selectin (26, 47). These biomarkers are 

generally measured through blood tests. The relationships between these biomarkers and 

EF are discussed extensively in the review paper at the end of this chapter (26).  

 

 



 

 

  

 

51 
 

2.3 Endothelial dysfunction and its role in insulin resistance and metabolic 
syndrome  

Insulin resistance (IR) is defined as the inability of body cells to maintain normal glucose 

and lipid homeostasis. Hence, higher levels of insulin are needed to retain a 

normoglycaemic state (27, 28). The results of insulin resistance are increased lipolysis in 

adipose tissue, impaired uptake of glucose by muscle and uninhibited gluconeogenesis 

(165). Insulin resistance is a common state that is associated with several predisposing 

factors such as genetic susceptibility, ageing, sedentary lifestyle and more increasingly, 

obesity (11). It is known that insulin resistance is strongly related to visceral obesity, 

hypertension, atherogenic dyslipidaemia and pro-thrombotic states. The presence of both 

IR and developing cardiovascular disease is collectively referred to as a ‘metabolic 

syndrome’ (MetS) (11). MetS is an indicator of developing CVD as well as possible 

progression to T2DM (11). Insulin resistance is central to cardiovascular disease, T2DM 

and therefore, MetS (11).  

 

Nitric oxide is a soluble gas and vasoactive substance produced by the endothelial cells to 

regulate various systems and provides a strong measure of endothelial function. NO is 

synthesised from L-arginine in the endothelium by calcium-calmodulin-dependent 

endothelial NO synthase (eNOS) (45). NO is a critical messenger in blood pressure and 

vascular tone maintenance and plays broader roles in the immune, gastrointestinal, 

pulmonary and neurological systems (45). The endothelium is responsible for the NO 

secretion which plays a major role in regulating vessel diameter and therefore the arterial 

resistance throughout the vascular bed (46). Therefore, ED is a significant factor in the 

pathogenesis of atherosclerosis, hypertension and congestive cardiac failure (166). The 

endothelium is also responsible for the production of vasoconstrictors such as ET-1, 

which reduce arterial diameter and decreases resistance and pressure (48). Vascular tone 

relies on two systems: the production of NO by endothelial cells and the functioning of 

smooth muscles in the artery. Accordingly, endothelium-dependent vasodilation occurs 

as a response to pharmacological (e.g. salbutamol) and physical (e.g. shear stress) stimuli, 

which act through the endothelial cells to release NO (47). On the other hand, 
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endothelium-independent vasodilation bypasses endothelial cell function and depends on 

the smooth muscles in the artery (47); agents such as nitroglycerin function through this 

pathway.  

 

ED leads to reduced nitric oxide (NO) dependent vascular activity, which is consistent 

with insulin-resistant states (11). Indeed, a plethora of evidence supports the role of 

insulin resistance and endothelial dysfunction in atherosclerosis and cardiovascular 

demise (29). The lack of endothelial derived NO secretion that occurs in the face of ED 

links the progression of ED and insulin resistance (29, 55). NO deficiency occurs due to 

decreased synthesis alone or combined with decreased secretion, in addition to the 

increase in consumption via high peripheral reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), which are by-products of metabolic disturbances in glucose and 

lipid metabolism (29). ED hampers insulin action by altering the transcapillary movement 

of insulin that facilitates the hormones access to target cells. Therefore, in conjunction 

with the potential reduction in microcirculatory blood flow to tissues the reduction in free 

insulin movement impairs the stimulation of glucose and lipid metabolism in response to 

insulin (29).  

 

Insulin exerts its effects on endothelial cells via the production of NO, however it also 

controls endothelial function through an alternate pathway that produces endothelin-1 

(ET-1), an endothelial derived vasoconstrictive agent (48). Therefore, an impairment of 

insulin secretion alters the balance between vasodilators and vasoconstrictors and 

subsequently alters endothelial function.  
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3 Vitamin D, endothelial function, insulin resistance, inflammation and 

metabolic syndrome 
3.1 The correlation between vitamin D deficiency and endothelial function  

Hypovitaminosis D is highly prevalent around the globe (2). It is acknowledged that the 

vitamin D receptor (VDR) is ubiquitously located in greater than 38 target tissues in 

which it exerts gene control of vital homeostatic functions such as bone metabolism, 

regulation of oxidative stress, and seemingly, the mitigation of chronic disease onset and 

inflammatory states (33). Endothelial cells are capable of synthesising and secreting 

1,25(OH)2D in order to modulate local effects, potentially controlling inflammatory 

mechanisms and their effect on vasculature (34). Evidence suggests that the active 

molecule(s) plays an active role in the pathways that control vascular mechanisms (167). 

 

Vitamin D deficiency has been implicated in the complex interplay between endothelial 

dysfunction, insulin insensitivity and the development of metabolic syndrome (21). Some 

evidence suggests that hypovitaminosis D may decrease insulin secretion from pancreatic 

β cells and accelerate the development of insulin insufficiency and T2DM (22). Indeed, 

there is strong evidence that vitamin D has a direct effect on insulin release via the VDR 

(23). Ligand binding to VDR leads to the expression of several genes, including vascular 

endothelial growth factor (VEGF), which is down regulated in insulin insensitive 

individuals and type 2 diabetics (35, 36). Ahmad et al. (2006) demonstrated that VEGF-

receptor mediated eNOS activation in endothelial cells leads to NO synthesis and may 

lead to vasodilation effects. Additionally, VDR gene knockout mice have been observed 

to experience impaired acetylcholine-induced aortic relaxation, with a reduction in eNOS 

expression and phospho-vasodilator-stimulated phosphoprotein levels (168, 169).  Ni and 

Collegues (2014) showed that VDR knockout mice also experienced increased sensitivity 

to the hypertensive effects of angiotensin II in contrast to the controls, as well as 

increased hypertrophy-sensitive gene expression and type A and type B naturitic peptide 

levels. This study clearly suggests that endothelial VDR and therefore, vitamin D, plays a 

role in endothelial function, vascular integrity and blood pressure maintenance.  
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Increased PTH levels due to hypovitaminosis D are associated with increased insulin 

resistance (6, 24). Secondary hyperparathyroidism due to low vitamin D may also 

promote an acute-phase response potentially illustrating one additional reason for the 

increased risk of cardiovascular events in individuals with low vitamin D (41). Intact 

PTH levels have also been shown to predict insulin sensitivity in some models, including 

in studies conducted within our laboratory (37-40). Indeed, this demonstrates the need for 

further understanding of the implications of vitamin D mediated endothelial physiology 

in individuals with metabolic syndrome.  

 

The relationship between ED, IR and vitamin D is complex; however, studies illustrate 

significant links between IR states such as T2DM and vitamin D sufficiency in promoting 

functional endothelial improvements. It is interesting to note that many type 2 diabetics 

have total vitamin D deficiency with associated endothelial dysfunction and depleted 

endothelial progenitor cells (170). Sugden et al (2008) conducted a double-blind, parallel 

group, placebo controlled randomised trial which demonstrated vitamin D 

supplementation improved 25(OH)D levels by 15.3 nmol/L and lead to a statistically 

significant enhancement in brachial FMD outcomes in diabetic participants with mild 

vitamin D deficiency (171). Moreover, the authors demonstrated a 14 mmHg decrease in 

systolic blood pressures in the treatment group in contrast to the placebo group, 

highlighting the endothelial and cardioprotective effects of vitamin D sufficiency in 

diabetic patients. Similar statistically significant functional endothelial improvements are 

reported in asymptomatic patients with vitamin D deficiency following replacement 

therapy (21).  

 

There are various potential mechanisms in which vitamin D may enhance endothelial 

function. Firstly, vitamin D may lower blood pressure, which may be indirectly through 

renin suppression or directly through interaction with endothelial cells and the secretion 

of NO to decrease resistance of vessel walls (35, 44-48). Additionally, vitamin D 

sufficiency may aid in preventing arterial calcification which predisposes individuals to 
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adverse cardiovascular events, particularly those with insulin insensitivity and T2DM 

(11, 49). Watson et al (1997) found a correlation between low 25(OH)D and an increase 

in coronary calcification, which is pathogenically linked to the progression of 

atherosclerotic plaque formation; this is predictive of future coronary artery disease and 

myocardial infarction. Moreover, vitamin D has been observed to attenuate the 

inflammatory response. For instance, Sadeghi et al (2006) showed that vitamin D could 

quell the cellular actions of macrophages in order to reduce atheroma formation (51).  

Likewise, supplementation of vitamin D also suppressed tumour necrosis factor alpha 

(TNF-α), a powerful pro-inflammatory mediator, among a subset of chronic heart failure 

patients (50).Despite the aforementioned primary evidence, some studies dispute the role 

of vitamin D in endothelial physiology (172-183). This appears largely due to the failure 

to translate comparable outcomes from primary human, animal and in vitro studies to 

randomised control trial (RCT) format (26). This is explored in greater detail in 

the review of vitamin D and endothelial function paper (page 58).  

3.2 The role of vitamin D and endothelial dysfunction in inflammation 
As noted above, the literature illustrates a relationship between vitamin D and endothelial 

function (21, 26, 171). The link between hypovitaminosis D and progressive 

cardiovascular demise, including the progression of atherosclerosis, hypertension, 

peripheral artery disease, myocardial infarction, cerebrovascular disease and congestive 

cardiac failure beyond the scope of traditional cardiovascular risk factors further 

evidences the presence of an interaction between vitamin D and vascular endothelial 

function (167). The function of vitamin D in relation to endothelial function/dysfunction 

is not yet clear, although the endothelium has a well-studied and universally accepted 

pro-inflammatory role. 

Vitamin D is a well-recognised immunomodulatory and anti-inflammatory molecule (42). 

Studies demonstrate that immune cells are capable of producing locally derived active 

vitamin D in order to conduct autocrine and paracrine signalling (43). Specifically, 

1,25(OH)2D-producing immune cells express VDR and vitamin D3 metabolising enzyme 
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products such as 1α-, 25- and 24-hydroxylases (43). Furthermore, macrophages and 

dendritic cells constitutively express the VDR (184). These cells express 1α-hydroxylase 

and 25α-hydroxylase enabling the production of 25(OH)D and 1,25(OH2)D3 (37, 185).  

 

Animal and in vitro studies have highlighted vitamin D’s role in direct and indirect 

immunomodulation of T and B lymphocytes, in addition to antigen presenting cells such 

as macrophages and dendritic cells (43). Accordingly, it is suggested that vitamin D plays 

a pertinent role in both innate and adaptive immunity. Numerous studies outline a role of 

hypovitaminosis D in the relationship between low immunologic self-tolerance and 

autoimmunity (43, 186-188). Accordingly, the vitamin D deficient state has been 

implicated in systemic lupus erythematosus, inflammatory bowel disease, scleroderma, 

rheumatoid arthritis multiple sclerosis, immune-mediated thyroid disease and T1DM 

(52).  

 

Moreover, the associations have been observed in inflammatory conditions, infections, 

malignancy, transplant rejection and cardiovascular demise (43). Vitamin D 

immunomodulation facilitates a fundamental immune system switch from Th1/Th17 to 

Th2/Treg response further explaining the influential role that vitamin D plays in 

autoimmune and inflammatory pathogenesis (43). This role has led to animal studies that 

suggest vitamin D may have therapeutic prospects for managing inflammatory and 

autoimmune pathology (43). For instance, a positive correlation between active vitamin 

D and augmented innate immune responses against infection has been demonstrated (189, 

190). Notwithstanding the quantity of evidence, it is still unconfirmed whether or not 

vitamin D plays a role in immune function and its pathogenesis (42).  

 

3.3 Obesity, vitamin D deficiency and progression to metabolic syndrome 
Obesity represents a fundamental shift in functional metabolic demands. The western diet 

characterised by disproportionate consumption of energy dense foods containing high 

sodium, high sugar and high saturated fats and low intake of anti-oxidant plant sources 

and healthy fats is increasingly common (4, 191). Accordingly, energy excess and obesity 
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prevalence is growing rapidly, leading to proportionately greater adiposity, energy 

demands and therefore insulin requirements to ensure glucose uptake by muscle and fat 

cells. A multiplicity of studies link Vitamin D to the development of diabetes and 

cardiovascular disease, collectively referred to as metabolic syndrome, in which obesity 

is a primary risk factor (42). The aforementioned dietary patterns lead to adipose tissue 

macrophage infiltration and insulin resistance (42). Furthermore, Suganami et al (2007) 

propose that increased circulating saturated free fatty acids may interact as with 

macrophage and adipocyte TLR-2 and TLR-4 leading to NF-kB, c-jun N-terminal Kinase 

and p38 mitogen-activated protein kinase (MAPK) signalling cascade activation 

switching on pro-inflammatory gene transcription (192).  

 

4  Conclusion 
A plethora of epidemiological studies illustrate the high prevalence of low vitamin D 

levels around the globe. Evidence suggests that hypovitaminosis D correlates with 

endothelial dysfunction, increased inflammation, T2DM and CVD. This chapter assessed 

the nexus between one potential physiological driver, vitamin D and its role in the up and 

down stream functions of the vascular endothelium.  The literature demonstrates that 

vitamin D carries out fundamental extra-skeletal functions including the modulation of 

endothelial cell physiology in order to regulate vascular structure and function.   

 

Some aspects of the relationship between circulating 25(OH)D levels and endothelial 

function as described above have already been published in a review paper:  

‘Vitamin D & endothelial function ‘by Alyami A, Soares MJ, Sherriff JL & Mamo JC.’ 

Ind. J Med. Res 2014 [Impact factor =2.0; cited by 11]. 

Please see the original paper next page. (Co-author permission signatures attached)  



Vitamin D & endothelial function

A. Alyami, M.J. Soares, J.L. Sherriff & J.C. Mamo

Directorate of Nutrition Dietetics & Food Technology, School of Public Health,  
Curtin University, Perth, Australia

Received June 17, 2014

There is increasing interest in the extra-skeletal roles of vitamin D for health and well-being. Poor vitamin 
D status has been associated with obesity, cardiovascular disease, type 2 diabetes and mental health. 
Endothelial dysfunction may underscore insulin resistance and hence predispose to both cardiovascular 
disease (CVD) and type 2 diabetes. The objective of this review was to gain an appreciation of the recent 
causative evidence linking vitamin D and endothelial function. the PubMed database was searched from 
2009 to date. Key words used were vitamin D, supplementation, systemic inflammation, endothelium, 
endothelial dysfunction and humans. Selected articles were restricted to the English language and to 
randomized control trials (RCTs) of vitamin D supplementation with direct measures of endothelial 
function. Final inclusion was based on a quality rating ≥ 3, based on the Jadad score. Ten RCTs met 
these criteria and were summarized for their outcomes. Only two studies showed an improvement in flow 
mediated dilatation with vitamin D. Three other studies reported decreases in C-reactive protein, platelet 
activation inhibitor-1, tissue plasminogen activator and B type natriuretic peptide. Recent evidence 
from good quality RCTs did not support a beneficial effect of vitamin D on vascular reactivity. Future 
intervention studies may need to target a higher vitamin D status and longer duration to determine 
whether the vitamin has a regulatory role in endothelial function. 

Key words endothelial function - flow mediated dilatation - inflammation - obesity - supplementation - vitamin D
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Review Article

Vitamin D and health 

 Like many parts of the world including Australia, 
India faces the burden of obesity with a significant 
percentage (around 30-65%) of adult urban Indians 
diagnosed as overweight or obese or with abdominal 
obesity1. Interestingly both India and Australia have 
abundant milk supplies and plentiful sunshine, yet 
large sections of their population have lower than 
recommended dietary intakes of calcium (Ca)2 and 
low vitamin D status3-5. Calcium and vitamin D have 

many potential roles in human physiology but are 
accepted mainly for their influence on bone health6. 
The evidence base that associates calcium intake and 
vitamin D status with obesity, cardiovascular disease, 
type 2 diabetes and more recently cognitive effects 
is growing. It ranges from the cellular to animal to 
human clinical and epidemiological investigations7-10. 
However, the balance of evidence that tilts either one or 
both nutrients towards an extra-skeletal health effect is 
yet to be reached. In this review we questioned whether 
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Overall Objectives 
The overall objectives of this PhD research were to examine the associations between 

vitamin D status and endothelial function, and the role of insulin resistance and systemic 

inflammation in this context.   

