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ABSTRACT

Cardiovascular diseases (CVD) remain one of the leading causes of morbidity and mortality
worldwide. Current dietary guidelines advocate for a restriction of high intakes of saturated
fatty acids (SFA), an important risk factor for the development of CVD due to their
association with increased low-density lipoprotein cholesterol (LDL-C). Dairy foods are
major contributors of total SFA intake. The literature review explored aspects of dairy
consumption on CVD risk, highlighting current evidence which suggests a beneficial effect of
certain dairy products. A reduction of dietary SFA is also dependent on a suitable replacement
macronutrient. Supplementation of the dairy cow diet with plant oils/seeds provides an
alternative strategy to partially replacing SFA in milk fat with monounsaturated fatty acids
(MUFA). Few interventions studies have extensively investigated the impact of fatty acid
(FA) modified dairy products on traditional and novel CVD risk markers. The RESET
intervention study aimed to address this knowledge gap in both a chronic and acute-within-
chronic setting in adults at moderate CVD risk. A food-exchange model (38% total energy
(%TE) from fat) was implemented and adherence assessed from 4 day weighed food diaries
and phospholipid FA (PL-FA) analysis. Consumption of the FA-modified diet for 12 weeks
(dietary target: 16%TE SFA; 14%TE MUFA) led to a significant attenuation in fasted LDL-C
concentrations from baseline values and compared to matched control products (19%TE SFA;
11%TE MUFA). At the beginning and end of each dietary intervention, the postprandial
investigation was performed using sequential test meals representative of the assigned dairy
diet. Following the FA-modified diet and test meals, a decrease in the postprandial iIAUC
summary response for apolipoprotein B (apoB) was observed, suggestive of an effect on
triacylglyceride-rich lipoproteins (TRL). Changes in postprandial summary responses of
plasma total lipid FA reflected the intake of the test meals. Additionally, the FA-modified diet
appeared to modestly impact on both fasted concentrations and postprandial responses of
nitrite, which may be indicative of an effect on endothelial function. Little to no impact was
observed for other outcome measures. The impact of APOE genotype, retrospectively
assessed, fasted and postprandial outcome measures following the two dairy diets, was
explored. Significant pre-intervention fasted baseline differences in high-density lipoprotein
cholesterol (HDL-C), small and medium HDL particle distribution and non-esterified fatty
acids (NEFA) between E4 carriers and E3/E3, were observed. There was no interaction
between genotype and treatment on any of the outcome measures. In summary, consumption

of FA-modified dairy products appear to beneficially impact on certain markers of CVD risk,
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compared to matched control products. However, further research should address the impact
of other types of FA-modified dairy products in both healthy and at risk populations.
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Chapter I: Literature review: Dairy and cardiovascular risk:
friend or foe?

The aim of this chapter is to provide a review of the current evidence on the association
between dairy intake and CVD risk and present evidence of the impact of fat modified dairy

products on risk factors of cardiovascular disease.

Elements from this chapter have been previously published in the following invited review

(Appendix I) and may appear word for word in the present chapter:

Markey O, Vasilopoulou D, Givens DI & Lovegrove JA (2014) Dairy and cardiovascular risk:

friend or foe? Nutrition Bulletin 39; 161-171.
DV and OM are co-authors of the published review, which was approved by all authors.

DV expanded on elements of the review presented in this thesis, by including updated data

and expanding on methodologies relevant to the intervention trial.



1.1 Introduction to cardiovascular disease risk

Cardiovascular diseases (CVD) are ranked as the leading causes of death in the UK
and worldwide, with a number of modifiable and non-modifiable risk factors (1). Considered
an umbrella term for a group of diseases related to perturbation of blood vessels and heart
function, conditions include coronary heart disease (CHD), stroke, peripheral artery disease,
heart attack and pulmonary embolisms (1). In the UK, CVD accounts for 26% of all deaths
(2). Annual mortality rates have declined in the UK between 1980 and 2015, mainly due to
lifestyle and dietary changes and better access to treatment (2). Mortality rates within Europe
vary substantially between countries, with higher figures observed in Eastern Europe,
attributed predominantly to an increased total energy and fat consumption and a higher
smoking prevalence (1). The global prevalence of CVD is anticipated to increase and is
expected to be responsible for over 23 million deaths by 2030, in part due to demographic
changes with higher obesity rates and an ageing population (3). The financial burden of CVD
within the European Union (EU) reached an annual cost of €210 billion in 2015, in both direct

and indirect costs, with the cost per person in the UK exceeding the EU average (4, 5).

The development and progression of CVD is associated with a number of modifiable
and non-modifiable risk factors. Modifiable risk factors include physical inactivity, high
blood pressure, dyslipidaemia (i.e. elevated total and low-density lipoprotein-cholesterol
(LDL-C) and triacylglycerols (TAG)) and being overweight/obese. Hypertension represents
the greatest risk factor associated with the development of CHD and stroke in particular (6).
Dietary risks also account for the greatest loss of global disability-adjusted life years (DALY
for disease risk factors, according to more recent data (7). CVD is one of the main
contributors to lost DALY and an atherogenic diet represents a leading risk factor for CVD (7,
8). Therefore, on a population level, it remains important to develop effective dietary

strategies aimed at reducing risk factors associated with CVD development and progression.
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It is well established that a high intake of total dietary saturated fatty acids (SFA) and trans
fatty acids (TFA) leads to a higher risk of CVD, an effect linked to an increased plasma
concentration of fasting LDL-C (9). Current dietary guidelines recommend aiming for a
population average intake of <10% of total energy intake from SFA and 2% of total enegery
intake total TFA (10). At present, this target is exceeded by the UK adult population (men and
women), with the most recent UK National Diet and Nutrition Survey (NDNS) reporting a
mean population SFA intake of >12% of total energy intake (10). Intakes of total TFA in the
UK do not exceed dietary recommendations and are estimated at 1.2-1.3% on average (10).
Data from the current rolling UK NDNS on SFA intake, which show consistently higher

intakes across all age groups, are summarised in Table 1.1.
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Table 1.1 Average intake of saturated fatty acids in absolute terms and as percentages of food and total energy, by age and gender (NDNS 2012/13 —
2012/14)

Boys/Men Girls/Women
11-18 years 19-64 years >65 years 11-18 years 19-64 years >65 years

SFA (g/day) 27.1+105 28.4+11.2 25.6 +9.6 23.0+8.8 22.1+9.6 22.1+8.3
% food energy 125127 12729 13.2+£3.2 12.7+2.6 127+£3.6 13.7+£34
% total energy 12527 120+3.0 13.2+ 3.2 126+26 123+35 13.3+3.2

Values are mean £ SD. NDNS, National Diet and Nutrition Survey. SFA, saturated fatty acids.

Adapted from Bates et al. (10)
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1.2 The process of atherosclerosis

Atherosclerosis, which initiates in the sub-endothelial arterial space (intima) at regions
of disturbed blood flow, is triggered by interplays of both endothelial dysfunction and sub-
endothelial lipid retention (11). Vascular endothelial cells comprise a dynamic lining of the
vascular system, responding to both mechanical and humoral stimuli to maintain vascular
homeostasis (11). The endothelium is the major regulator of vascular wall homeostasis,
whereby a balanced vascular tone and low levels of oxidative stress is maintained by the
release of mediators, such as nitric oxide (NO), prostacyclin (PGI2) and endothelin (ET-1)
and control of local angiotensin-11 activity (11). Vascular permeability to plasma constituents,
platelet and leukocyte adhesion and aggregation is also regulated by the endothelium (11, 12).
Therefore, endothelial dysfunction is characterised by progressive dysregulation of vascular
wall homeostasis. Increases in the expression of adhesion molecules, synthesis of pro-
inflammatory and pro-thrombotic factors, oxidative stress and an abnormal modulation of
vascular tone are all factors which progressively lead to impaired endothelium-dependent

vasodilation (11).

Lipoproteins, responsible for the transport of fat within the bloodstream, are divided
into five major classes based on their relative density: chylomicrons, very low-density
lipoproteins (VLDLS), intermediate-density lipoprotein (IDLs), LDLs and high-density
lipoproteins (HDLs) (13). Apolipoproteins (apo), proteins bound to the surface of
lipoproteins, function as regulators of lipoprotein metabolism (13). They comprise a large
class of proteins (grouped by function into A, B, C and E). The present thesis will present data
on two classes, relevant to the dietary intervention study: a) apoB, which is recognised by
cell-surface receptors that mediate endocytosis (13). Hepatic derived apoB-100 on VLDL,
IDL and LDL functions as a ligand for LDL receptors (13). ApoB-48, synthesized by the
small intestine, is present on chylomicrons and their remnants and is essential for the

intestinal absorption of dietary fats (14). As LDL particles are derived from the lipolysis of
15



TAGs in VLDLs, the rate of VLDL production and lipolysis of VLDL TAGs influences
circulating levels of LDL-C (15). Most circulating LDL particles are taken up by the liver, via
LDL receptors (15). In the liver, LDL receptor expression is regulated by hepatocyte
cholesterol concentrations (15). However, low LDL receptor activity reduces the rate of LDL
clearance, which results in prolonged LDL residence in the circulation (15). Consequently, the
retention of circulating LDL particles and other apoB-containing lipoproteins (such as
lipoprotein(a)) and remnants undergo modifications, including aggregation, oxidation and
lipolysis in arterial vessel walls (15). Moreover, the progression of atherosclerosis is also
influenced by the fed state and particularly following a fat-rich meal, the clearance of

chylomicrons and their remnants.