 

To address these objectives, we planned the following studies to test our hypotheses.  

 

Hypothesis & Studies Conducted 
Hypothesis 1:  
Cholecalciferol supplementation will improve endothelial function and reduce systemic 

inflammation.   

Study 1:  Development and execution of a systematic review and meta-analysis protocol 

examining the effect of cholecalciferol supplementation on endothelial function and 

systemic inflammatory biomarkers. 

 

Hypothesis 2:  
Low circulating 25(OH)D status will be associated with dyslipidaemia and endothelial 

dysfunction as gauged from endothelial cell activation molecules. 

Study 2: A cross sectional study comparison of circulating lipids and endothelial cell 

activation molecules between tertiles of vitamin D status. 

  

Hypothesis 3:  
Ethnic differences in low circulating 25(OH)D status will account for endothelial 

dysfunction following glucose ingestion.   

Study 3: A cross sectional study comparison of Middle Eastern and Australian men of 

European descent, following glucose-induced endothelial changes measured by pulse 

contour analysis (Pulse Trace 2000).  
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Chapter 2: 
A systematic review of high quality randomised 

controlled trials examining the effect of 

cholecalciferol supplementation on endothelial 

function.  
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Chapter 2 Part 1: 

Paper: A systematic review protocol examining the effect of vitamin D 

supplementation on endothelial function 

  
Alyami, A., Soares, M. J., Sherriff, J. L., Zhao, Y., Hallett, J., & Coombes, F. (2015). A 

systematic review protocol examining the effect of vitamin D supplementation on 

endothelial function. BMJ open, 5(6), e006835. [Impact factor =2.562; cited by 1]. 

Please see the original paper next page. (Co-author permission signatures attached)  
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ABSTRACT
Introduction: Vitamin D has potential benefits for
extraskeletal health. These could include an anti-
inflammatory effect as well as a reduction in endothelial
dysfunction. We aim to provide quality evidence for the
hypothesis that supplementation with vitamin D will
improve endothelial function (EF), possibly through the
abrogation of systemic inflammation.
Methods and analysis: We will conduct a systematic
review of all randomised controlled trials on vitamin D
supplementation and EF lasting 12 weeks or more. The
search will cover the period 2000–2015 and include
studies that describe direct measures of EF, markers of
endothelial cell (EC) activation and if concurrently
reported, indicators of systemic inflammation. Study
selection will follow the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines and study quality will be assessed by the
Jadad score in addition to an evaluation of allocation
concealment and data analysis. If sufficient data are
available, a meta-analysis will be conducted. The effect
sizes will be generated using Hedges’ g score, for both
fixed and random effect models. I2 statistics and
Galbraith plots will be used to assess heterogeneity and
identify their potential sources. Potential publication and
small sample size bias will be assessed by visual
inspections of funnel plots and also Egger’s test.
Meta-regression analysis (if feasible) will be conducted
with restricted maximum likelihood (REML) estimation
method, controlling for potential confounders
(demographics, study methods, location, etc). A
backward elimination process will be applied in the
regression modelling procedure. Subgroup analysis,
conditional on number of studies retrieved and their
sample size, will be stratified on participant disease
category, total dose administered, degree of 25(OH)D
change and type of supplement used.
Ethics and dissemination: Formal ethical approval is
not required as primary data will not be collected. The
results will be disseminated through a peer-reviewed
publication, conference presentation and the popular
press.
Trial registration number: International Prospective
Register for Systematic Reviews (PROSPERO) number
CRD42014013523.

INTRODUCTION
The vascular endothelium plays a pivotal
role in the detection and response to

blood-borne signals and changes in haemo-
dynamic forces. Endothelial dysfunction is
strongly linked to cardiovascular disease
(CVD),1 and can predict the occurrence of
type 2 diabetes (T2DM).2 A chronic low-
grade inflammation is common to many
metabolic disorders,3 and also underscores
endothelial dysfunction.4 5 Vitamin D inad-
equacy is now a global issue and normalisa-
tion of status has a potential protective role
in conditions such as obesity, CVD and
T2DM.6–11 Vitamin D status is related to
inflammation.12 13 The conversion of 25
(OH)D to its active form 1,25(OH)2D occurs
in immune system cells such as dendritic
cells, macrophages, T cells and B cells.14 The
outcome of 1,25(OH)2D action in these cells
is a decreased production of interferon γ
(INF-γ), interleukin-12 (IL-12), interleukin-6
(IL-6), and interleukin-23(IL-23) with an
enhanced production of IL-4.14 Vitamin D
may also benefit endothelial function
(EF).15 16 The endothelium can convert 25
(OH)D to its active form through a specific
endothelial 1 α-hydroxylase.17 Interestingly,
greater enzyme activity is stimulated by
inflammatory cytokines.18 Protective effects
of vitamin D may then be realised through

Strengths and limitations of this study

▪ Systematic review and meta-analysis of rando-
mised controlled trials.

▪ Will offer highest level of evidence for informed
decisions.

▪ Potential clarification that the effect of vitamin D
status on endothelial dysfunction is through
inflammation.

▪ Availability of quality studies with direct mea-
sures of endothelial function based on the same
technique.

▪ The many inflammatory and endothelial activa-
tion biomarkers in the literature hamper collation
of outcomes.

▪ Key words: endothelial function, vitamin D,
inflammation, systematic review, randomised
controlled trials.

Alyami A, et al. BMJ Open 2015;5:e006835. doi:10.1136/bmjopen-2014-006835 1
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Chapter 2 part 2: 
 

A systematic review of high quality randomised controlled trials 

examining the effect of cholecalciferol supplementation on endothelial 

function.  
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Introduction 
The role of the endothelium is to maintain vascular integrity and hence haemodynamic 

physiology (26). Poor vascular health plays a significant role in the initiation and 

progression of cardiovascular (CVD) and metabolic disease (193). Chronic disease 

progression such as atherosclerotic change in CVD and insulin resistance (IR) in type 2 

diabetes mellitus (T2DM), has been linked to varying degrees of endothelial dysfunction 

(ED) (194-197). Studies show that impaired endothelial function (EF) is one of the first 

pathological events during atherosclerotic change (198, 199).  

 

ED is a multifaceted process involving several pathophysiological mechanisms including 

imbalance of vasoactive molecules, pro-inflammatory cytokine production, liberation of 

reactive oxygen species (ROS), and the generation of pro-atherogenic lipoproteins (199, 

200). The reduction of endothelium-derived nitric oxide (NO) in ED potentiates the 

inflammatory process via limiting platelet and leucocyte adhesion and vascular smooth 

muscle cell proliferation (199-201). Vitamin D is an important pro-hormone recognised 

predominantly for its role in bone remodelling and Ca2+ homeostasis (59). Nonetheless, 

recent evidence has suggested  numerous extra-skeletal roles of extracellular vitamin D 

(69). Indeed, vitamin D receptors (VDRs) are ubiquitously expressed throughout the 

body, including in endothelial cells, vascular smooth muscle and cardiac cells (33).  

 

The active form of vitamin D, calcitriol [ 1,25(OH)2D], has been implicated in vascular 

endothelial function, primarily through its potential attenuation of the pro-inflammatory 

process (34). Calcitriol has been shown to regulate vascular smooth muscle tone, in 

addition to regulating both the relationship between insulin and glucose, via possible role 

in improving insulin  sensitivity and secretion, and the immune functionality of 

endothelial cells (34, 202). The former action is exerted through the transcriptional 

regulation of endothelial nitric oxide synthase (eNOS) (168, 169). This relationship has 

been demonstrated in animal models, where VDR knockout in mice demonstrates that 

low calcitriol levels cause endothelial dysfunction which culminates in poor arterial 

smooth muscle cell flexibility and cardiac dysfunction (203).  
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Notwithstanding these findings, observational analyses examining the association 

between circulating 25(OH)D and EF have produced mixed results in terms of 

cardiovascular and metabolic risks. A large body of evidence supports an inverse 

relationship between low plasma 25(OH)D and high cardiovascular risk, including 

chronic disease progression such as myocardial infarction (MI), cerebrovascular 

accidents, hypertension and T2DM (204-206). Our own data indicate a role for both 

dietary calcium and plasma 25(OH)D in regulating vascular tone of younger adults (207) 

as well as in preventing dyslipidaemia and in endothelial cell activation (208). Such 

outcomes are not always observed in other study populations (209, 210). Differences 

could be ascribed to variance in study design, such as hypovitaminosis D cut-off values 

for study entry, follow-up duration, criteria applied to the diagnosis of adverse health 

events, and a variety of confounding factors such as diet, exercise, sun expo, and 

seasonality; or characteristics and health status of the populations assessed. RCTs 

evaluating the effect of vitamin D supplementation on EF have depicted similarly 

conflicting outcomes; several studies have demonstrated improvements in EF (171, 211, 

212), while other authors report non-significant changes (172-183). However, many of 

these RCTs were excluded from our systematic review because of the inclusion of 

unhealthy study participants, which may have influenced the trial outcomes.   

 

Previous studies linking vitamin D supplementation, with or without calcium, produced 

different results. In 2010, a systematic review examining studies published from 1966 to 

2009 found that vitamin D supplementation reduces CVD risks, whereas calcium 

supplementation has minimal impact on CVD risks (213). Similarly, a 2016 systematic 

review of studies from 1966 to 2016, examining the possible link between calcium intake 

and CVD risk, found no effect of calcium intake of 2000-2500 mg/day on CVD risk in 

healthy adults (214). Another RCT among postmenopausal women found an association 

between calcium supplementation (200 mg/day) and myocardial infarction and stroke 

(215). There is some evidence for vitamin D supplementation and little evidence for a 
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beneficial effect of calcium with some evidence that calcium has adverse effect on 

cardiovascular health.  

  

A 2007 systematic review demonstrated that vitamin D supplementation, with or without 

calcium, has a beneficial effect on glucose metabolism (216). Another randomised 

control trial (RCT) found that vitamin D supplementation improves β cell function, 

whereas calcium supplementation had no effect (217). Another RCT conducted on non-

diabetic adults over three years found that daily vitamin D supplementation with calcium, 

reduces high blood sugar and insulin resistance with time, for those with impermanent 

fasting glucose (IFG) (218). A large cohort study conducted over 20 years on women 

found they were less likely to develop T2DM if there was supplementation with >1200 

mg/day of calcium (21% less likely), > 800 IU/day of vitamin D (13% less likely) or both 

(33% less likely) (205). A RCT found no beneficial effect of  supplementation with 

vitamin D (400 IU/day) and calcium (1000 mg/day) for 2,291 newly diagnosed diabetic 

women in relation to diabetes risk or glucose metabolism (219). An Australian cohort 

study found that those who did not develop diabetes had a higher calcium intake (923 

mg/day) compared to those who developed diabetes (881 mg/day) (220). An RCT 

conducted over 12 weeks revealed a beneficial effect on blood glucose levels in diabetic 

participants with the consumption of vitamin D fortified yoghurt, with or without 

calcium, compared to the placebo group (221). In conclusion, there are some supporting 

evidences for the role of vitamin D and calcium on the prevention of T2DM.  

 

Objective measurement of EF can be conducted utilising several methods based around 

the assessment of vascular reactivity, either in the coronary or peripheral arteries. Indeed, 

the methodological approach differs based on resources, technical experience and the 

hypothesis being investigated. Invasive arterial catheterisation was originally used in 

order to measure endothelial-dependent vasodilation (53). However this method was 

invasive, thus non-invasive contemporary methods are more practicable. Non-invasive 

measurement of the peripheral arteries, such as the brachial artery, is typically achieved 

using flow-mediated dilation (FMD), however  this method requires a high level of 
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expertise and thus alternative methods requiring less expertise were developed (53, 54). 

These newer methods include pulse wave velocity (PWV), augmentation index (AIx), 

reactive hyperemia index using EndoPAT (RHI-PAT) and pulse contour analysis (PCA) 

(47, 53, 54, 222, 223). Also, these new methods include the measurement of  systemic 

inflammation biomarkers such as C-reactive protein (CRP), interleukin 6 (IL-6), tumour 

necrosis factor alpha (TNFα) and/or endothelial cell activation molecules for example,  

soluble vascular cellular adhesion molecule sVCAM, soluble intracellular adhesion 

molecule sICAM, P-selectin and E-selectin (26, 47).  

 

Vitamin D inadequacy is highly prevalent globally and evidence suggests that 

improvement in status  may be linked to improvement in endothelial function (5). A 

systematic review of RCTs was conducted to explore the evidence for a causative 

relationship between poor vitamin D status and ED.  
 

Methods 
 
Search Strategy 
We conducted a systematic review of all RCTs that evaluated cholecalciferol 

supplementation and EF and that had durations of ≥12 weeks and assessed participants 

aged ≥18 years. The systematic review was performed using the protocol for systematic 

reviews that we published in 2015 (224). The protocol had been prospectively registered: 

International Prospective Register for Systematic Reviews (PROSPERO) number 

CRD42014013523. However, the publication period was extended to include 2016 (Jan 

2000 to Dec 2016) (224).  

 

Literature search  
The Medline and Scopus databases were searched for relevant studies following the 

research strategy outlined in the protocol (224), using the key phrases ‘vitamin D’, 

‘endothelial function’, ‘inflammation’ and ‘randomised (randomized) control trial’. Using 

keywords identified in this initial search, a broader secondary search of Medline, Science 
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Direct, Scopus, Web of Science, Cochrane Library of Systematic Reviews, ProQuest, 

Wiley and Highwire Press was conducted.  

 

Data Extraction 
This broader search yielded a total of 4,625 studies. Following the removal of duplicates, 

3,479 studies were screened by title and abstract. All non-RCTs or RCTs that had 

durations of <12 weeks were excluded. Following screening and the application of 

inclusion and exclusion criteria, 3,459 studies were removed, leaving a total of 20 

studies.  

 

Quality Assessment 
The full text of each of these studies was reviewed individually, including examination of 

the reference list of each paper and six studies were subsequently excluded (see Fig. 1 for 

reasons). Determination of study quality for inclusion was conducted by three 

independent investigators (AA, EKC, MJS) to minimise bias, and was contingent on 

achieving a Jadad score of ≥3 (225, 226) and in addition allocation concealment and 

appropriate data analysis. After applying these criteria, 14 RCTs remained in the 

systematic review. Study selection was conducted in accordance with PRISMA 

guidelines (227), and is  illustrated in Figure 5. 

 
Statistical Analysis 
For studies in which the same methods for measuring endpoints were used, pre-

intervention, post-intervention and mean change outcomes for endothelial dysfunction 

were reported. The mean change was calculated in studies with parallel design by 

subtracting the mean effect in the placebo (control) group from the mean in the treatment 

group. Raw data from both the placebo and treatment groups were used to calculate 

standard deviation (SD) using standard error (SE) and confidence interval (95% CI) 

values for each of the studies. Meta-analysis was unable to be conducted due to the 

variation in endothelial dysfunction measurements between studies. 
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Results 
 
Study characteristics  
Following our systemic review protocol, 14 RCTs were comprehensively reviewed and 

data extracted. Fourteen (n=14) RCTs were analysed: twelve parallel double-blinded and 

two single-blinded placebo controlled studies. The mean RCT duration was 29.14 weeks 

(max=52, min=16, range=36). Four studies each were conducted in the United States 

(US) and United Kingdom (UK), and one study was conducted each in Australia, 

Denmark, Hong Kong, Ireland, Israel and Korea. Across the review, a total of 1,650 

participants (max=305, min=47, mean=118/study) were assessed comprising a mean of 

approximately 34% males and 58% females per study. The age of participants varied 

from 18 to 76 (range=58) with a mean age of 58 years, and the body mass index (BMI) 

across the cohort was 29.29 kg/m2 (overweight bordering on obese) (see Table 5). 