Over time, the sub-endothelial retention of apoB-containing lipoproteins, VLDL-C
and chylomicron remnants in arterial regions where laminar flow is disturbed by branch
points or arterial bends leads, leads to endothelial dysfunction, pathogenic risk factors and
ultimately atherosclerosis (11). Retained lipoproteins within the arterial wall likely trigger
low-grade inflammatory responses, which will be discussed further below. Additionally, b)
apoE (apoE2, -E3 and -E4) plays a critical role in the clearance of VLDL and chylomicron
remnants from the circulation (13, 16). ApoE is primarily recognised as a regulator of lipid
levels, playing a role in the homeostatic control of both circulating and tissue lipid content in
part by binding to high affinity cell-surface lipoprotein receptors (17). The apoE isoforms
differ in their ability to interact with apoE-containing lipoproteins and lipid complexes to the
LDL receptor, the LDL-receptor related protein, the VLDL receptor and the apoE-receptor-2
(17). Additionally, apoE also binds to cell surface heparan sulfate proteoglycans (HSPGS) in
accordance to differences in the binding affinity of apoE isoforms. The interaction with
HSPGs attracts and sequesters apo-E containing lipoproteins at cell surfaces, thereby
facilitating their interaction with the LDL receptor related protein and potentially other

receptors (16). As atherosclerosis is recognised as a major cause of CVD, low-grade
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inflammation plays a central role in the development of atherosclerosis and will be discussed

further below.

1.3 Dietary fatty acids and CVD risk

Recent meta-analyses of prospective studies (18-20) have questioned whether high
SFA intake is always a risk factor for CVD. It is also important to recognise that although
there is strong consistent evidence linking high dietary SFA consumption to an increased risk
of CVD events, this relationship is complex and influenced by multiple contributing factors
(21). Among these, but not limited to, are structural variations such as chain length, which
impact absorption and transport, the inter-individual variability to dietary fat response and the
overall dietary pattern and food matrix in which SFAs are consumed (22). Additionally, in the
case of dietary SFA, where the aim is to reduce total intake, it is imperative to consider the
optimal food or nutrient replacement which would lead to a reduction in CVD risk (23, 24).
The most significant reduction in CHD risk has been observed when dietary SFA are replaced
with cis-polyunsaturated fatty acids (cis-PUFA), however little effect was seen on risk of
stroke (24). Collectively, the evidence from randomized controlled trials (RCT) showed that a
replacement of 10% and 5% of energy from SFA by cis-PUFA led to a reduction of CVD
event by 27% and 10% respectively (24, 25). Two classes of PUFA, n-3 and n-6, have been
widely studied for their impact on CVD risk. In the context of SFA replacement, mixed PUFA
(n-3 + n-6) reduces CVD risk by improving the lipid profile (26). However, studies have also
shown that high intakes of n-6 PUFA alone may increase oxidation susceptibility of LDL-C
(27). This highlights the importance of an adequate n-6/n-3 ratio in the diet in contrast to
individual nutrients. Replacement of SFA with n-6 PUFA reduces the risk of CVD events and
mortality, as observed by a meta-analysis of prospective cohort studies, where a 2% energy
replacement from SFA with n-6 PUFA was associated with an 11% reduced risk of CVD
mortality and a 7% reduced risk of total mortality (28). However, the food source of SFA

replacement also needs to be considered. In particular, secondary analysis of the Sydney Diet
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Heart Study (1966-1973) which investigated the replacement of SFA with linoleic acid
explained the original divergent results. The study recruited participants who had suffered an
acute coronary event and were randomly allocated to either a high n-6 PUFA, low SFA diet
(PUFA 15% and SFA <10% total calories) or a control group. The participants in the high n-6
PUFA diet had higher rates of all-cause, CHD and CVD death following the 3 year
intervention (29). These observations were explained by the TFA present in the primary
source of linoleic acid (stick margarines). (29). Fewer large scale studies have extensively
reviewed the replacement of SFA with n-3 PUFA, as these are found in smaller amounts in
dietary sources and usually represent a small proportion of overall dietary fat intake.
However, analysis of the Nurses’ Health Study and Health Professionals Follow-up Study
observed a 5% reduction in all-cause mortality, but not CVD mortality, following a
replacement of 0.3% of energy from SFA with n-3 PUFA (28). Intake of n-3 PUFA has been
observed to decrease TAG and VLDL-C concentrations (by controlling TAG uptake and
synthesis in the liver), apoB production and may moderately elevate HDL-C concentrations
(30). Additionally, n-3 PUFA may also confer beneficial effects on blood pressure, by
promoting NO production and consequently vasodilation and decreasing the expression of
pro-inflammatory markers, such as adhesion molecules (30). As previously mentioned, the
beneficial impact of n-6 PUFA largely depends on the n-6/n-3 ratio, as excess n-6 PUFA
intake have been associated with pro-inflammatory and oxidative effects, thereby adversely

impacting on CVD risk by affecting vascular function (27).

In the case of cis-monounsaturated fatty acids (cis-MUFA), recent reviews report that
there is still insufficient data to draw definite conclusions (23, 24). A meta-analysis of long
term studies (>6 months) which compared high cis-MUFA diets (>12% total calories) to
lower cis-MUFA diets (<12% total calories), concluded that high cis-MUFA diets were
associated with lower systolic and diastolic blood pressure and lower fat mass (31).

Additionally, a recent RCT which compared diets high in cis-PUFA with diets high in cis-
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MUFA observed that the latter led to a reduction in abdominal obesity (mainly in men) and
concomitant reductions in diastolic blood pressure and serum TAGs (32). When considering
replacing SFA with cis-MUFA, a meta-analysis of RCTs concluded that specific risk
biomarkers of CVD were reduced (total cholesterol, LDL-C and TAGS) (33). However, the
effect on CVD, CVD mortality and all-cause mortality following a replacement of SFA with
cis-MUFA shows mixed results (23). An explanation for these findings may be that dietary
sources of fatty acids vary among different studies, making it difficult to draw definite
conclusions (23). The observed beneficial impact of MUFA on CVD risk may be in part
explained by an improvement in insulin sensitivity (30), however this mechanisms has not
been fully explored in dietary replacement studies. Lastly, there appears to be no clear
beneficial evidence of substituting carbohydrates (CHO) for SFA in the prevention of CVD
(23, 34, 35). This may be explained by the fact that only CHO from fibre rich wholegrains
appear to confer a modest beneficial impact, while sources of refined CHO do not (23).
Furthermore, the Cochrane meta-analysis of Hooper et al. (35), identified that a reduction of
dietary SFA intake with a concomitant replacement by unsaturated fatty acids, and/or
reduction of total fat, lowered the risk of CVD events by 14% (relative risk (RR) 0.86; 95%

confidence interval (CI) 0.77-0.96) but had no effect on CVD or total mortality (23).

The evidence to date suggests that a replacement of SFA with cis-PUFA (with an
appropriate n-6/n-3 ratio) and cis-MUFA may lead to a beneficial impact on CVD risk.
Evidence suggests that the beneficial impact on CVD risk of these unsaturated FA, compared
to SFA, may be explained through reductions of TC, LDL-C, apoB, TAG and pro-
inflammatory markers with a parallel increase in HDL-C and production of NO, among other
factors. However, the evidence is not conclusive as observed beneficial impact on risk
markers following SFA replacement with UFAs are dependent on a number of factors,
including the replacement foods within the diet rather than just single nutrients. These factors

raise important questions when considering milk and dairy products (including butter), which
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represent up to 35% of the average total dietary SFA intake in the UK (10). A reduction or
substitution with low-fat dairy counterparts has been a strategy traditionally implemented to
reduce CVD risk at a population level; however, the bulk of the evidence from both
prospective cohort studies and RCTs does not support an association between dairy food
intake and an increased risk of CVD, with the exception of butter (36). The case of butter
intake and CVD risk however still remains a matter of debate, as a recent systematic review
and meta-analysis of prospective observational studies observed a small positive association
between butter consumption and all-cause mortality (n = 9 country-specific cohorts as 14 g
per day: RR =1.01, 95% CI = 1.00, 1.03, P = 0.045) but no association with incident CVD (n
=4; RR =1.00, 95% Cl = 0.98, 1.02, P =0.704) or CVD subtypes (for CHD, n=3; RR =
0.99, 95% CI = 0.96, 1.03; P = 0.537; for stroke n = 3; RR = 1.01, 95% CIl = 0.98, 1.03; P =
0.737) (37). However, as the authors also highlight, substitution of butter for healthier fats,

such as olive oil, would lead to a greater reduction in CVD risk.

1.4 The consumption of milk and dairy products in the UK

1.4.1 Changing trends in UK dairy consumption

Dairy product consumption in the UK has changed markedly over recent years, a
trend which may be in part attributed to negative connotations surrounding dairy products
and SFA content, especially whole fat versions, and a parallel increase in the availability
of alternative products. According to the Family Food Survey published by the
Department of Environment, Food and Rural Affairs (DEFRA (38)), average
consumption of milk is about 1.5 litres per person per week, the majority of which is
consumed as semi-skimmed milk (70%), followed by whole milk (20%) and skimmed
milk (10%). Since 2003, there has been an almost 14% decline in consumption of total

milk, with whole milk consumption declining by an average of 50% (38). Cheese and
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cream consumption trends have remained fairly constant in recent years while
consumption of yogurt and fromage frais has steadily increased compared with intakes in
1970, reaching 200 ml per person per week in 2013 (38). In contrast, butter consumption
has markedly decreased since the 1970s by approximately 70% and is now estimated at
42 g per person per week (38). The average contribution of daily total SFA and TFA
intake from milk and specific dairy products for both children and adults is presented in

Table 1.2.
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Table 1.2 Percentage contribution of dairy products to average daily saturated and trans fatty acid intake, by age (NDNS 2012/13 — 2012/14).

total SFA contribution (%) total TFA contribution (%)
1.5-3 yrs 4-10 yrs 11-18 yrs 19-64 yrs >65 yrs 15-3yrs 4-10yrs  11-18yrs 19-64yrs  >65yrs

Milk and milk products 48 31 22 22 24 55 42 32 31 32

of which:

Whole milk (3.8% fat) 21 8 3 2 2 19 7 3 2 2

Semi skimmed milk (1.8% fat) 5 5 4 4 6 9 10 7 7 9

Other milk and cream 4 2 2 2 2 2 3 2 2 2
Cheese 9 8 8 10 9 15 14 14 16 15

Cheddar cheese 6 5 6 7 6 9 9 10 11 10

Other cheese 3 3 2 3 3 6 5 4 5 4
Yoghurt, fromage frais 6 3 2 2 2 7 5 3 2 2
and other dairy desserts
Ice cream 3 3 2 2 3 3 3 1 2
Fat spreads 7 9 8 10 14 6 7 7 9 12

of which:

Butter 3 4 4 6 8 5 6 5 7 10

Values are average percentages. Abbreviations: NDNS, National Diet and Nutrition Survey; SFA, saturated fatty acids; TFA, trans fatty acids; yrs,

years.