Among those, six study arm populations started the trial with 25(OH)D less than 50 

nmol/L and ended with levels greater than 75 nmol/L (see Table 6).  

 

As indicated in Table 5, the effect of cholecalciferol supplementation on EF was 

evaluated in fourteen studies: four of these studies assessed healthy participants (134, 

183, 228, 229); four studies assessed diabetic patients (177, 211, 230); three studies 

assessed pre-diabetic participants with confirmed hypovitaminosis D (231-233); one 

study assessed hypertensive individuals (174); and the last study assessed participants 

with a previous history of myocardial infarction (175). Vitamin D dose varied 

substantially across the studies. The lowest dose administered was 200 IU per day (228) 

and the highest was 7,000 IU/day (Wamberg et al., 2012). Forouhi et al (2016) 

administered one single 100,000 IU dose per month for four months, whereas Witham et 

al 2010 used only one initial single dose of either 100,000 IU vitamin D3 or 200,000 IU 

vitamin D3 (177). The commonest route of administration was per oral (PO) tablets (173, 

174, 212, 230, 231, 234), followed by PO solution (175, 177, 233), PO capsules (211, 

228, 229, 232), and PO fortified biscuits (183). All studies used cholecalciferol (D3) 

supplements. 
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EF was assessed via various methods. Of those RCTs using physiologically induced 

outcomes, four used FMD (174, 177, 183, 212), five studies used PWV (173, 174, 183, 

230, 233) and three used AIx (183, 211, 230). Other parameters measured were  CRP 

(173-175, 183, 211, 228-234), IL-6 (229, 231, 232, 234), adiponectin (211, 232, 234), 

leptin (211, 234), TNF-α (175, 231, 232), plasminogen activator inhibitor-1 (PAI-1) 

(231, 234) sICAM (229), endothelial progenitor cells (173), reactive hyperaemia, E-

selectin and Von Willebrand Factor (VWF) (174), monocyte chemoattractant protein-1 

(MCP-1) (234) and matrix metallopeptidase 9 (MMP-9) (228).  

 
Quality analysis 
In response to vitamin D supplementation, the majority - 11 of the RCTs - demonstrated 

non-significant changes in EF, while only three RCTs demonstrated a statistically 

significant improvement in EF (Forouhi et al 2016 (233), Breslavsky et al 2013 (211) and  

Harris et al 2011 (212)). Only the study by Witham et al  (2013a) (175) detected an effect 

of vitamin D supplementation on systemic inflammatory outcomes, namely a significant 

decline in systemic inflammation, as indicated by a reduction in CRP in the treatment 

group (174) (see Table 6). The remaining studies (11 RCTs) did not find any relationship 

between circulating 25(OH)D and endothelial cell activation or systemic inflammatory 

molecules.  

 

Eleven studies concealed from their participants whether they were allocated to the 

testing or placebo groups and blinded data analysis, establishing Jadad scores of 5. Harris 

et al (2011) has a Jadad score of 4/5 with a sufficient allocation concealment and data 

analysis (212). Meanwhile, Breslevsky et al. (2014) lacked appropriate description of 

sequence randomisation and did not complete adequate allocation concealment leading to 

a Jadad score of 4/5 (211). Sinha-Hikim et al (2015) was allocated a Jadad score of 3/5 

due to insufficient information of  withdrawal rates and a lack of blinded description of 

randomisation (231). Collectively, 13 RCTs examined had minimal risk of bias with 

Jadad scores of 4/5 and above, while one RCT had a Jadad score of 3/5.  
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Figure 5: PRISMA flow diagram of study selection for the systematic review of 

vitamin D supplementation and endothelial function. 
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Table 5: Demographic data of RCTs in the systematic review. 

Authors Year Vitamin D dose 
(IU/d) 

Duration 
(wk) Population Location n Age (y) % 

Male 
% 
Female BMI Study Outcomes 

Witham et al 
(177) 2010 100,000/200,000 IU  

in the start only 16 Diabetic UK 61 57 - 76.4 67.2 32.8 32.3 FMD 

Harris et al 
(212) 2011 2143  16 Pre-diabetic African-

American US 70 19 - 50 46.5 53.5 29.8 FMD, PTH 

Gepner et al 
(183) 2012 2500 16 

 
Post-menopause 
women US 14 60 - 66 0 100 26.2 AIx, PWV, FMD & CRP 

Wood et al (229) 2012 400 or 1000  52 Healthy postpartum 
women US 305 61.6 - 66 0 100 26.7 Hs-CRP, sICAM, IL-6 

Muldowney et al 
(228) 2012 200, 400 or 600  22 Healthy adult Ireland 202 20 - 40 2.9/35.9 77.1/ 

64.1 26.1 Hs-CRP and MMP-9 

Yiu et al(173) 2013 5000  12 Diabetic HK 100 57 - 73 50 50 25.5 
PWV, hs-CRP and 
endothelial progenitor 
cells 

Wamberg et 
al(234) 2013 7000  26 Healthy adult Denmark 52 18 - 50 29 71 40.4 Hs-CRP, IL-6, MCP-1, 

Adiponectin, leptin, PAI-1 
Witham et 
al(175) 2013a 1789  26 PMHx of myocardial 

infarction UK 75 56 - 76 59.3 40.7 - Reactive hyperemia, CRP, 
E-selectin, TNF-α, VWF 

Witham et 
al(174) 2013b 3571  52 Hypertensive UK 159 >70 51.5 48.5 28.2 PWV, FMD, CRP 

Breslavsky et al 
(211) 2013 1000  52 Diabetic Israel 47 56.1 - 76 46.8 53.2 29.3 AIx, leptin, adiponectin 

and hs-CRP 
Ryu et al (230) 2014 2000  24 Diabetic Korea 62 30 - 69 - - 24.8 Aix, PWV, hs-CRP 
Gagnon et al 
(232) 2014 4000  26 Pre-diabetes or at-risk 

of diabetes Australia 95 41.9 - 66.4 31 69 31.5 Adiponectin, CRP, TNF-α 
and IL-6 

Sinha-Hikim et 
al (231) 2014 Varied 52 Pre-diabetes & 

hypovitaminosis D US 80 43.9 - 59.1 30 70 32.7 IL-6, TNF-α, hs-CRP and 
PAI-1 

Forouhi et al 
(233) 2016 100,000/ 

Month 16 Pre-diabetes or at-risk 
of diabetes UK 228 43.9 - 61 30 70 _ PWV, CRP 

FMD: follow mediated dilatation, PWV: pulse wave velocity, AIs: augmentation index, RHIx: reactive hyperaemia index, hs-CRP: high sensitive C-reactive protein, TNF-α: 

tumour necrosis factor alpha, IL-6: interleukin-6, MMP-9: matrix metallopeptidase 9 and PAI-1: plasminogen activator inhibitor-1. 
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Table 6: Outcomes of RCTs evaluating the effect of cholecalciferol supplementation upon EF and systemic inflammatory biomarkers.  

Author & year Vitamin D3 
dose (IU/d) 

 
Administration 

Jadad score (allocation 
concealment/data 
analysis) 

25(OH)D conc. (nmol/L) Significant treatment effects Endothelial cell activation 
molecule / systemic 
inflammation molecule 

Conclusions 
Initial  Final  FMD PWV AIx RHIx 

Witham et al 
2010 
(177) 

993  PO solution 5 (Yes/Yes) 41.00 59.00  No - - - - No effect on EF 

Witham et al 
2010 (177)  1786  PO solution 5 (Yes/Yes) 48.00 76.00 No - - - - No effect on EF 

Harris et al 
2011(212) 

2143 PO tablet 4 (Yes/Yes) 34.30 100.90 Yes - - - - Beneficial effect 
on FMD 

Gepner et al 
2012 (183) 

2500 
IU/day PO food 5 (Yes/Yes) 75.63 114.83  No No No - No effect on CRP No effect on EF 

or inflammation 
Wood et al 
2012 (229) 

1000 
IU/day PO capsule 5 (Yes/Yes) 32.41 75.66  - - - - No effect on hs-CRP, IL-6 nor 

sICAM 
No effect on EF 
or inflammation 

Wood et al 
2012 (229) 400 IU/day PO capsule 5 (Yes/Yes) 32.74 64.86  - - - - No effect on hs-CRP, IL-6 nor 

sICAM 
No effect on EF 
or inflammation 

Muldowney et 
al 2012(228) 

200, 400, 
600 IU/day PO capsule 5 (Yes/Yes) 70.00 79.00 - - - - No effect on hs-CRP, MMP-9 

No effect on 
biomarker of 
CVS health 

Yiu et al 
2013(173) 

5000 
IU/day PO tablet 5 (Yes/Yes) 52.75 146.50  - No - - No effect on hs-CRP No effect on EF 

or hs-CRP 

Wamberg et al 
2013 (234) 

7000 
IU/day PO tablet 5 (Yes/Yes) 34.50 110.20 - - - - 

No effect on any inflammatory 
markers (hs-CRP, MCP-1, IL-6, 
adiponectin, leptin, MMP-9 and 
PAI-1) 

No effect on 
inflammation 

Witham et al 
2013a (175) 

1789 
IU/day PO solution 5 (Yes/Yes) 49.00 62.00  - - - No There is a decline in CRP only 

Anti-
inflammatory but 
not EF effect 

Witham et al 
2013b (174) 

3571 
IU/day PO tablet 5 (Yes/Yes) 45.00 67.50  

 No No - - No effect on any of endothelial 
function measurement No effect on EF 

Breslavsky et 
al 2013(211) 

1000 
IU/day PO capsule 4 (No/No) 29.50 44.00  - - Yes - No effect on leptin, adiponectin 

or hs-CRP 
Beneficial effect 
on EF  

* Vitamin D3 dose calculated as follows: (100 - baseline vitamin D3) x weight (kg) x 15.7 IU/week. PO: per oral, FMD: follow mediated dilatation, PWV: pulse wave velocity, 

AIs: augmentation index, RHIx: reactive hyperaemia index, hs-CRP: high sensitive C-reactive protein, TNF-α: tumour necrosis factor alpha, IL-6: interleukin-6, MMP-9: matrix 

metallopeptidase 9 and PAI-1: plasminogen activator inhibitor-1. 
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Table 6: Outcomes of RCTs evaluating the effect of cholecalciferol supplementation upon EF and systemic inflammatory biomarkers (cont.).  

Author & 
year 

Vitamin D3 
dose (IU/d)  Administration 

Jadad score (allocation 
concealment/data 
analysis) 

25(OH)D  (nmol/L) Significant treatment effects Endothelial cell activation 
molecule / systemic 
inflammation molecule 

Conclusions 
Initial  Final  FMD PWV AIx RHIx 

Ryu et al 
2014(230) 

2000 
IU/day PO tablets 5 (Yes/Yes) 30.75 86.50 - No No - No effect of hs-CRP  No effect on hs-

CRP nor EF 

Gangnon et 
al 2014(232) 

4000 
IU/day PO capsule 5 (Yes/Yes) 47.00 95.00 - - - - No effect on Adiponectin, 

CRP, TNF-alpha or IL-6 

No effect on 
inflammatory 
biomarkers 

Sinha-Hikim 
et al 
2014(231) 

* PO tablet 3 (Yes/No) 54.75 175.00 - - - - No effect on IL-6, TNF-
alpha, hs-CRP nor PAI-1 

No effect on 
inflammatory 
biomarkers 

Forouhi et al 
2016 (233) 

100,000 
IU/Month PO solution 5 (Yes/Yes) 45.80 51.20  - Yes - - No effect on CRP 

Beneficial effect on 
PWV and no effect 
on CRP 

* Vitamin D3 dose calculated as follows: (100 - baseline vitamin D3) x weight (kg) x 15.7 IU/week. PO: per oral, FMD: follow mediated dilatation, PWV: pulse wave velocity, 

AIs: augmentation index, RHIx: reactive hyperaemia index, hs-CRP: high sensitive C-reactive protein, TNF-α: tumour necrosis factor alpha, IL-6: interleukin-6, MMP-9: matrix 

metallopeptidase 9 and PAI-1: plasminogen activator inhibitor-1. 
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Discussion 
Vitamin D and endothelial function (EF) 
This systematic review found a positive causal association between cholecalciferol supplementation 

and EF in three of the RCTs that met our criteria (211, 212, 233). However, in 11 of the RCTs no 

significant relationship was found between 25(OH)D and EF.  

 

No significant effect on EF was observed in seven trials wherein the participants had an overall 

average starting mean level of 25(OH)D ≥ 50 nmol/L (173, 175, 177, 183, 228, 231, 232). For the 

three studies in which a positive effect on EF was found, 25(OH)D levels were initially below 50 

nmol/L at 29.5, 34.3 and 45.8 nmol/L in the studies by Breslavsky et al (2013) (211), Harris et al 

(2011) (212) and Forouhi et al (2016) (233) , respectively. For the other five trials where initial 

25(OH)D levels were < 47 nmol/L, supplementation had no effect on EF (174, 177, 229, 230, 234). 

The Witham et al (2010) study was comprised of two trials with slightly different initial 25(OH)D 

levels at 48 nmol/L and 41 nmol/L but used different doses of vitamin D. Again, there was no 

observable relationship between the study durations and the endothelial function outcomes.  

 

Regarding the three studies which found 25(OH)D to have an effect on ED, Harris et al used per oral 

(PO) tablets (2,143 IU/day), Breslavsky et al (2013) used PO capsules (1,000 IU/day) and Forouhi et 

al (2016) used PO solution (100,000 IU/month). All three of these studies were conducted on 

populations comprised of diabetic (211) and pre-diabetic (212, 233) subjects. One of the studies on 

pre-diabetic subjects had a mean baseline level of 25(OH)D consistent with hypovitaminosis D 

(212). The three studies used different methods of EF analysis, namely FMD, PWV and AIx. Two 

had a study period of 16 weeks (212, 233) and one had a study period of 52 weeks (211).  It is worth 

mentioning here that inclusion of participants with initial 25(OH)D < 50 nmol/L is important as this  

allows a substantial change in 25(OH)D level which in turn, makes it more likely that  a relationship 

between 25(OH)D level and EF is found. Also, different form of vitamin D supplementation might 

affect the end point level of 25(OH)D and participants’ medical history (for example diabetes or pre-

diabetes) also plays a vital role.  

 

Harris et al (2011) utilised 2,143 IU/day of vitamin D delivered orally in tablet form. This study was 

of high quality as determined by the Jadad score (4/5). Vitamin D3 supplementation above 2000 IU a 

day for 16 weeks increased the level of 25(OH)D from 34.2 nmol/L to the very high level of 100.9 

nmol/L.  In contrast to this, over the same period of time the placebo group increased from a 

25(OH)D level of 38.2 nmol/L to the moderate, but still insufficient, level of 48.7 nmol/L. As 

measured by FMD, a significant improvement in EF was recorded in the treatment group compared 
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to the placebo group. The authors concluded that 25(OH)D supplementation had a beneficial effect 

on EF because a significant vasodilatory response was achieved. Indeed, the African American 

population examined are at high risk of hypertension, shown to relate to a multiplicity of intimately 

related minor genes (235). Moreover, this population is at increased risk of hypovitaminosis D (235). 

Baseline data showed that BMI was high (30.4 m2/kg) in alignment with the remaining RCTs 

examined. In contrast to most of the other studies, the baseline data indicated one of the lowest initial 

values for mean 25(OH)D. This may be explained by the Gc phenotype of the vitamin D binding 

protein (Vitamin DBP), prevalent in people with darker skin, which has a higher affinity for 

25(OH)D and thus leaves lower amounts of unbound 25(OH)D in the blood (1). This indicates that 

circulating 25(OH)D values, may not accurately represent the vitamin D status of people with darker 

skin, which may explain the more significant effect of vitamin D3 supplementation on endothelial 

function (1).  