Adapted from Bates et al. (10)
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1.4.2 Potential benefits of milk and dairy consumption

Ruminant derived milk and dairy products are regarded as complex foods, containing a
number of different components. It remains a matter of debate as to whether nutrients within
dairy foods act independently or synergistically in relation to chronic disease risk, leading to the
suggestion that the association of dairy SFA with CVD may be dependent on other
nutrients/macronutrients present within the dairy matrix (39). Despite the heterogeneity of dairy
products in terms of nutrient content and physical structures, the components that have been
observed to have an impact on health are the numerous classes of fatty acids, proteins (casein
and whey), minerals (magnesium, phosphate and calcium) and the components of the milk fat
globule membrane (MFGM) (21). Table 1.3 provides an overview of the average nutritional
composition of three dairy products, relevant to the present thesis. Additionally, the bacteria
present in fermented dairy products, such as yogurt and cheese, may produce bioactive peptides
and short-chain fatty acids (SCFAs) and may lead to improvements in insulin sensitivity and a
reduction in inflammation through microbiome and vitamin K related pathways (21). Moreover,
mineral bioavailability is enhanced by the lack of inhibitors present in milk, including phytates
and oxalates, and by the presence of lactose and certain amino acids that may promote mineral
absorption (40). Furthermore, lipids present in dairy products mediate the delivery of essential
fat-soluble vitamins (such as vitamins A and D), iodine and specific fatty acid classes, such as
conjugated linoleic acids (CLA), may also have cardio-protective properties, although further
studies are needed to confirm these associations (41). Therefore, although consumption of dairy
products significantly contributes to total SFA intake at a population level, it is important to

recognise that other dairy components also play a role in human health and development.
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Table 1.3 Average energy content and nutritional composition of milk (by percentage fat content), Cheddar cheese and butter (per

100g).

Milk (3.5% fat) Milk (1.7% fat) Milk (0.3% fat) Cheddar Cheese Butter
Energy (MJ) 0.3 0.2 0.1 1.7 3
Total fat (g) 3.5 1.7 0.3 35 81
SFA (g) 2.3 1.1 0.1 22 51
MUFA (g) 1.1 0.4 0.1 9 21
PUFA (g) 0.1 Trace Trace 0.9 3
trans (g) 0.1 0.1 Trace 1.4 3.3
Total protein (g) 3.3 3.6 3.6 25 1
Lactose (g) 4.7 4.8 4.9 0.3 Trace
Calcium (mg) 116 120 120 659 15
Phosphorus (mg) 93 80 85 510 24
Potassium (mg) 160 161 167 98 25
Vitamin A 31 20 1 20 10
(as pg retinol
equivalent)

All nutrient values are expressed per 100 g of product and represent average values.

Adapted from Roe et al (42)
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1.5 The impact of dairy product consumption on cardiovascular disease

1.5.1 Evidence from prospective studies

The relationship between milk and dairy product intake with different CVD events has
been investigated in a number of studies. However, a large body of the evidence points
towards either no relationship or an inverse association between consumption of dairy

products and CVD risk.

A meta-analysis of prospective cohort studies, which examined the associations
between milk and dairy products with health and overall mortality, concluded that the
available data gathered from fifteen studies indicated a potentially beneficial effect of milk
and dairy product consumption on CVD risk (43). High milk and dairy product intake resulted
in a relative risk (RR) of stroke and ischaemic heart disease (IHD) of 0.79 (95% CI 0.75,
0.82) and 0.84 (95% CI 0.76, 0.93) respectively, relative to low consumption of milk and
dairy products (43). In a second more extensive meta-analysis, the authors investigated the
relationship between different types of dairy products with the incidence of vascular disease
(44). A reduction in RR was observed in subjects with the highest dairy product consumption,
relative to subjects with lowest dairy intakes: 0.87 (95% CI 0.77, 0.98) for all-cause deaths,
0.79 for IHD (95% CI 0.68, 0.91) and 0.85 for stroke (95% CI 0.68, 0.91) (44). Furthermore,
a dose response meta-analysis of seventeen prospective studies resulted in a marginally
significant inverse association between milk intake and CVD events, although no significant
association was reported with risk of stroke or CHD (45). In support of these observations, a
meta-analysis conducted by Qin et al. also reported an inverse association between dairy
product consumption and overall risk of CVD (nine studies; RR 0.88; 95% CI 0.81, 0.96) and
stroke (twelve studies; RR 0.87, 95% CI1 0.77, 0.99) (46). For specific dairy product, only