 

Breslavsky et al (2013) examined EF using AIx in diabetic patients and reported that 1,000 IU/day of 

cholecalciferol supplementation was correlated with improved AIx scores as a measure of enhanced 

EF. The study design implemented was of lower quality compared to the majority of RCTs we 

assessed. This was due to inadequate allocation concealment and unclear reporting of the 

randomisation sequencing. In alignment with the outcomes of Harris et al (2011), the study 

demonstrated an insufficient final 25(OH)D value (44 nmol/L), suggesting that this vitamin D dose 

may not have achieved a pharmacologically significant effect.   

 

Three of the RCTs evaluated the effect of cholecalciferol supplementation on EF in pre-diabetic 

participants. The study by Forouhi et al (2016) had a large sample size of 228 participants compared 

to the sample sizes of Gagnon et al (2014) and Sinha-Hikim et al (2014), which assessed 95 and 80 

participants, respectively (231, 232). The studies by Forouhi et al (2016) and Gagnon et al (2014) 

study had perfect Jadad scores of 5/5 while the study by Sinha-Hikim et al (2014) had a lower Jadad 

score of 3/5. The RCT by Forouhi et al (2016) directly assessed endothelial function through PWV 

and found that cholecalciferol supplementation improved EF. The RCTs by Gagnon et al (2014) and 

Sinha-Hikim et al (2014) did not directly assess endothelial function; rather, they only assessed the 

inflammatory biomarkers and did not find any effect of cholecalciferol supplementation. Forouhi et 

al (2016) also examined the inflammatory biomarker C-reactive protein (CRP), where there was no 

effect after cholecalciferol supplementation. The Forouhi et al (2016) study was the only RCT design 

incorporating a single large dose (100,000 IU) per month.  
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Effect of obesity and T2DM 
In this systematic review the average BMI across the studies was mostly over 25kg/m2, which 

parallels a previous meta-analysis of vitamin D and EF that demonstrated a proportional trend of 

vitamin D effects in higher BMI subjects (222). As adipocytes express the VDR, it is possible that 

increased adiposity might cause increasing sequestration of 25(OH)D (236). Other studies have 

demonstrated that an increase in circulating 25(OH)D is associated with reduced adiposity [weight 

loss] (236). A previous meta-analysis found that BMI weakly modifies the effect that vitamin D 

supplementation has on EF (236). However, the present systematic review could not find any 

relationship between low BMI and an improved effect of cholecalciferol on EF.  

 

The previously mentioned meta-analysis also found vitamin D supplementation to have the greatest 

effect on EF in T2DM patients where the initial 25(OH)D levels were the lowest (236). The studies 

included in this review which had T2DM and pre-diabetic patients with very low initial mean 

25(OH)D levels yielded mixed results, with some of these studies revealing an improvement in EF 

(211, 212, 233) and others reporting no such improvement (173, 177, 230-232). 

 

Taking into consideration the relationship between EF and insulin resistance (IR) it is likely that the 

effect of cholecalciferol supplementation in diabetics compared to non-diabetics may differ. Indeed, 

this relationship may also interact with adiposity. Previous studies show that decreased endothelium-

derived nitric oxide (NO) is the central link between endothelium and IR (29, 55). Vascular 

endothelial destruction pathognomonic of diabetes mellitus and subsequent endothelial dysfunction 

is linked to a reduction in NO-dependent vascular activity (29). Furthermore, comorbidities linked to 

both obesity and diabetes, such as atherosclerosis, may reduce endothelial-derived NO (11, 45, 49). 

These factors may explain less reactivity in both pre-diabetic and diabetic cohorts. However, the 

distinction in outcomes among studies examining the cholecalciferol impacts on EF in cohorts with 

the same disease status (i.e. diabetics vs. diabetics; pre-diabetics vs. pre-diabetics) is unexpected. 

However, it is noted that these studies were conducted in different populations and used different 

methods of EF analysis.  

 

The three RCTs which found a positive correlation between cholecalciferol supplementation and EF 

outcomes had an initial 25(OH)D mean indicating mild vitamin D deficiency (25-50 nmol/L). Two 

of those studies achieved the lowest final mean 25(OH)D values of the RCTs reviewed. In fact, these 

results suggest a borderline sufficiency of 25(OH)D is enough to improve EF, according to the 

current recommended cut-off level of 50 nmol/L (237). However, the third study achieved 25(OH)D 

>75 nmol/L, which could be the future cut-off for the extra-skeletal benefits of 25(OH)D.    
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Vitamin D and biomarkers of systemic inflammation 
Of the 11 studies that examined biomarkers of systemic inflammation, only one study demonstrated 

a positive association between reduced systematic inflammation measured via CRP and 25(OH)D 

(175). Notwithstanding this, other studies using CRP as an inflammatory marker showed no 

correlation (170, 183, 229, 234). Interestingly, the study cohort which elicited the significant 

reduction in CRP was hypertensive prior to the administration of cholecalciferol. While CRP is a 

nonspecific acute phase reactant, it has been linked to hypertension (238). No other studies using 

CRP as an inflammatory biomarker were conducted on hypertensive patients, so unfortunately this 

effect cannot be compared in similar cohorts.  

 

One would suspect that 25(OH)D sufficiency, which is linked to lower inflammatory states (33), 

might demonstrate a less marked reduction in inflammatory biomarkers such as CRP, as these are 

constantly being released at higher rates in hypertensive patients. This systematic review supports 

this concept. The studies which assessed those populations that are also assumed to have increased 

inflammatory stress, such as diabetic and pre-diabetic patients, did not show any reductions in 

inflammatory biomarkers.  

 

Two strong RCTs examining endothelial cell activation molecules E-selectin (175) or ICAM (229) 

did not show a significant reduction. Cholecalciferol supplementation was shown to have little 

impact on the markers of endothelial function.  

 
Limitations of this systematic review 
The studies were conducted on populations of varying demographics, including the absence or 

presence of comorbidities (which included pre-diabetes, T2DM and CVD), the types of 

comorbidities, ethnicity, gender, BMI and age, and thus it is difficult to directly compare the results 

between the groups. Furthermore, the studies measured different outcomes, namely different types 

and combinations of inflammatory biomarkers, and used different techniques to evaluate EF. Also, 

the studies varied in duration from 12-52 weeks and in the cholecalciferol dosage amounts, 

frequencies and administration methods. In addition, some studies did not specifically investigate EF 

or endothelial cell activation molecules but rather the biomarkers of systemic inflammation as a 

group.  

 

Unfortunately, meta-analysis could not be performed on this dataset for several reasons. The primary 

issue was missing data despite numerous unsuccessful attempts to contact the authors. Studies that 

made it through the selection process utilised different methodological approaches, rendering it 
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impossible to appropriately apply a meta-analytic approach. Furthermore, missing information in 

some studies (173, 212) led to insufficient FMD data on which to conduct a meta-analysis. Despite 

having five PWV studies included in the systematic review (173, 174, 183, 230, 233), each study 

implemented a different PWV protocol. Only one study examined EF using several PWV 

approaches, which were heart-carotid PWV, heart-ankle PWV and brachial ankle PWV (173). 

Meanwhile, other RCTs conducting PWV analysis used singular approaches that could not be 

evaluated by meta-analysis (174, 183, 230, 233). Only two RCTs assessed EF using the endothelium-

specific biomarkers sICAM (229) and E-selectin (175).   

 

In this systematic review five studies (228, 229, 231, 232, 234) assessed endothelial function using 

endothelial cell biomarkers without physical assessment of endothelial function. These biomarkers 

include CRP, IL-6, ICAM-1, MMP-9, PAI-1,, VCAM-1 MCP-1, E-selectin, p-selectin and TNF-α. 

The aetiology of endothelial dysfunction generally involves endothelial cell activation (239). 

Therefore, identifying when the endothelial cells have been activated can be important in the early 

detection of disease. The activated endothelial cells are permeable, pro-inflammatory and pro-

thrombotic (239). Inflammatory activation of endothelial cells leads to increased levels/expression of 

E-selectin, P-selectin, sVCAM-1, sICAM-1, TNF-a, CRP, IL-6 and MCP-1 (239). One study found 

levels of IL-6 and E-selectin to correlate with FMD results, while another study found CRP and PAI-

1 to have an inverse relationship with FMD (240, 241). Endothelial cells activation molecules and 

systemic inflammatory molecules indicate endothelial dysfunction through its relationship to 

endothelial cells. This relationship will be only a marker of this dysfunction and not a definitive 

interpretation of endothelial function status.  For more discussion of the link between these 

molecules and endothelial function see vitamin D and endothelial function paper (26).   

 

Conclusion 
This systematic review provides insufficient evidence to support the causal role of cholecalciferol 

supplementation in improving EF and suppression of systemic inflammation and endothelial cell 

activation molecules. Nonetheless, the results of this systematic analysis suggest that the use of 

cholecalciferol supplementation to overcome vitamin D deficiency may serve to improve EF in 

individuals with pre-diabetes or T2DM, and to lower the systemic inflammatory response in 

individuals with hypertension. Considering the complex interrelationships between IR, obesity and 

endothelial cells, the potential for cholecalciferol supplementation to augment EF in the diabetic 

population and to relieve systemic inflammation in the CVD population requires further investigation 

with high quality studies, and to ensure adequate dosage to improve circulating 25(OH)D in the 

blood.  
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Chapter 3: 
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Chapter 3: General Materials & Methods General Materials and Methods  
1 Materials  

 
1.1 Blood centrifuge:  

Blood was centrifuged at 3000 revolutions per minute (rpm) for 10 minutes (242) using MPW-53 ™ 

(MPW MED. INSTRUMENTS, Poland).  

1.2 Blood Collection Set:  
BD Vacutainer® Safety-Lock™ Blood Collection Set with tube holder (Becton, Dickinson and 

Company.  ©2006 Franklin Lakes, NJ 07417). 

1.3 Blood collection tubes:  
BD Vacutainer® Heparin Tubes are spray-coated with either lithium heparin or sodium heparin and 

are used for plasma determinations in chemistry (Becton, Dickinson and Company.  ©2006 Franklin 

Lakes, NJ 07417).  

1.4 Blood pressure:  
Blood pressure was measured using semi-automated blood pressure monitor (IA2 model, OMRON 

Healthcare Com. Ltd. Japan ™, Head office in The Netherlands).  

1.5 Dual energy x-ray absorptiometry (DEXA):  
Lunar Prodigy (GE Medical Systems Lunar Madison, Wisconsin USA).  

3.1.6 Hs-CRP measurement device: 
Hs-CRP has been measured in the lab using the QuikRead go ™ (Orion Diagnostica Oy, Finland). It 

is a photometer which we used to measure the absorbance of the cuvette and convert this into a 

concentration value. 

1.7 Medi-swab alcohol swabs:  
Smith and Nephew, Mount Waverley, VIC, Australia  

1.8 Multianalyte of biomarkers using Luminex xMAP® technology (MAGPIX®):  
This technique involves the use of fluorescent-coated magnetic beads (MagPlex®-C microspheres) 

which each have a specific magnetic microsphere and capture antibody coating, indicated by the 

fluorescent code assigned to each one. Plasma is then added to the beads, and this mixture is then 

incubated with Streptavin-PE conjugate to complete the reaction. The beads then emit a fluorescent 

signal to report the plasma levels of these biomarkers: necrosis factor-alpha (TNF-α), soluble 

vascular adhesion molecules (sVCAM), soluble intracellular adhesion molecules (sICAM), leptin, 

hepatocyte growth factor (HGF), C-reactive protein (CRP), D-dimer, P-selectin, and 

myeloperoxidase (MPO).  
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1.9 Pulse Contour Analysis (PCA) (Pulse Trace-1000, MicroMedicals,  UK):  
The photoelectric plethysmograph is an infra-red transmitting probe which is clipped to the index 

finger of the right (55). Here it measures the amount of light absorbed by the haemoglobin, which is 

proportional to the volume of blood present in the finger and thus indicates the pulse. It is also 

connected to an analogue to digital convertor which records the pulse waveforms by measuring the 

transmission of infra-red light through the finger for 15 - 30 seconds to produce a typical digital 

volume pulse (DVP), from which stiffness index (SI) and reflective index (RI) are derived.  

 

SI is a measure of large artery stiffness, where SI = PPT (sec)/ height (m). The normal SI for adults 

varies between 5 and 10 m/s. RI measures small artery vascular tone and thus indicates peripheral 

vasodilation; it is determined by the ratio of the amplitude (heights) of wave B to wave A. 

Vasodilation leads to a smaller RI while vasoconstriction results in a rise in its value. Factors such as 

exercise or caffeine intake which influence peripheral vascular tone may influence RI. RI varies 

between 60-90% in normal subjects. Hence the Pulse Trace System analysis of DVP is simple and its 

results are strongly correlated with the augmentation index and central pulse wave velocity (55). 

 

2 Methods:  
2.1 Participants and experimental Protocol:  

Participants were recruited by various methods, including the distribution of flyers, local community 

newspapers and a radio advertisement (Curtin University Radio). Prospective participants completed 

a screening form (Appendix 2). Then each applicant was assessed to ensure that that the participants 

would meet the specific selection criteria. These criteria included the following: Australian of 

European descent or Middle Eastern; adults of at least 18 years of age; a constant weight (± 2 kg) 

over the last six months; not suffering from any medical conditions involving the thyroid, liver, 

kidney or heart; not diagnosed with Type 1 diabetes; not suffering from any current illness or 

infection requiring antibiotics; not experiencing gastrointestinal problems and did not have histories 

of gastrointestinal surgeries; not on any medication or supplements (Vitamin D, fish oil or thiamine 

supplements), nor on any special or commercial dieting programs that may affect the body’s 

metabolism; and not taking part in strenuous physical activities (subjects engaged in competitive 

sports, team games, running (4.3 min/km) or jogging (5.6 min/km) were excluded) (243). All 

participants were informed by phone that they have been chosen for the study.  They were then asked 

to come for an introductory visit to learn more about the place they would attend on the experiment 

day, and to be given the food they were to eat for dinner the night before the experiment. Also, 

participants were given parking vouchers and signed the consent forms after reading the study 

protocol.  
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Thereafter, participants underwent a full-day experiment which began by resting in the lab for half an 

hour, then taking basal measurement and blood, after which glucose tolerance test were performed 

for two hours and endothelial measurements were taken throughout. Finally, another blood sample 

was collected at 2 h and then participants’ body compositions were assessed with the DEXA and 

BIA machines.  

   

2.2 Measurement of  Participant Characteristics:  
 

 2.2.1 Blood collection:  
Venous blood samples were taken from participants after half an hour of lying down in the supine 

positon. Blood was drawn into specimen tubes (vacutainers) containing an EDTA (plasma) green top 

with a gel separator. After blood collection, tubes were placed in the centrifuge for 10 minutes. 

Blood plasma was collected by disposable transfer pipettes in sealed tubes, after which each 

participant’s plasma was stored at -80˚C for later analysis.  

 
2.2.2 Blood analysis:  
Blood analysis was conducted in two locations within Perth, Western Australia: at School of Public 

Health laboratories, Curtin University or the pathology departments of Fiona Stanley Hospital. At the 

School of Public Health in Curtin University, we measured the inflammatory markers hsCRP, TNF-

α, HGF, P-Selectin, sVCAM, sICAM, and leptin using A MAGPIX system (Merck Millipore, 

Luminex, Austin, TX, USA). The QuikRead go ™ device (Orion Diagnostica Oy, Finland) was used 

to measure hsCRP. In the pathology departments at Royal Perth Hospital and Fiona Stanley Hospital, 

25(OH)D, PTH, triacylglycerol (TGA), total cholesterol, and lipid fractions were measured. More 

details of each blood analysis will be given in the following chapters. 

 

2.2.3 Blood pressure:  
Participants were measured under standardized conditions, namely an overnight fast of at least 12 

hours, and having rested in a supine position for at least half an hour. Participants were measured at 

baseline (after the half hour rest) before the experiment and then every fifteen minutes for two hours 

thereafter. Blood pressure was taken twice by the Omron blood pressure machine (Model T8, 

Omron, Japan) and the mean blood pressure was calculated.  

 

2.2.4 Body composition:  
Body composition (fat mass, fat-free mass, body water and skeletal mass) was assessed by:  

dual energy x-ray Absorptiometry (DEXA), Prodigy Model (Lunar Corporation, USA).  
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Bioelectrical Impedance Analysis (BIA) using both the Direct Segmental Multi-frequency 

Bioelectrical Impedance Analysis Method (DSM-BIA) (General Electric Company, Asia) and the 

medical Body Composition Analyzer (mBCA) (Seca, Germany). 

 

These were performed by a licensed investigator (candidate) at the Curtin University outpatient 

physiotherapy clinic. Each participant was asked to only wear a surgical gown and their underwear, 

and to remove any metal they may have been wearing, where it was possible to do so. 

 

2.2.5 Body height:  
Height was measured with the participant standing, using a stadiometer fixed to the wall, and this 

was recorded to the nearest 0.1 cm.  

 
2.2.5 Body weight:  
Body weight of each participant was measured after an overnight fast, while wearing a light surgical 

gown, on a digital scale (Tanita System 502, Tokyo, Japan), and this was recorded to the nearest 

100g.  

 
2.2.6 Waist circumference:  
Waist circumference was measured as described by Norton and Olds (1996) (244). The waist 

measurement was taken at the level of the narrowest point between the lower costal (rib) border and 

the iliac crest. If there was no obvious narrow point, then the measurement was taken at the mid-

point between these two landmarks. Each measurement was taken with the arms relaxed by the sides. 

The waist measured twice and a mean value recorded for each participant.   

 

2.2.7 Metabolic Syndrome (Mets) Assessment:  
MetS status was determined using the recent criteria published by Alberti et al (2009) (245). These 

criteria include having three of the following elements: elevated waist circumference, elevated 

triglyceride, reduced high density lipoprotein (HDL), increased blood pressure and elevated glucose 

in the blood (245).  

 
2.2.8 Measurement of insulin resistance: 
The gold standard method for the measurement of insulin resistance is the “hyperinsulaemic-

euglycaemic clamp technique” in which simultaneous infusion of fixed doses of insulin and variable 

doses of glucose infusion are carried out in order to assess the individual response to insulin (246). 

However, at the clinical level an oral glucose tolerance test (OGTT) is a well-established alternative 

and is the method preferred by World Health Organization (WHO) and Australian expert committees 

(247). In this thesis, we evaluated participants’ insulin resistance using the OGTT. This involved 
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measuring the participants’ glucose and insulin levels were in fasting status before oral 

administration of 75g of glucose, and then again two hours after ingestion.  

Finally, we evaluated the homeostasis model assessment of insulin resistance (HOMA-IR), 

quantitative insulin-sensitivity check index (QUICKI), McAuley’s index (248) and Sluiter et al 

equation (249) to detect insulin resistance. Although there are many useful indices of insulin 

resistance, these three are in common use. QUICKI and HOMA-IR depend on the fasting 

measurement of insulin and glucose. McAuley’s index measures fasting insulin and triglyceride 

levels and as such, the specificity of this index is well accepted. McAuley’s index considers a fasting 

insulin level greater than 12.2 mU/l in normoglycaemic individuals to be a highly specific test for 

insulin resistance.  

HOMA-IR = Fasting insulin (U/L) x fasting glucose (mmol/L) / 22.5 (250). 

QUICKI = 1/ [log fasting insulin (mU/L) + log fasting glucose (mg/dl)] (251). 

McAuley’s index = Mass fat free (Mff)/I= exp [2.63 – 0.28 ln (insulin) – 0.31 ln (triglycerides)] 

(252). 

Sluiter et al equation for ISI= 10000(Insulin *glucose) (249) 

2.2.9 Physical activity checklist – International Physical Activity Questionnaire (IPAQ): 
We estimated the normal physical activity levels of the participants using the IPAQ, which measures 

the activities participated in over the last seven days of their lives (Appendix 1). The participants 

indicated the times spent on each activity within the following categories: strenuous, moderate, 

walking and sitting. As a result, we calculated the overall physical activity levels of the participants 

and categorised them into three groups according to their levels of physical activity: low, moderate 

and high. 

2.2.10 Measurement of endothelial function using Pulse Contour Analysis (Micro Medicals):   
Endothelial function was assessed by photoplethysmography through the Pulse Trace-2000 

(MicroMedicals, UK) (Figure 6). A small photoplethysmograph, which is a unit that transmits infra-

red light, was attached to each participant’s finger and from there it recorded the blood pressure 

waveform (55). The analogue-to-digital convertor then used this data to generate a digital volume 

pulse (DVP) which duplicated the behavior and characteristics of the waveform (55). Each 

measurement cycle lasted for 20 seconds and was comprised of at least 10 pulse waves. Every 15 

minutes, we measured pulse wave velocity two times (>20 waves in total) within two minutes to 

represent that period of time (253-255). This technique produced reliable results with an intra-
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individual variability of SI (CV = 9.9%) and RI (CV = 3.8%) (256). Its external validity has been 

described as good (253-255). 

 

This method was used to measure the heights of and times between the systolic and diastolic 

inflections, which were then used in conjunction with the height of the participant to calculate the 

stiffness index (SI = artery stiffness), reflective index (RI = systemic vascular tone) and pulse rate 

(PR). SI is calculated by dividing the height of the subject by the time between systolic and diastolic 

inflection peaks. RI is the percentage ratio of the height of the diastolic inflection to that of the 

systolic inflection. The DVP consists of a forward travelling wave and a backward travelling wave, 

with the latter arising from wave reflection. The first peak is related to the forward travelling wave 

(wave A) while the second one named “dichrotic notch” is linked to the backward travelling wave 

(wave B). In hypertensive diabetics, the second wave (reflected one) occurs sooner and overlaps with 

the first forwarding wave. Therefore, the second reflected wave is lost and peak to peak time (PPT) 

decreases. The consequence is a stiffer artery in hypertensive diabetic participants in comparison to 

the healthy individuals (55). 

 

  
Figure 6: Overview of participant’s connection to PCA (PT-2000).   
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Chapter 4: 
Paper:   

The Association of Vitamin D Status with Dyslipidaemia and Biomarkers of 

Endothelial Cell Activation in Older Australians 
Alyami, A. M., Lam, V., Soares, M. J., Zhao, Y., Sherriff, J. L., Mamo, J. C., ... & Coombes, F. 

(2016). The association of vitamin D status with dyslipidaemia and biomarkers of endothelial cell 

activation in older Australians. Nutrients, 8(8), 457.  [Impact factor =3.759; cited by 1]. 

Please see the original paper next page. (Co-author permission signatures attached)  
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Abstract: Background/Aims: Vitamin D has been investigated for many non-skeletal effects.
The objective of this study was to determine whether circulating lipids, systemic inflammation, and
biomarkers of endothelial cell activation varied with the vitamin D status of older Australians. Methods:
One hundred and one participants were proportionately and randomly sampled across tertiles of
25 hydroxy vitamin D (25(OH)D) from a larger cohort of free living older adults (T1 median = 97;
T2 median = 74.5; T3 median = 56.8 nmol/L). Overnight fasting blood samples were assayed for
25(OH)D, parathyroid hormone (PTH), insulin, triacylglycerol (TAG), total cholesterol (TC), low
density lipoprotein cholesterol (LDL-C) and high density lipoprotein cholesterol (HDL-C). Markers of
systemic inflammation (high sensitivity C-reactive protein (hsCRP), tumour necrosis factor-α (TNF-α))
and endothelial activation (hepatocyte growth factor (HGF), P-selectin and soluble vascular cell
adhesion molecule (sVCAM), soluble intracellular adhesion molecule (sICAM)) were determined.
A general linear model multivariate analysis with a backward elimination procedure was performed.
Results: Eighty-three participants (48 women, 35 men), aged 65 ˘ 7.7 years, BMI 28 ˘ 4.5 kg/m2,
with complete data were analyzed. The final parsimonious model controlled for age, gender, BMI,
and McAuley’s index, but excluded season, medications, and PTH. There were significant differences
across 25(OH)D tertiles in TC (T1 < T3, p = 0.003; T2 < T3, p = 0.001), LDL-C (T1 < T3, p = 0.005;
T2 < T3, p = 0.001), TAG (T2 < T3, p = 0.026), HGF (T1 > T3, p = 0.009) and sVCAM (T1 > T3, P = 0.04).
Conclusions: Higher vitamin D status may protect the endothelium through reduced dyslipidaemia
and increased HGF.

Keywords: vitamin D; endothelial function; inflammation; cardiovascular disease; lipids

1. Introduction

The 2011–2012 National Health Survey [1] revealed that most Australian adults were vitamin
D sufficient, as judged by levels of 25 hydroxy vitamin D (25(OH)D) > 50 nmol/L, with only 23%
having inadequate status. However, older Australians had a higher prevalence of inadequacy [1,2].
Contributing factors include limited sun exposure due to an increased awareness of skin cancer;
skin pigmentation; genetic determinants; adiposity, illness, or immobility resulting in indoor living;
age-related decline in the skin’s ability to synthesize vitamin D; and dress habits [3,4].
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Additional details about the original study for chapter 4: 
 

Our study sample was randomly drawn from an original study with a total of 285 healthy participants 

(free from major surgery in the last six months, haemophilia, HIV, and cancer) living in Perth 

Western Australia. The original study had a different purpose, and did not collect physical activity 

data.    

 

We acknowledge that the participants in our sample had relatively good 25(OH)D levels, and hence 

do not fully represent all the variations in levels in the Australian population. Unfortunately, the lack 

of physical activity data, and time spent outside could not be controlled for in our analysis. This 

information would have further confirmed the putative effects on lipids profile, 25(OH)D levels, and 

CVD risk markers. Furthermore, the potential confounding factors are not controlled for in cross-

sectional studies as they would be in RCTs. In the statistical analysis, we controlled for a variety of 

the confounding factors, but it is possible that some of the confounding factors were not accounted 

for.  

 

Manipulation of the independent variable (25(OH)D) and regular serial measurements of the 

dependent variables (lipids profile, endothelial cell activation molecules) in two or more groups over 

a period of time would have formed a stronger case for the effect of the 25(OH)D on endothelial 

dysfunction. However, due to limited funds, this could not be achieved.   
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Chapter 5: 
Variations in endothelial function and insulin sensitivity 

following oral glucose: the impact of vitamin D status and 

ethnicity. 
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Chapter 5: Variations in endothelial function and insulin sensitivity following 

oral glucose: the impact of vitamin D status and ethnicity. 
   

Introduction  
T2DM and CVD are becoming increasingly prevalent around the globe. They share a multifactorial 

aetiology; progressively sedentary lifestyles and increasing rates of obesity are accepted as major 

contributors to this disturbing trend.  Collectively, these two diseases represent the greatest disease 

burden around the world and  are responsible for greater than half of global mortality (8, 9).  

 

T2DM and CVD represent unique pathological states wherein it seems that inflammation and 

vascular pathology play more interlinked and fundamental roles than previously thought. T2DM 

develops insidiously over a period of years, with the individual progressing from a pre-diabetic to a 

diabetic state in the absence of corrective lifestyle or medical intervention. Once T2DM is 

established, it usually represents a lifelong health condition, and often leads to cardiovascular 

compromise (13). Therefore, early detection and a focus on prevention are paramount to reducing 

T2DM onset, progression to CVD and CVD-related mortality rates (14).  

 

Epidemiology of T2DM and CVD and Vitamin D deficiency 
In Australia, 7.2% of the population, or 1,086,000 people, were diagnosed with T2DM in 2010 and 

1,068,000 adults were diagnosed in 2016 (12, 257). It is predicted that the prevalence of T2DM in 

Australia will rise to 8.4%, or 1,503 million people, by 2030 (257). In contrast, in the Kingdom of 

Saudi Arabia (KSA), 10.5% of the population were diagnosed with T2DM in 2009; this figure rose 

to 13.6% or 2,065,000 people in 2010 (257, 258). Furthermore, the prevalence of T2DM is expected 

to increase to 17.0% or 4,183,000 people in 2030 (257). A more recent study in the KSA found that 

12.9% of men and 11.4% of women had T2DM in 2016, representing an overall prevalence of 12.1% 

(259), with a further 9.4% of men and 8.6% of women diagnosed with pre-diabetes (259). In 

Australia, a recent self-reported survey found that 22% of both men and women  were diagnosed 

with one or more CVD in 2014-15 (10). In the KSA, CVD was responsible for 46% of deaths in 

2014 (260). Therefore, there is an urgent need for prevention of these diseases.  

 

Vitamin D deficiency (25(OH)D < 50 nmol/L) is observed in most countries around the world (2). 

Levels lower than 25 nmol/L have been observed in the Middle East (2). The associated risk factors 

for vitamin D deficiency include advanced age, darker skin colour, female gender, obesity, 

inadequate sunlight exposure, seasonal variations, poor dietary availability of vitamin D and vitamin 

D fortification (6). A study conducted in three locations around Australia highlighted the differences 
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in vitamin D deficiency between seasons and latitude. In winter and spring, prevalence of vitamin D 

deficiency (25(OH)D <50 nmol/L) were found to be 40.5% in southeast Queensland, 37.4% in 

Geelong, Victoria and 67.3% in Tasmania (98). Meanwhile, in summer and autumn, subsets of the 

same populations had levels of 25(OH)D <25 nmol/L, namely 7.1 % in southeast Queensland, 7.9% 

in Geelong and 13.0% in Tasmania (98). Overall prevalence of vitamin D deficiency (25(OH)D <50 

nmol/L) was 18% in southeast Queensland, 10% in Geelong and around 32% in Tasmania (98). 

Total vitamin D deficiency (25(OH)D <50 nmol/L) is present in 23% of Australian adults, with a 

greater prevalence in older Australians (4, 5). For example, a moderate to severe vitamin D 

deficiency (25(OH)D <30 nmol/L) was found in 68% of men and 86% of women living in an aged-

care facility in Sydney (99), in 67% of elderly patients (mean age 81 years) admitted to hospital with 

hip fractures in Tasmania (100) and in 17% of elderly Tasmanian people (mean age 79 years) living 

within the communities (101). 

 

The Middle East has high ambient sunshine that would render appropriate levels of vitamin D 

synthesis easier than in other locations, however many areas have a cultural propensity towards 

covering the body which has led to high rates of vitamin D deficiency. For instance, a 2003 study of 

299 participants showed that 83% of participants had 25(OH)D <25 nmol/L (147). Also, a 2012 

cross-sectional study performed on healthy men found 25(OH)D levels <25 nmol/L in 48.9% of 

participants and levels between 25 nmol/L and 50 nmol/L in 38.8% (149). The prevalence in children 

was higher; in Riyadh KSA, a 2012 study of 331 children found that 83% had 25(OH)D levels of < 

25 nmol/L and 16.8 % had 25(OH)D levels between 25 – 29.9 nmol/L (145). A later cohort study 

conducted in 2014 on 3,475 Saudi adults found that the mean 25(OH)D value was 35.5 nmol/L, with 

36.1% of females and 48.8% of males displaying values of <25 nmol/L (148). Among adults in the 

KSA, a 2016 study showed that the mean 25(OH)D levels are also low at approximately 40 nmol/L 

among men and lower, at 31 nmol/L among women (146). A limitation of these studies is that they 

analysed 25(OH)D levels using radioimmunoassay (DiaSorin Liaison), which has now been 

superseded by LC-MS/MS (261).  

 

The cut-off for vitamin D deficiency (25(OH)D < 50 nmol/L) was set predominately for the purpose 

of maintaining bone health (5). There is increasing discussion that a new vitamin D threshold has to 

be proposed to address health problems that are extraneous to bone health (5, 60).  

 

Relationship between T2DM, CVD, insulin resistance and endothelial  function: 
Insulin resistance (IR) is one of the hallmark pathological features of T2DM. IR is the inability of 

body cells to maintain normal glucose and lipid homeostasis, leading to the need for higher levels of 



 

115 
 

insulin to maintain a normo-glycaemic state (27, 28). Risk factors for IR include genetic 

susceptibility, ageing, sedentary lifestyle and obesity (11). IR is strongly correlated with visceral 

obesity, hypertension, atherogenic dyslipidaemia and pro-thrombotic states (11). The presence of 

both IR and developing CVD is collectively referred to as a ‘metabolic syndrome’ (MetS) (11). 