cheese was inversely associated with risk of stroke (RR: 0.91, 95% CI 0.84, 0.98). However,
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this meta-analysis also reported no association between dairy product consumption, analysed
as low or high fat dairy, with CHD risk (46). Although it may be suggested that the inverse
association observed for risk of stroke but not CHD for total dairy and cheese in particular
may be in part due to the hypotensive effects of specific nutrients within the dairy matrix, the
meta-analysis was limited due to a lack of dose-response analysis and the broad categorisation
of the dairy products and outcome variables of the studies included (21). A further meta-
analysis investigated the association of dairy fat consumption with risk of CvVD, CHD and
stroke, using data from three large US cohorts (47). Dairy fat intake resulted in no significant
association with risk of CVD, CHD and stroke (for a 5% increase in energy from dairy fat,
RR 1.02; 95% CI 0.98, 1.05; RR 1.03; 95% CI 0.98, 1.09; RR 0.99; 95% CI 0.93, 1.05
respectively). On the other hand, a 5% energy substitution of dairy fat with an equivalent
energy intake of n-6 PUFA or vegetable fat led to a 24% (RR 0.76; 95% C1 0.71, 0.81) and
10% (RR 0.90; 95% CI 0.87, 0.93) lower risk of CVD, respectively (47). In contrast,
exchanging dairy fat with a 5% energy intake from animal fat was associated with a 6%
increase in CVD risk (RR 1.06; 95% CI 1.02, 1.09). It is important to note that the origin of
animal fat which was used as an energy replacement was not specified. Additionally, the food
in which the dairy fat is contained is not considered, thereby any assessment of the dairy food
matrix cannot be determined. Nevertheless, the study adds further evidence to confirm that
dairy fat does not appear to be associated with an increased risk of stroke, CHD and CVD.
Furthermore, it also highlights the importance of considering which macronutrient replacing
SFA (or a high SFA food group) would lead to a substantial reduction in CVD risk. The most
recent dose-response meta-analysis included 29 cohort studies and found no associations for
total dairy (200 g/day) and milk (12 cohorts; 244 g/day) with all-cause mortality (RR 0.99;
95% C10.96, 1.03; RR 1.00, 95% ClI, 0.93, 1.07 respectively), CHD (12 cohorts, RR 0.99,
95% CI, 0.96, 1.02; RR 1.01; 95% ClI, 0.96, 1.06 respectively) and CVD risk (RR 0.97, 95%

C10.91, 1.02; RR 1.01; 0.93, 1.10 respectively) (48). However, marginal inverse association
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were observed between total fermented dairy (defined as cheese, yoghurt or sour milk; per 20
g/day) with mortality (RR 0.98; 95% CI 0.97, 0.99) and CVD risk (RR 0.98; 95% CI 0.97,
0.99) (48). More detailed analyses of individual fermented dairy products (cheese and
yoghurt) led to a 2% lower risk of CVD for cheese (RR 0.98, 95% CI, 0.95, 1.00 per 10
g/day) but not yoghurt (48). Although the authors indicate that there was a high degree of
heterogeneity between the included studies of the meta-analysis, their observations add
evidence to further examine the impact of specific dairy products on risk markers of CVD in

well-designed RCTs.

1.5.2 Cardiometabolic risk factors

Dietary guidelines which focus on reducing CVD risk have traditionally aimed to limit
the intake of foods and nutrients which raise fasting LDL-C concentrations, an important
CVD risk factor (9). The Friedewald equation, first developed in 1972 (49), provides an
adequate estimate of fasting LDL-C without the use of laborious and expensive
ultracentrifugation techniques and is routinely used in population studies and RCTs.
Additionally, it was demonstrated that the concentration of VLDL-C could be estimated by a

ratio of TAG/2.2 (in mmol/l) (49) (REF), resulting in the following equation of LDL-C:

LDL-C (mmol/L) = total cholesterol - HDL-C — (TAG/2.2)

It is worth noting that the equation assumes a constant ratio of TAG to cholesterol
in VLDL particle, which may not always be the case for individuals with certain conditions
such as dyslipidaemia and insulin resistance (50). Additionally, Friedewald’s equation for
serum LDL-C represents the cholesterol present in all LDL particles, regardless of density and
particle size. Measurement of LDL particle (LDL-P) number and distribution has been
suggested as a more sensitive indicator than LDL-C when assessing CVD risk (50). It has
been proposed that sdLDL-P are particularly atherogenic due to a number of reasons,

including an increased susceptibility to oxidation, high sub-endothelial permeability,
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decreased LDL receptor affinity and an increased interaction with food matrix components
(51, 52). However, estimation of LDL-C using Friedewald’s equation remains an important
biomarker and is more cost-effective and quick to assess in intervention trials than LDL-P
size and distribution by nuclear magnetic resonance (NMR) or density gradient

ultracentrifugation (53).