Thus, MetS is an indicator of developing CVD as well as possible progression to T2DM (11) with IR 

being central to both CVD and T2DM, and therefore, to MetS (11). A body of evidence also 

implicates both IR and endothelial dysfunction (ED) in atherosclerosis and cardiovascular demise 

(29). This is not surprising considering the interdependent relationship between endothelial function 

and insulin secretion. Not only does ED impede the trans-capillary movement of insulin, restricting 

its access to target cells (29), but an impairment of insulin secretion alters the balance between 

vasodilators and vasoconstrictors and subsequently alters endothelial function (see endothelial 

dysfunction and its role in insulin resistance and metabolic syndrome section in the literature review 

chapter).  

 

Furthermore, nitric oxide (NO) is a vasoactive gas produced by the endothelial cells of blood vessels 

to regulate various systems, especially local vessel diameter. Local NO concentrations provide a 

strong measure of endothelial function (45). ED leads to reduced nitric oxide (NO) dependent 

vascular activity, which is consistent with IR states (45). Endothelial-derived NO secretion is lower 

when ED is present, which links the progression of ED and IR (29, 55). Evidently, these variables 

are interrelated in ways that are deleterious to maintaining physiological cardiovascular and 

metabolic mechanisms.   

 

Methods of assessing endothelial function  
Endothelial function (EF) is usually evaluated by assessing the coronary or peripheral arterial 

responses to controlled stimuli (26). There are two ways of achieving this. The first way is to test 

endothelial-dependent vasodilation. The second way is to measure endothelial-independent 

vasodilation, which bypasses the endothelial cells and works on the smooth muscle to cause 

relaxation of the vascular wall (26). The gold standard technique uses both intracoronary agonist 

infusion and quantitative angiography, which involves the invasive procedure of artery 

catheterisation (26, 53) (see endothelial function testing section in the literature review chapter).  

 

However, non-invasive techniques have gained credibility for research purposes. These include; 

flow-mediated dilation (FMD) measured by ultrasound (US) imaging (47, 54); the central 

augmentation index (AIx) can be measured directly using carotid arterial tonometry or indirectly by a 

generated transfer function (TF) technique, and the radial AIx can be measured by radial arterial 
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tonometry (160); pulse-wave velocity (PWV) is calculated from the time between two blood pressure 

wave forms in different arterial sites (162); and pulse contour analysis (PCA) is measured by 

generating a digital volume pulse (DVP) to calculate reflective index (RI) and stiffness index (SI) 

(55).  

 

EF can be evaluated through the measurement of systemic inflammatory biomarkers such as C-

reactive protein (CRP), interleukin 6 (IL-6) and tumour necrosis factor alpha (TNFα). EF can also be 

assessed by the levels of endothelial cell activation molecules such as soluble vascular cellular 

adhesion molecule (sVCAM), soluble intracellular adhesion molecule (sICAM), P-selectin and E-

selectin (26, 47). The relationships between these biomarkers and EF are discussed extensively in our 

previous review paper (26).  

 

The present study utilises PCA as our research team has expertise with this method and it is a 

credible method for clinical evaluation of endothelial function. The method uses a pulse trace system 

to generate a DVP using finger photoplethysmography (55).  Subsequently, the system calculates 

two outcomes: stiffness index (SI), which is the time from first peak to second peak (PPT) which has 

output as time (sec)/height (m) and reflective index (RI), which is a ratio of wave [A] amplitude to 

wave [B] amplitude (Figure 3) (55). SI evaluates larger arteries while RI assesses smaller vessel tone 

(55). A lower RI is indicative of vascular vasodilation and a higher RI is indicative of 

vasoconstriction, where RI is generally between 60% and 90% in healthy (253). Meanwhile, lower 

SI means less arterial stiffness with a value of 5 to 8 meters per second (m/s) in healthy people in 

their twenties and 6 to 10 m/s in healthy people in their sixties (262).  

 

Objectives & hypothesis 
This study was aimed at discerning the relationship between vitamin D status and EF measured by 

PCA among two ethnic groups: Australians and Middle Easterners. We hypothesised that people 

with vitamin D deficiency would have signs of endothelial dysfunction, indicated by higher RI and 

SI values, compared to the people with sufficient vitamin D levels.  

 

Methods 
Participant sampling 
Radio and community advertising was used to recruit both Middle Eastern and Australian of 

European descent participants. Participants interested in the study were prompted to contact the lead 

researcher. Participants were subsequently sent study information and an initial screening form. 

Subjects were screening using our selection criteria: adults aged >18 years, lactose tolerant, stable 
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weight (± 2 kg) over the last six months, not suffering conditions involving the thyroid, liver, kidney 

or heart, or conditions such as osteoporosis, hypertension, gastrointestinal problems, not suffering 

illness or infection requiring antibiotic therapy,  have not had  gastrointestinal surgery, not on any 

medication or supplements (including vitamin D, fish oil or thiamin supplements) or any special or 

commercial dieting programs that may affect the body’s metabolism, and not taking part in strenuous 

physical activities (subjects engaged in competitive sports or team games or running [4.3 min/km] or 

jogging [5.6 min/km] excluded) (243). If participants met the selection criteria they were contacted 

and provided with a time for an orientation appointment at our laboratory. At this appointment, 

participants were provided with the pre-test meal, used to reduce dietary variability.  

 

IR was measured following a conventional 75-g oral glucose tolerance test (OGTT) and calculation 

of fasting and postprandial indices. For measuring EF, Digital Volume Pulse Trace (PT-2000) was 

used in both fasted and fed states as illustrated in Figure 7. All participants provided written 

informed consent before participating in the study. These studies were approved by the Human 

Research Ethics Committee at Curtin University, Perth, Western Australia (Approval 

number: HR72/2013 and HR 103/2012). 

 

Study Protocol 
Before coming to the Health Centre, participants fasted overnight following a low sodium and low 

fat meal that was provided at no cost. Participants continued to refrain from engaging in any 

strenuous physical activity in the evening and morning prior to attending the laboratory. On arrival, 

participants emptied their bladders, then were weighed and had anthropometry measured. After this, 

they were rested in the supine position for 30 min before an oral glucose load of 75 g was 

administered to each subject. Thereafter, serial measurements of blood pressure and endothelial 

function were taken over a two-hour period (Figure 7). During these two hours, each person was 

connected to the PT-2000 device and his/her arterial stiffness was measured every 30 minutes. 

Venous blood samples were drawn at fasting and 2 hours after OGTT, for measurements of insulin, 

glucose concentrations, vitamin D, inflammation and endothelial biomarkers.         
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                                   Post glucose measurement of SI and RI 

 

Two baselines SI, BP 

& RI measurements  

 

 

             Rest        

 

       -30 min                0 h                                                1 h                                                   2 h       

Figure 7: Study two protocol.  
0 h corresponds with the beginning of blood pressure and endothelial function assessments. Prior, subject rested for half an 

hour, then endothelial function was measured using PCA for RI and SI, thereafter blood samples for glucose, insulin and 

vitamin D quantification were drawn. At 0 h, 75 g glucose load was administered to each subject (per oral). From point zero 

onwards, endothelial function was intermittently measured in duplicate at 30-minute intervals for the duration of two hours. 

At 2 h, a second round of blood samples was collected for glucose and insulin quantification. Note: Each measurement of 

PCA uses at least 10 wave forms to calculate SI and RI, so 20 wave forms were recorded for each time point. 

 

Analysis of study outcomes 
Endothelial function was measured using the Pulse Contour Analysis (PCA) method. The main 

outcome in this analysis was RI. A decrease in RI indicates healthy endothelial function (Figure 8). 

This is due to the ability of healthy subjects to track the changes faster in small blood vessels in 

response to an endothelial-dependent stimulus (insulin as a response to glucose ingestion). 

Meanwhile, SI assesses large arteries where the changes occur over a comparatively longer 

timeframe than RI. The body composition and fat mass of all subjects was examined by dual energy 

x-Ray absorptiometry (DEXA) (Prodigy, Luna Corporation, USA) (263). The presence of MetS was 

determined following the latest guidelines (245). Fasting insulin sensitivity was calculated by 

McAuley’s index (Mc_ISI), using fasting insulin and triglyceride concentrations (248). Fasting and 

postprandial changes in insulin sensitivity were monitored through the insulin sensitivity index at 

time zero (ISI_0) and time 120 min (ISI_120) using the equation of Sluiter et al (249). Blood 

analysis was conducted by the Royal Perth Hospital Pathology Department, Perth, Western 

Australia. A chemiluminescent immunoassay (Liaison, DiaSorin and Architect, Abbott) was used to 

measure 25(OH)D concentrations.  
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Figure 8:  Expected endothelial function test (RI) and baseline outcomes during the 75 g 

OGTT. 
As shown, a decrease in the RI is suggestive of appropriate endothelial functioning, while no decrease in RI in response 

to the glucose load is indicative of endothelial dysfunction.  

 

Statistical Analysis 
All continuous variables were assessed for normality prior to further statistical analysis. Descriptive 

parameters were summarised by mean and standard deviation values. The following were assessed in 

both groups using one-way analysis of variance (ANOVA): physical activity (METS/min/week), free 

fat mass (FFM), basal RI, basal SI, basal heart rate (HR), basal mean arterial pressure (MAP), fasting 

vitamin D, fasting ISI and post-prandial change in ISI. We calculated integrated area under the curve 

(IAUC) of SI (IAUC-SI), IAUC of RI (IAUC-RI), IAUC of HR (IAUC-HR) and IAUC of MAP 

(IAUC-MAP) to measure the changes in these EF measurements after glucose ingestion. 

Multivariate analysis of covariance (MANCOVA) was used to examine the role of ethnicity among 

the changes in IAUC-RI, IAUC-SI, IAUC-HR, IAUC-MAP, ISI, sICAM and monocyte 

chemoattractant protein 1 (MCP-1), after adjustment for age, FM, FFM, season, 25OHD physical 

activity, A/G ratio .  

  

Significant 

   

No drop in 
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Results 
A total of 38 participants were assessed in this study. Of these subjects, 21 were Australian men of 

European descent and 17 were Middle Eastern men having live in Australia for a period of greater 

than one year. These participants were assessed in two separate studies. Table 7 contains the 

demographic and baseline data of the participants. The mean ages among the study population were 

52.4 years in Australian men and 28.9 years in Middle Eastern men. The mean fat mass across the 

study population were 32.3 kg in the Australian men group and 25.9 kg in the Middle Eastern men 

group. The fat free mass values (FFM) and android/gynoid ratios (A/G ratio) were higher in the 

Australian men with 64.6 kg and 1.3 compared to 51 kg and 1.1 in the Middle Eastern men, 

respectively. Also, the Australian men had higher BMI (30.7 kg/m2) compared with the Middle 

Eastern men (26.4 kg/m2). From a physical standpoint, the android/gynoid (A/G) ratio was used as a 

measure of android fat distribution using DEXA. 

 

Table 7: General characteristics of the participants.  

Variable Australian Men (N=21) Middle Eastern Men (N=17) P-value 

Mean SEM Mean SEM 
Age (years) 52.4 2.94 28.9 3.09 0.001 

BMI (kg/m2) 30.7 6.24 26.4 7.35 0.057 

Fat Mass (kg)* 32.3 2.76 25.9 2.90 0.117 

Fat Free Mass (kg)* 64.6 1.90 51.0 2.00 0.001 

A/G ratio* 1.3 0.05 1.1 0.06 0.005 

BMI: body mass index, A/G ratio: android/gynoid ratio. *measured by DEXA 

 

After adjustment for age, fat mass, fat free mass, physical activity and A/G ratio, the physiological 

baseline values for 25(OH)D were higher among Australian men at 60.9 nmol/L and lowest among 

Middle Eastern men at 40.4 nmol/L but the comparison only trended towards significance (Table 8). 

Thus the Middle Eastern men were in the vitamin D deficiency category (<50 nmol/L). There were 

no statistically significant differences among endothelial function measurements including reflective 

index (RI) and stiffness index (SI). However, in Australian men, SI was slightly higher while RI was 

slightly lower. The average fasting heart rate (HR) was similar amongst participants of both ethnic 

backgrounds. Australian men had higher fasting glucose levels and mean arterial pressure (MAP) 

compared to Middle Eastern men. However, the fasting insulin sensitivity index (ISI) using Sluiter et 

al equation (249) was higher among the Middle Eastern. In the Middle Eastern men, the soluble 
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intracellular adhesion molecule (sICAM) was comparatively high. Fasting monocyte chemoattractant 

protein-1 (MCP-1) was higher in Australian men compared with Middle Eastern men.  

 

 

Table 8: General characteristics of the participants after adjustment for age, fat mass, fat free 

mass, physical activity, seasonal variations and A/G ratio.  

Variable Australian Men (N=21) Middle Eastern Men (N=17) P value 

Mean SEM Mean SEM 
Fasting 25(OH)D 
(nmol/L) 

60.9 5.34 40.4 6.27 0.060 

Fasting RI 68.4 3.67 69.8 4.31 0.850 

Fasting SI 8.2 0.48 6.9 0.56 0.190 

Fasting HR (bpm) 63.5 2.58 58.6 3.02 0.337 

Fasting MAP  92.9 2.99 89.5 3.51 0.569 

Fasting Glucose 
(mmol/L) 

5.7 0.27 5.4 0.32 0.654 

Fasting Insulin (IU/L) 8.8 1.68 8.0 1.97 0.811 

Fasting ISI 14.5 3.10 21.1 3.64 0.288 

Fasting MCP-1** 226.1 67.76 159.8 70.17 0.603 

Fasting sICAM** 123.1 15.40 146.6 15.95 0.420 

One way ANOVA for comparison between groups, A/G ratio: android/gynoid ratio, RI: reflective index, SI: stiffness 

index, HR: heart rate, MAP: mean arterial pressure, ISI: Insulin Sensitivity Index. Fasting insulin levels were measured 

using Sluiter equation for insulin sensitivity index.  MCP-1: monocyte chemoattractant protein 1 and sICAM: soluble cell 

adhesion molecules.  *Measured using dual energy x-ray absorptiometry (DEXA). ** MCP-1 and sICAM analysis 

includes only 18 Australian and 17 Middle Eastern men.  

 

There were no significant differences among the two groups in fasting RI, SI, insulin, glucose, MCP-

1 and sICAM after adjustment for age, free fat mass (FFM), fat mass (FM), physical activity using 

international physical activity questionnaire (IPAQ) and seasonal variations using MANCOVA 

(Table 8). Although not significant, ISI was slightly higher in Middle Eastern men compared to 

Australian men using the same adjustments.  
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In the postprandial state, MANCOVA was performed for the change in the means after adjustment 

for age, FFM, FM, physical activity (IPAQ) and seasonal variations. In each group, we detected a 

statistically significant decrease in the adjusted mean of postprandial ISI within the group (Table 9). 

The Middle Eastern men had a statistically significant decrease in the adjusted mean of ISI (p=0.021) 

compared to Australian men. However, there were no statistically significant differences among 

IAUC-SI, IAUC-HR, IAUC-MAP, MCP-1 and sICAM within or between the two groups. 

Table 9. MANCOVA analysis of the absolute change 2 h following oral glucose among two 

ethnics groups.  

Change in the variable after 
two hours 

Australian Men Middle Eastern Men 
P value Mean SEM Mean SEM 

IAUC-RI -5.9 2.98 -0.4 3.49 0.349 
IAUC-SI -0.1 0.74 -0.7 0.9 0.668 
IAUC-HR 2.0 2.46 5.9 2.89 0.429 
IAUC-MAP 0.5 3.2 -0.7 3.8 0.854 
MCP-1 pg/ml** -5.1 13.20 -0.2 13.84 0.843 
sICAM pg/ml** -13.4 14.00 -35.5 14.68 0.400 
Postprandial ISI  
(10,000/Io x Go) 

-7.5* 3.13 -22.5* 3.67 0.021 

All data adjusted for age, free fat mass, fat mass, physical activity, A/G ratio and seasonal variation. IAUC-RI for 

reflective index. IAUC-SI for stiffness index, IAUC-HR for heart rate, IAUC-MAP for mean arterial pressure, MCP-1: 

monocyte chemoattractant protein 1, sICAM: soluble intracellular adhesion molecule. *P <0.05 within each group. ** 

MCP-1 and sICAM analysis includes only 18 Australian and 17 Middle Eastern men.  

 

After ingestion of 75-g glucose, Middle Eastern men demonstrated no decrease in the adjusted mean 

of IAUC-RI, which suggested a slight endothelial dysfunction. In contrast, the Australian men 

showed a substantial decrease in the change of the adjusted mean of the IAUC-RI which showed 

greater endothelial vasodilation. However, there were no significant differences in the change of the 

adjusted means of IAUC-SI, IAUC-HR and IAUC-MAP among the two ethnic groups.  

 

Both groups showed a decline in the adjusted mean of the postprandial ISI, however the decline was 

significantly greater in the Middle Eastern men than the Australian men. There was no difference in 

the change of the adjusted mean of MCP-1, while there was a greater decline in the percentage-

change of the mean sICAM in the Middle Eastern men compared to the Australian men.  
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Table 10. MANCOVA analysis of the absolute change 2 hr following oral glucose among two 

ethnics groups after further adjustment for 25(OH)D:  

Change in the variable after 
two hours 

Australian Men Middle Eastern Men 
P value Mean SEM Mean SEM 

IAUC-RI -5.2 3.18 -1.0 3.68 0.509 
IAUC-SI 0.3 0.77 -1.1 0.89 0.383 
IAUC-HR 1.9 2.65 6.0 3.07 0.446 
IAUC-MAP -0.2 3.44 0.1 3.98 0.959 
MCP-1 pg/ml -9.4 13.97 3.6 14.43 0.622 
sICAM pg/ml -16.6 14.93 -32.6 15.42 0.569 
Postprandial ISI  
(10,000/Io x Go) 

-8.2 3.35 -21.7 3.87 0.049 

IAUC-RI for reflective index. IAUC-SI for stiffness index, IAUC-HR for heart rate, IAUC-MAP for mean arterial 

pressure, MCP-1: monocyte chemoattractant protein 1, sICAM: soluble intracellular adhesion molecule, data adjusted for 

age, fat mass, fat free mass, physical activity, A/G ration, seasonal variations and 25(OH)D. 

 

Discussion 
Endothelial dysfunction (ED) is a term reflecting the inability of the endothelium to perform its 

cardinal functions of vasodilation, anti-platelet aggregation and fibrinolysis (264). Therefore, this 

nexus between vitamin D and endothelial physiology may play a fundamental role in the 

pathogenesis of cardiovascular disease, particularly in conjunction with MetS. Also, ethnicity is a 

confounding factor in regards to endothelial function (EF), as it may be impaired in people with 

darker skin compared to people with lighter skin. A 2004 study compared EF in black African 

Americans to that in white Americans (265). This study found that in black people, there is 

upregulated NAD(P)H-oxidase activity which increases oxygen (O2) production. Consequently,  

these higher levels of O2 reacts with the NO and produce an excess amount of ONOO (265). This 

causes a greater degree of eNOS uncoupling in black people, whereby the NO bioavailability is made 

lower (265). As a result, the endothelial cells maintain a homeostasis of NO/O2/ONOO with a 

similar balance to that of the redox state found in endothelium-impaired function disorders, where 

there is an excess of ONOO (265). The NO production rate was found to be  five times faster in 

white people, which indicates better EF in white people in comparison to black people (265). 

Furthermore, a 2005 study comparing endothelial nitric oxide synthase (eNOS) in white American 

people to eNOS in Brazilian American people found similar ethnic differences (266). That study 

concluded that the eNOS genetic variance between black and white people does not vary with 

geographic origin when compared with the previously mentioned study (266).   
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The aim of this study was to determine the relationship between ethnicity and endothelial function, 

as measured by PCA, among two ethnic groups: Australian men and Middle Eastern men. This 

analysis controlled for age, FM, FFM, 25(OH)D, physical activity levels, A/G ratio and seasonal 

variations. We hypothesised that the those with <50 nmol/L 25(OH)D would demonstrate signs of 

endothelial dysfunction, indicated by a lesser decrease in RI values compared to the group with 

sufficient 25(OH)D levels. Accordingly, Middle Eastern men would be expected to have the greater 

extent of endothelial dysfunction, as they have the lowest 25(OH)D.  

 

In the ANOVA analysis of fasting data, we compared 17 Middle Eastern men to 21 Australian men of European 

descent, of whom only the Middle Eastern group demonstrated a mean deficiency in 25(OH)D (Table 

8). Also, Middle Eastern men were 22 years younger than the Australian men, on average. There 

were no statistically differences between the groups among basal values of RI, HR, SI, MAP, MCP-

1, sICAM and fasting ISI. Fasting SI was higher in Australian men at 8.2 compared to 6.9 in Middle 

Eastern men, which was against the expected value as the Australian men had higher 25(OH)D 

values. However, this could be because hyperglycaemia in the fasting state decreases the production 

of NO through suppression of eNOS activity (267). This is relevant because eNOS activity is the 

component that varies with ethnicity due to genetic differences. Therefore, ethnic variation did not 

affect the baseline results which would help us to find the differences between the two groups after 

the OGTT. Meanwhile, fasting MCP-1 was slightly higher in Australian men, while in contrast, 

sICAM was slightly higher in Middle Eastern men. Both molecules are reflective of vascular 

inflammatory status that could lead to endothelial dysfunction. Interestingly, ISI which is reflective 

of insulin sensitivity (IS) was higher in the Middle Eastern men compared to the Australian men, 

suggesting some divergence between IS and inflammation in these two groups.   

 

The major focus of the study was the dynamic change in endothelial function in response to glucose 

ingestion, as in the fasting state, there were no statistically significant markers of EF between the 

ethnic groups after adjustment for age, FM, FFM, A/G ratio, physical activity and seasonal variations 

(Table 9). Also, there were no statistically significant changes after adjustment for 25(OH)D (Table 

10). We utilized a simple dietary stimulus for two reasons. An OGTT is the standard protocol of 

assessing glucose intolerance, and hyperglycaemia can produce a reaction that indicates endothelial 

function and initiate a systemic inflammatory response (268, 269). The MANCOVA analysis showed 

a decreased level of the adjusted change in the mean of IAUC-RI in the European Australian men 

compared to Middle Eastern men, two hours after glucose ingestion (Table 9). This lower IAUC-RI, 

which indicates greater endothelial vasodilation, was consistent with their sufficient 25(OH)D status 

(211, 212, 233). After adjustment for 25(OH)D and other variables (Table 10), this change in RI 
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should have been the same between groups if 25OHD accounted for all of EF. Instead some 

vasodilatory effect in Australian men was still apparent in comparison to Middle Eastern men. This 

could be related to the better postprandial insulin sensitivity of the Australian men.  

 

There is a general consensus that ongoing hyperglycaemia and diabetes can cause impaired 

endothelial NO synthesis and action, decreasing the capacity for vascular smooth muscle relaxation 

(264). Notably, the Australian men demonstrated a high A/G ratio which is a risk factor for CVD 

(270). The increased A/G ratio was expected to represent a less effective state for glucose 

homeostasis and therefore decreased ISI responsivity to the OGTT, due to higher glucose and insulin 

in the blood (264).  

 

Interestingly, there was a decrease in the adjusted change of the mean of IAUC-ISI in the Middle 

Eastern men compared to the Australian men (Table 10). This result is indicative of a greater 

postprandial insulin resistance and was a novel observation of our study. However overall it was 

consistent with the hypothesis that IR would lead to greater endothelial dysfunction and that ethnic 

groups low in vitamin D status would be most affected. That similar outcome were obtained before 

and after additional adjustment for 25OHD may suggest an inherent issue of Middle Eastern men in 

that they have greater postprandial insulin resistance with a trend for this to be manifest as an 

endothelial dysfunction measured as change in RI.  

 

The change in the adjusted mean of IAUC-HR was higher in Middle Eastern men compared to 

Australian men, which indicated a greater response to prevent hypotension by increasing cardiac 

output (stroke volume x heart rate) (271). Also, Middle Eastern men demonstrated a greater decline 

in sICAM, an endothelial cell activation molecule used with other molecules as indices of as 

endothelial function. sICAM is expected to have an inverse relationship with endothelial function 

(26). In this trial we observed worse RI and better sICAM outcomes in Middle Eastern men 

compared to Australians (Table 8). However another endothelial cell activation molecule, MCP-1 

was in the direction of our hypothesis. Clearly we needed a battery of such measures to come to a 

definite conclusion on endothelial cell activation molecule in response to glucose in Middle Eastern 

men.  

 

The role of vitamin D in endothelial function is controversial. In our systematic review (chapter 2), 

we found that vitamin D supplementation might not influence either inflammation or endothelial 

function. Some literature shows that in the presence of total vitamin D deficiency, vitamin D 

supplementation improves endothelial function (171). Tarcin et al. (2011) assessed endothelial 
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physiology using flow mediated dilation (FMD) in asymptomatic patients comparable to our cohort, 

albeit in a smaller sample size (n=23). That study found that total vitamin D deficiency (25(OH)D 

<50 nmol/L) was associated with less efficient endothelial function. The outcomes of these studies 

corresponded with most of the evidence in the literature (21, 171, 173-175, 177, 183, 228-232). The 

present study yielded similar results and controlled for age, 25(OH)D, FFM, FM, seasonal variations 

and physical activity.  

 

There are related issues that need to be taken into account here. Simply measuring levels of 

circulating 25(OH)D may not be a sufficient indicator of active vitamin D levels, when differences in 

the vitamin D binding protein (Vitamin DBP) phenotype among those of different skin colours are 

taken into consideration (1). Ethnic variations in Vitamin DBP may explain some of the difference 

between baseline 25(OH)D values in Australian men and Middle Eastern men. As vitamin D is a 

lipophilic molecule, 99% of it is transported through plasma via Vitamin DBP (1, 272). Nonetheless, 

the consensus is that bioavailable 25(OH)D is unbound, despite this component of 25(OH)D being 

extremely minimal (273, 274). It has been demonstrated that Vitamin DBP has a higher affinity for 

25(OH)D among some Gc phenotypes, such as in individuals with darker skin pigmentation, which 

may account for findings of lower unbound plasma 25(OH)D in the Middle Eastern men using 

conventional assay techniques (1, 275, 276). In fact, Vitamin DBP phenotypes have been shown to 

account for some differences in circulating 25(OH)D values (1), which are frequently interpreted as 

vitamin D deficiency in populations with darker pigmented skin (277-279). The phenotypic Vitamin 

DBP in darker skinned cohorts is often of the higher affinity structure, which suggests that low 

25(OH)D results on conventional assays are not reliably representative of deficiency (1). If this is the 

case, it may explain why the Middle Eastern men demonstrated a slightly better endothelial response 

to OGTT despite showing lower baseline values of 25(OH)D, as it may not have appropriately 

captured the bioavailable 25(OH)D concentration in these participants (1). The differences in Gc 

phenotype among those of different skin colours were not controlled for in our study nor in most of 

the studies in this field that have examined this relationship.  

 

Also, it has been suggested that 25(OH)D sufficiency should be deemed as values above 75 nmol/L 

as opposed to the 50 nmol/L threshold, as values below 75 nmol/L may manifest in vitamin D 

deficiency symptoms (5). This is because the 50 nmol/L threshold was set for bone health and not 

necessarily for the extra-skeletal functions of vitamin D (5). A recent international consensus paper 

suggested that 25(OH)D levels between 50-62.5 nmol/L are required for optimal musculoskeletal 

health (280). This study supports these recommended levels for endothelial function as well, as the 

Australian men had an adjusted mean of 60.9 nmol/L for 25(OH)D and they displayed satisfactory 
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endothelial function. However, it is suggested that the target serum 25(OH)D levels should be 

reviewed to also consider the prevention of other diseases (5).  

 

Study limitations 
This study had several limitations. Firstly, in this cross-sectional study the sample size of the Middle 

Eastern group was small. The lower ages of the Middle Eastern group, although controlled for during 

analysis, could have influenced the endothelial function outcomes. It is known that endothelial 

function decreases with age, particularly in men (281-283).  

 

In this study, we used the immunoassay (DiaSorin Liaison) technique which is a popular method for 

measuring 25(OH)D in the blood. The gold standard for measuring serum 25(OH)D is now LC-

MS/MS. However, 25(OH)D measurements by LC-MS/MS vary even among laboratories which use 

the same technique on the same sample; this may be because of measurement bias and differences in 

calibration and sample preparation (261). 

 

Finally, we did not collect participant glucose concentrations at the one-hour checkpoint, but only at 

the baseline and two-hour checkpoints. This information would have been invaluable in determining 

the effect of OGTT on RI more effectively. The lack of data beyond two hours limited our ability to 

assess later endothelial function in this study. Therefore, we recommend that future experiments 

should also assess glucose levels at one hour, assess endothelial function beyond two hours and 

measure responses to more complex meals. Clearer outcomes could be obtained by measuring more 

endothelial cell activation molecules like soluble vascular cellular adhesion molecules (sVCAM), P-

selectin, E-selectin, hepatocyte growth factor (HGF), nitric oxide (NO) and endothelin-1. 

 

Conclusions 
In this cross-sectional study, we examined the endothelial function of two groups, Australian men of 

European descent and Middle Eastern men, in correlation with 25(OH)D status. We found that 

vitamin D sufficiency is associated with proficient endothelial function, as measured by PCA (RI). 

The Middle Eastern men had baseline 25(OH)D deficiency while the Australian men had sufficient 

25(OH)D levels by current guidelines. The Australian men demonstrated the better postprandial 

insulin sensitivity and the more effective endothelial responsivity to OGTT, as they had a better 

25(OH)D level. However, the Middle Eastern men displayed slightly better endothelial function than 

would expected for their low 25(OH)D status. This may be due to ethnic differences in Gc 

phenotypes (vitamin DBP) which may have resulted in presenting a false lower vitamin D status in 

the darker skinned Middle Eastern participants. Further research in larger populations is required to 
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determine if the relationship observed between vitamin D and endothelial function was the effect of 

25(OH)D status by itself or also mediated by confounding factors such as ethnicity, age or insulin 

sensitivity.   
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Chapter 6: Summary & Future Directions 
Summary of Thesis 
 

The prevalence of Type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) in Australia 

is rising, and previous studies have indicated an association between low circulating 25(OH)D status 

and these diseases. Endothelial dysfunction (ED) is a pre-condition that could lead to T2DM and 

CVD, and thus we suspected that the development of ED may involve vitamin D deficiency. The 

context of this PhD research was the lack of definitive evidence for a correlation between vitamin D 

deficiency and endothelial dysfunction (ED). The current cut-off for vitamin D sufficiency is 

circulating 25(OH)D ≥ 50 nmol/L, which was set with regards to bone health (5). However, in this 

thesis we questioned whether a higher cut-off for sufficiency could prevent endothelial dysfunction.  

 

There is a relationship between the systemic inflammation and vascular pathology that lead to 

endothelial dysfunction (ED). This, in turn, may underscore insulin resistance (IR), and its 

subsequent progression to T2DM and CVD. These diseases are generally associated with obesity 

(19). Higher fat mass allows increased storage of fat-soluble vitamins such as 25(OH)D, thereby 

resulting in a lower 25(OH)D status (20). 25(OH)D plays an important role in the regulation of 

endothelial function (EF) (11, 35, 44-51), and EF subsequently affects the movement of insulin 

across the capillaries, which means that ED may result in IR (29). Also, impairment of the function 

of the vitamin D receptors (VDRs) on pancreatic cells may lower insulin production, which would 

then alter the balance between vasodilators and vasoconstrictors, thus causing ED (29).  