As the it has been estimated that every 1% reduction in LDL-C translates to a 1-2%
reduction in population CVD risk (9), this risk marker remains one of the most widely used to
assess the impact of dietary fat replacement in intervention studies. Evidence from animal,
human and in vitro studies suggest that SFA intake leads to inhibition of LDL-C receptor
activity, enhancement of apoB production and therefore an elevation in TC, LDL-C and LDL-
C:HDL-C ratio which are all risk markers for CVD. On the other hand, MUFA intake may
lead to a beneficial outcome in CVD risk via a number of suggested mechanisms. These
include an alteration of the lipid/lipoprotein profile, for example inactivation of sterol
regulatory element binding protein (SREBP), a transcriptor factor which regulates cholesterol
synthesis, and increasing the expression of hepatic LDL receptor via stimulation of acyl-CoA
cholesterol acyltransferase in the liver (54). Additionally, it has also been suggested that
MUFA lead to a greater diet-induced thermogenesis and greater fat oxidation rates in
comparison to SFA intake (55). Evidence suggests that total PUFA consumption leads to
beneficial effect on TC:HDL-C, mainly by modulating a reduction in LDL-C concentrations
and the apoB pool size (26). Potential mechanisms from animal studies include a 2 fold

increased LDL fractional catabolic rate when compared to SFA intake (56)

In the case of dairy foods, low fat dairy products have been advocated as the
preferred choice for consumers to limit high consumption of whole fat and total dairy
products. At the same time, individual SFAs present in foods differentially affect blood lipids:

elevated serum concentration of LDL-C are associated with intakes of lauric (12:0), myristic

28



(14:0) and palmitic (16:0) acids, whereas limited effects are observed with intake of stearic
acid (18:0), which is poorly absorbed (9). A number of studies have shown that SFA intake
from dairy foods may lead to increases in larger, rather than smaller, LDL particle size (57-
59), although the significance of this pattern and its relationship with CVD risk remains to be

determined.

A small number of RCTs have compared low- and high-fat dairy foods on LDL-C
concentrations. Consumption of a high-fat dairy and Dietary Approaches to Stop
Hypertension (DASH)-type diet did not lead to significant increases in LDL-C concentrations
compared with the same diet with low-fat dairy in both men and women in a crossover RCT
(60). On the other hand, the food matrix of dairy products may exert an effect on the change
observed in LDL-C rather than dairy fat per se. A meta-analysis conducted by Goede et al.
compared the effect of cheese and butter consumption on blood lipids in five RCTs. Serum
LDL-C concentrations were significantly lower following intake of cheese, compared to
butter consumption as observed from pooled data of four of the five RCTs (ALDL-C: 0.22
mmol/L; 95% C1 0.29, 0.14 mmol/L) (61). Ultimately, although it appears that certain types
of dairy products such as milk, cheese or yoghurt appear to have a relatively neutral effect on
LDL-C, more robust evidence is needed to assess differences not only in specific dairy foods

but also dairy fat content on LDL particle size and number.

SFA intake also increases HDL-C concentrations, leading to the suggestion that some
SFAs have a neutral effect on the total cholesterol:HDL-C ratio and consequently on CVD
risk (9, 62). Despite extensive evidence showing that low HDL-C concentrations are
associated with a greater risk of CVD (63), there is still disparity on this association as serum
HDL-C concentrations alone may not reflect the functionality and capacity of HDL to reduce
risk (63). Drouin-Chartier et al. reviewed the limited studies which have assessed the effect

of dairy intake on circulating HDL concentrations, concluding that the evidence shows a
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neutral effect although recognising that a knowledge gap remains as studies which assess the

impact of HDL functionality are still needed (64).

Hypertension

Hypertension is also a key risk factor in the progression of CVD development,
affecting up to 30% of adults in the UK (4). Defined as systolic blood pressure (SBP) >140
mm Hg and/or diastolic blood pressure (DBP) >90 mm Hg, it is influenced by a number of
variables such as gene polymorphisms, diet, environmental determinants and interactions
between these factors (65). It is recognized as a major risk factor for stroke, CHD and heart
failure, among other conditions (65). The most common method for the measurement of blood
pressure (BP) to assess heamodynamic stability, is with the use of a sphygmomanometer (66).
However, this measurement has potential limitations in reproducibility partly due to the
‘white-coat effect’ (67). A further, more reliable assessment is measurement of ambulatory
BP over the course of 24h, considered a predictive measurement for CVD events, mortality
and morbidity associated with hypertension (67). As previously mentioned, milk and dairy
products are a source of micronutrients (such as calcium, potassium, iodine) and protein
(casein, whey and specific bioactive peptides), which may be associated with beneficial
hypotensive effects in an independent or synergistic manner (68). A number of mechanisms
by which dairy components may reduce BP have been proposed (69). The bioactive peptides
present in whey and casein proteins have been observed to play a role in controlling BP by
inhibiting the action of angiotensin-1-converting enzyme, resulting in vasodilation (70), by
modulating the release of endothelin-1 by endothelial cells (71) and acting as opioid receptor
ligands increasing nitric oxide products, which mediates arterial tone (68). Several studies
have looked at this relationship, with the DASH study considered as one of the first which
observed a beneficial association between dairy consumption and a reduction in BP (72).