 

In this thesis, I firstly examined the relationship between 25(OH)D and endothelial function in a 

literature review. I also conducted two cross-sectional studies: the first study to evaluate the effect of 

25(OH)D status on EF and lipid profiles among Australian adults, and the second study to compare 

Australian of European descent adults to Middle Eastern adults in terms of 25(OH)D status and its 

effects on ED. I found a consistent effect of vitamin D status on endothelial function or markers of 

dyslipidaemia and endothelial cell activation. This prompted me to more thoroughly investigate 

whether a causative role of vitamin D was detectable. I did so through a systematic review of RCTs, 

with the aim of finding the optimal level of 25(OH)D that I could propose would be necessary to 

avert ED and thus T2DM and CVD. Unfortunately, we did not have sufficient time and money to 

properly examine this relationship in a RCT of our own.  

 

In the literature review and the review paper, we found many theories linking 25(OH)D to ED 

through many physiological pathways by means of VDRs spread throughout the human body. These 
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VDRs are involved in the regulation of blood pressure, the prevention of arterial calcification and the 

suppression of inflammatory states (11, 35, 44-51). Recent research has suggested that 25(OH)D ≥ 

75 nmol/L is required for optimal bone health, which indicates that the requirement for the extra-

skeletal benefits of 25(OH)D may be even higher (5). There is now a suggestion that the IOM report 

on RDA for vitamin D may have been incorrect and this adds an  uncertainty factor to global RDAs 

(284). If confirmed, this would mean everyone needs more vitamin D which would elevate the 

normal circulating level even higher. A few trials supported the role of vitamin D supplementation in 

improving EF. Meanwhile, most of the trials did not show vitamin D supplementation to have an 

effect on EF. However, the initial 25(OH)D levels, the doses of vitamin D and insufficient 

maintenance periods of the optimum level of 25(OH)D might have resulted in false negative results 

regarding the 25(OH)D levels that are beneficial for EF (26).   

 

The first cross-sectional study examined the relationship of 25(OH)D to dyslipidaemia and 

endothelial cell activation molecules. One hundred and one Australian adults were recruited for this 

study with the result that 83 participants with completed data were analysed. Then they were divided 

into three tertiles according to their 25(OH)D levels, where the lower group had a mean of 56.8 

nmol/L, the moderate group had a mean of 74.5 nmol/L and the higher group had a mean of 97 

nmol/L. As a result, we found a beneficial effect of the higher level of 25(OH)D on total cholesterol 

(TC) and low density lipoprotein cholesterol (LDL-C) compared to the lower 25(OH)D level. Also, 

we found a beneficial effect on the moderate level of 25(OH)D on triglycerides (TG) compared to 

the lower 25(OH)D level. Furthermore, we found a deleterious effect of the higher level of 25(OH)D 

on soluble vascular cell adhesion molecules (sVCAM) compared to the lower 25(OH)D group, as 

increased levels of sVCAM are an early sign of inflammation. Finally, there were high levels of 

hepatocyte growth factor (HGF) in the higher 25(OH)D group compared to the lower group. These 

may have increased to counteract the higher levels of inflammation, as indicated by the increased 

levels of sVCAM.  

 

The second cross-sectional study examined the relationship between 25(OH)D status and EF among 

38 participants from two ethnic groups: 17 Middle Eastern men and 21 Australians. Levels of IR 

were measured by the 75-g OGTT and the Sluiter et al equation for ISI (10000/(Insulin*glucose)) in 

the fasting state. EF was measured by the Pulse Contour Analysis (PCA) method using the Digital 

Volume Pulse Trace (PT-2000) device. This was conducted after the participants were all given the 

same type of low-sodium, low-fat meal on the night prior to the test, fasting on the morning of the 

test and then being administered glucose. We found the 25(OH)D levels were 60.9 nmol/L in the 

Australian men of European descent and 40.4 nmol/L in the Middle Eastern men. The Australian 
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men displayed the better endothelial function test results. This result was expected as the Australian 

men had sufficient 25(OH)D levels and better insulin sensitivity compared with the Middle Eastern 

men. While 25(OH)D made an independent contribution to endothelial function, this study showed a 

difference among the ethnic groups even after adjustment for several confounders. One possible 

contribution may be the group specific-globulin (Gc) phenotypes of the 25(OH)D carrier (the 

vitamin D binding protein (Vitamin DBP)) which are predominantly found in individuals with darker 

skin (1).  

 

The systematic review we conducted found 14 studies which fulfilled our criteria for establishing the 

relationship between cholecalciferol supplementation and EF, endothelial cells activation molecules 

and inflammatory biomarkers.  Therein we found only three trials that supported the role of 

cholecalciferol in improving EF, one study that supported the role of cholecalciferol supplementation 

in improving the levels of C-reactive protein (CRP), and no studies that supported the role of 

cholecalciferol supplementation on improving endothelial cell activation molecules. We found no 

consistent optimum level of 25(OH)D in those studies supporting a role in EF, however an 

improvement in EF was found when 25(OH)D levels in two of the trials were increased to 

approximately 50 nmol/L, which is the current cut-off value, and the 25(OH)D level in the other trial 

was increased to above 100 nmol/L. In the trial that showed an improvement in CRP, the 25(OH)D 

increased from 49 to 62 nmol/L. These findings did not support the recent suggestion that levels of 

25(OH)D ≥ 75 nmol/L may be required. Instead, they suggest that the current cut-off 50 nmol/L may 

be sufficient to improve endothelial function (5). 

 

Implications for future research  
These findings have led us to develop a systematic study protocol in this area which could be used as 

a guideline for future research into the effects of vitamin D supplementation on EF. This includes the 

measurement of EF directly through endothelial cell activation molecules as well as indirectly 

through inflammatory biomarkers.  

 

Recent data showed that 23% of the Australian adult population experience vitamin D deficiency 

(circulating 25(OH)D <50 nmol/L) with women and the elderly being more at risk than the general 

population (4, 5, 99, 100). Therefore, this population may be at a greater risk of developing 

endothelial dysfunction. There is an urgent need for international and Australian expert committees 

to revisit the adequate intake (AI) for vitamin D intake as it is significantly below the current US 

RDA for vitamin D intake. For example, for adults aged 19-50 years old, the Australian AI is 5 μg 

compared to the RDA which is 15 μg.  
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Complex interrelationships between vitamin D, endothelial function (EF), IR, obesity, metabolic 

syndrome and the progression of T2DM and CVD are indicated in the literature, yet the exact 

interactions between these processes and states are unclear. Australia is a multi-cultural country and 

many ethnic groups have increased susceptibility to IR/T2DM even though they are certified healthy 

when they migrate to the country.   Therefore, a RCT of a large sample of people including at least 

two ethnic groups for an extended period of time is needed to determine the exact nature of the 

relationship between 25(OH)D status and EF.  

 

Further research should aim to find the optimum level of 25(OH)D for extra-skeletal benefit. One 

way forward could be through a long term high quality RCT, with an active control. For example, 

people with mild vitamin D deficiency (25(OH)D 30-50 nmol/L), could be randomised to receive 

1000, 2000, 3000, 4000 IU/day over a year such that they maintain their 25(OH)D levels within one 

of four ranges 25(OH)D within 30-50 nmol/L, second group maintains 25(OH)D within 50-65 

nmol/L, third group maintains 25(OH)D within 65-80 nmol/L and the final group maintains 

25(OH)D >80 nmol/L. Once the 25(OH)D levels of the participants within each group are all within 

the appropriate range, they should be consistently maintained within that ranges for the subsequent 

12 months. During this time, the following outcomes should be measured on a 3 monthly basis: 

endothelial function (EF), insulin resistance (IR), insulin sensitivity index (ISI), lipid profiles, 

systemic inflammatory biomarkers, endothelial cell activations molecules and parathyroid hormone 

(PTH).  

 

Future studies should evaluate EF using a combination of techniques with high validity and 

reliability, which would all be non-invasive to make them more tolerable for the participants. An 

example of such an evaluation method is the use of flow-mediated dilatation (FMD) as well as pulse 

contour analysis (PCA) and pulse wave velocity (PWV) to help to consolidate the outcomes/results. 

Also, clinical assessment of dynamic changes in endothelial function could use an agent such as 

acetylcholine or salbutamol to produce more accurate measurements (56).  

 

Body weight should be consistently monitored and maintained within reasonable limits throughout 

the study so as to avoid 25(OH)D sequestering into the fat cells in obese participants (236). Also, the 

levels of physical activity and sun exposure in the placebo group should be controlled for so that the 

amount of vitamin D intake can be maintained throughout the study. The analysis of the results 

would need to consider the possibility of the difference in the Gc phenotype of the vitamin D binding 

protein (Vitamin DBP) in the participants of darker skin pigmentation.  There is evidence that the 
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Vitamin DBP phenotypes in people with darker skin may have higher affinity for binding to 

25(OH)D, therapy reducing the amount of circulating 25(OH)D (285). However, the 25(OH)D that is 

bound to the Vitamin DBP is reabsorbed into endocytic receptors where it is converted to the active 

form 1,25(OH)2D (286). This absorption may also vary in efficacy according to Vitamin DBP 

phenotype.  
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Appendices 
Appendix 1: Physical activity checklist: (International Physical Activity Questionnaire 
(IPAQ)) 
 

We are interested in finding out about the kinds of physical activities that people do as part of their 

everyday lives.  The questions will ask you about the time you spent being physically active in the 

last 7 days.  Please answer each question even if you do not consider yourself to be an active person.  

Please think about the activities you do at work, as part of your house and yard work, to get from 

place to place, and in your spare time for recreation, exercise or sport. 

Think about all the vigorous activities that you did in the last 7 days.  Vigorous physical activities 

refer to activities that take hard physical effort and make you breathe much harder than normal.  

Think only about those physical activities that you did for at least 10 minutes at a time. 

1. During the last 7 days, on how many days did you do vigorous physical activities like heavy lifting, 

digging, aerobics, or fast bicycling?  

 

_____ Days per week  

 

   No vigorous physical activities              Skip to question 3 

 

2. How much time did you usually spend doing vigorous physical activities on one of those 
days? 

 
_____  Hours per day  
_____  Minutes per day  

 
  Don’t know/Not sure  
 
 

Think about all the moderate activities that you did in the last 7 days.  Moderate activities refer to 

activities that take moderate physical effort and make you breathe somewhat harder than normal.  

Think only about those physical activities that you did for at least 10 minutes at a time. 

3. During the last 7 days, on how many days did you do moderate physical activities like carrying 

light loads, bicycling at a regular pace, or doubles tennis?  Do not include walking. 

 

_____ Days per week 

 

   No moderate physical activities              Skip to question 5 
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4. How much time did you usually spend doing moderate physical activities on one of those 
days? 

 
_____ Hours per day 
_____ Minutes per day 

 
  Don’t know/Not sure  

 

Think about the time you spent walking in the last 7 days.  This includes at work and at home, 

walking to travel from place to place, and any other walking that you might do solely for recreation, 

sport, exercise, or leisure. 

5. During the last 7 days, on how many days did you walk for at least 10 minutes at a time?   

_____ Days per week 

 

   No walking      Skip to question 7 

 

6. How much time did you usually spend walking on one of those days? 
 

_____ Hours per day 
_____ Minutes per day  

 
  Don’t know/Not sure  
 

The last question is about the time you spent sitting on weekdays during the last 7 days.  
Include time spent at work, at home, while doing course work and during leisure time.  This 
may include time spent sitting at a desk, visiting friends, reading, or sitting or lying down to 
watch television. 

 
7. During the last 7 days, how much time did you spend sitting on a week day? 

_____ Hours per day  
_____ Minutes per day  

 
  Don’t know/Not sure  
 
This is the end of the questionnaire, thank you for participating. 
 
 
 
 

Appendix 2:  Screening Survey  
Project Title: Vitamin D and endothelial function 

Thank you for your interest in participating in this research. This study has been approved by the 

Curtin University Human Research Ethics Committee (Approval number: ). This Committee consists 

of academics, doctors, lawyers, members of the public and pastoral carers.  If necessary, verification 

of approval can be acquired through correspondence by post to the Curtin University Human 
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Research Ethics Committee c/- Office of Research Development, Curtin University of Technology, 

GPO Box U1987, Perth 6845, by telephone at 9266 2784 or by email to hrec@curtin.edu.au. 

Purpose of study: 

You are invited to participate in a study which will investigate the association between circulating 

25(OH)D with endothelial dysfunction. The outcomes will be considered with regards to the results 

of the preceding literature review. At the conclusion of this study, you will be provided with a report 

that details your endothelial function data, body composition (fat, muscle and bone mass as well as 

fat percentage) and also your blood profiles of glucose, insulin, triglycerides, HDL cholesterol, blood 

pressure and the liver function test. 

 Screening Survey  

To determine if you meet the eligibility criteria for this study, we ask that you kindly fill in this short 

survey. Alternatively, this form may be completed online. There are no known risks associated with 

completing this application.  

Confidentiality 

Your personal information will be solely used for the purpose of this study and will be stored in a 

protective place even after study completion, to ensure your privacy.  

For further information or copies of this survey, please contact Ali Alyami by email: 

alimahdim.alyami@student.curtin.edu.au 

      I have read and understood these study requirements and I am ready to participate.  

Please see the survey in the following pages.  

Please fill in the form below by drawing an (X) in each box corresponding to your answer. However, 

more details may be requested upon answering YES to some questions.  

 

1. Demographics 

a) First name: ____________________ 

 

a) Last name:  ____________________ 

b) Address: ________________________________________  

Suburb: ____________________ 

Postcode: ____________________ 

c) Telephone: ____________________ (home)  

____________________ (mobile) 

d) Email             __________________                                        __ 

e) Date of Birth: ____________________ Age: ________________ years 

 

mailto:hrec@curtin.edu.au
mailto:l.muharoi@postgrad.curtin.edu.au
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f) Menopause:                            Yes  

                                                                No     

                          In between 

                                         Not Applicable    

 

a) Your birth Country:   ____________________  

b) Duration lived in Australia:  __________ (years) 

c) Birth countries of parents:                                     &                                    _ 

 

2. Do you currently smoke?                            Y  N 

3. Do you drink more than 2 standard alcoholic drinks per day?           Y  N 

4. Has your weight fluctuated by 2kg (or more) during the last 6 months     Y    N 

5. Do you plan to try to lose weight in the next 6 months?                          Y    N 

6. Are you pregnant or planning to become pregnant in the next 6 months? Y     N 

7. Are you breastfeeding or planning to breastfeed in the next 6 months?    Y     N  

 

 

 

 

 

8. Do you suffer from any of the following conditions?  

           

a) Diabetes                 Y               N 

                             Type 1                Type 2          

Diagnosed for             years.         Is it well controlled?          Yes              No        N/A 

Recent HbA1C (within the last 6 months), if known: 

            Please provide further details, if applicable:  

 

 

 

b) Do you suffer from any thyroid condition?             Yes              No 

c) Do you have an elevated blood lipid profile (triglycerides, cholesterol, etc.)?    

Y            N  
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d) Do you have hypertension (high blood pressure)?    Y    N 

 

e)   Do you have a history of cardiovascular diseases (heart problem requiring hospital care)?  

  Y               N 

 

f) Kidney problems             Y  N 

 

 

g) Any conditions not mentioned above?     Y  N 

 

9. Are you currently taking any of the following medications?        

 

a) Hormone replacement therapy      Y  N  

 

b) Steroids         Y  N 

 

c) Cholesterol controlling drugs      Y  N  

 

d) Vitamin D Supplements        Y  N 

 

e) Weight management products     Y  N  

 

f) Any other medicines or supplements?    Y  N  

If Yes provide details 

 

 

10.  We will provide all the participants with one of the following meals as part of the preparation for the 

test. Please select one of the following: 

 

a) Butter chicken and rice (2-minute cooking) 

b) Chicken satay and rice (2-minute cooking) 

c) Beef black pepper and rice (2-minute cooking) 

 

d) Vegetable curry and rice (2-minute cooking)- Vegetarian 
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11.  Do you have any food allergies or intolerances?       Y  N  

           If Yes, please provide details below:  

 

 

 

Thank you for completing this survey. 
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