However, conclusions cannot be easily drawn from this study alone due to differences in
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macronutrient composition of the diets in the original DASH trial (73). In a RCT which
compared a DASH diet with high-fat dairy to one with low-fat dairy, Chiu et al. reported no
significant effect on BP (60). Furthermore, a meta-analysis of 7 RCTs also concluded that
there was no significant BP lowering effect of total dairy intake on both systolic and diastolic
BP (74). In contrast, a meta-analysis of 7 cohort studies which assessed the dose-response
association between milk intake and risk of hypertension, concluded that each increment of
200 g/d of milk consumed was associated with a significant 4% reduction in the risk of
hypertension (RR 0.96; C1 0.94, 0.98) (75). An important consideration is the potential impact
of a threshold dependency mechanism, whereby benefit is conferred in those at low nutrient
status (such as calcium), whereas in individuals with adequate baseline status, little effect is
observed (76). Furthermore, as outlined in Drouin-Chartier et al., short-term RCTs suggest no
significant effect on BP irrespective of type and fat content (with the exclusion of butter)
while evidence from prospective cohort studies on total dairy, low-fat dairy and milk intake
suggest an association towards a reduction in risk of hypertension (77). A suggested
explanation for this discrepancy is that long term dairy intake may attenuate the increase in
BP seen as a result of aging and weight gain, thereby reducing the risk of hypertension (77).

This, and other suggested mechanisms, need to be further investigated.

Vascular function and elasticity

Dietary patterns may impact the elasticity and function of blood vessels (78). The
endothelium, defined as the inner layer of cells of the vascular wall, is a key regulator in
vascular homeostasis (79). As previously mentioned, NO is the main endothelium-derived
vasodilator, produced from its precursor L-arginine via the enzymatic action of endothelial
NO synthase (eNOS) (80). Disturbances in endothelial function, such as reduced vasodilation
and activation of inflammatory pathways, progressively leads to the development of

atherosclerosis (79, 81). Assessment of vascular dysfunction, which includes both endothelial
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dysfunction and arterial stiffness, can be assessed in a number of ways (79). Flow-mediated
dilatation (FMD), which measures the vasodilatory response of the brachial artery to an
increase in blood flow-associated shear stress and carotid intima-media thickness, can be used
to non-invasively assess the endothelial function and arterial structural changes, respectively
(82). Is it considered as the ‘gold standard’ method to assess endothelial function, with some
studies regarding FMD response a superior predictive assessment to traditional risk factors,
including elevated cholesterol concentrations, in individuals with established CVD (83). Of
note however is the extensive training required to properly conduct this measurement and
assess response, which may be viewed as a limitation. A surrogate measurement, which is not
operator dependent like FMD, is the assessment of the carotid intima thickness (cIMT),
defined as the distance between the media-adventitia interface to the intima-lumen interface
on the right and left common carotid artery (CCA) (84). It is considered an early marker of
atherosclerosis (85). However, due to methodological variations and a limited number of short
term intervention studies, it remains unclear whether cIMT progression can be considered a
predictor of future vascular events (84, 85). Furthermore, change in the IMT of the carotid
artery progresses over time and few studies have observed differences as a response to diet
alone. The intake of total dietary SFA and TFA have been observed to be positively
associated with cIMT. In particular, it has been shown that a 10 g/day increase in total SFA
intake and a 1 g/day TFA intake resulted in a 0.03 mm greater cIMT value following
multivariate adjustments (85, 86). To date few studies have investigated the effect of dairy
product consumption in relation to changes in cIMT. A cross-sectional study examined high
(> 100 g/day) and low (< 100 g/day) yoghurt consumption in elderly women (> 70 years)
(87). It was observed that high consumption correlated with a 0.023 mm lower cIMT,
compared to low consumption following baseline, dietary and lifetime adjustments (p <
0.003; (87)). However, the same study concluded that total intake of dairy products, milk and

cheese was not associated with change in cIMT (87).
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Cardiovascular events and all-cause mortality are also independently predicted by
carotid-femoral pulse wave velocity (PWV), regarded as the gold standard measurement to
assess arterial distensibility and stiffness by applanation tonometry (88, 89). The use of this
methods is relatively simple and non-invasive, and its principle is that the higher velocity of
pulse waves measured between two sites translates to stiffer arteries (90). Additionally, PWV
may also be used as a measure of endothelial function (91), due to the fact that arterial
compliance is in part determined by endothelium-dependent vasodilation (92). Moreover, the
augmentation index (Alx), an indirect measure of arterial stiffness, represents the ratio of the
magnitude of the reflected pulse wave to the initial wave (93). Evidence from the Caerphilly
Prospective Study highlighted that, with the exception of butter intake, dairy product
consumption does not impact negatively on PWV (94). Furthermore, the Alx was 1.8% lower
in men with the highest quartiles of dairy product intake (94). Similarly, findings from a
cross-sectional study illustrated that dairy food intake was inversely correlated with PWV
(95). However, cross-sectional studies present predictive limitations, whereby exposure and
outcome are assessed simultaneously thereby negating a temporal relationship between the

two (96).
Inflammation

A low-grade chronic inflammation and oxidative stress is recognised as a major factor
contributing to the initial stages of atherosclerosis and disease progression (97, 98). The
recruitment of leucocytes into the sub-endothelial arterial wall initiates a cascade of reactions,
primarily mediated by inflammatory mediators (98). Specifically, the increased presence of
chemokines and