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Chapter 1

General intfroduction




FATTY ACIDS IN THE HUMAN DIET

Fat is a major part of the human diet. It consists of different fatty acids (FAs) that
provide approximately 9 kilocalories of energy (or 37 kilojoules) per gram.’ Dietary
FAs play various roles in human metabolism, and could be involved in
cardiometabolic diseases including coronary heart disease (CHD) and type 2
diabetes.

This chapter describes several important dietary FAs, in particular linoleic acid
(18:2 n-6, LA), the main polyunsaturated FA (PUFA) in the omega-6 (w6 or n-6)
series, and omega-3 (n-3) PUFAs alpha-linolenic acid (18:3 n-3, ALA),
eicosapentaenoic acid (20:5 n-3, EPA) and docosahexaenoic acid (22:6 n-3, DHA).
In addition, odd-chain FAs 15:0 and 17:0 are discussed. Relations of these dietary
FAs with cardiometabolic diseases have been increasingly investigated in
observational cohort studies, using circulating FAs as biomarkers of intake.>*

6t carbon carboxyl end
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1 \ 7 !
methyl end two double bonds

Figure 1 Simplified structure of linoleic acid, the main omega-6 fatty acid

FAs can be characterized based on their structural configuration. In general, a FA
consists of a carbon chain with a carboxyl group at one end and a methyl group at
the other end, as illustrated in Figure 1. FAs can be differentiated by the length of
the carbon chain, the presence and number of double bonds in the carbon chain
and the type of configuration of the double bond(s). Based on the presence and
number of the double bonds, FAs can be categorized into saturated (SFAs; no
double bond), monounsaturated (MUFAs; one double bond) or polyunsaturated
FAs (PUFAs; >1 double bonds). For the unsaturated FAs (MUFA and PUFA), the
location of the nearest double bond from the terminal methyl group determines the
omega number.5 As an example, LA has 18 carbon atoms in the chain and is an
omega-6 (n-6) FA with two double bonds (Figure 1); the shorthand nomenclature is
therefore 18:2 n-6. Depending on the double bond configuration, a FA is either a
cisor trans FA. Only few FAs exist naturally as trans FAs (e.g. trans 18:1 n-7 in dairy
fat®), but a cis-FA can be transformed into a trans FA via an industrial process known
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as partial hydrogenation. Industrial trans FAs are considered detrimental to health,”
and minimizing the consumption of trans FAs is therefore recommended.

Several examples of FAs in each class with their shorthand nomenclature, trivial
name and dietary sources are given in Table 1. In this chapter, the abbreviated
trivial names for 18:2 n-6 (LA), 18:3 n-3 (ALA), 20:5 n-3 (EPA) and 22:6 n-3 (DHA)
are used and for other FAs, the shorthand nomenclature are used.

Table 1 Examples of FAs and their selected dietary sources

Shorthand Trivial name Dietary sources
nomenclature
SFA 15:0 Pentadecyclic acid* dairy products, meat from ruminants
17:0 Margaric acid* dairy products, meat from ruminants
16:0 Palmitic acid palm oil
18:0 Stearic acid red meat, poultry, cocoa butter
MUFA 16:1 n-7 Palmitoleic acid red meat, dairy foods, macadamia nuts
18:1n-9 Oleic acid olive ail
PUFA 18:2 n-6 Linoleic acid sunflower oil, soybean oil
18:3n-3 Alpha-linolenic acid flaxseeds, walnuts
20:5n-3 Eicosapentaenoic acid seafood, mainly oily fish
22:6 n-3 Docosahexaenoic acid seafood, mainly aily fish

*Pentadecanoic acid is more commonly used for 15:0 in the literature than the trivial name. For 17:0, heptadecanoic
acid is also used.

Food sources may be characterized by their FA composition (Table 1). EPA and
DHA are found abundantly in seafood, especially oily fish, and in a limited amount
in red meat, poultry and eggs. Therefore, EPA and DHA are also termed “seafood
n-3" or “marine n-3”. Most FAs in the human diet have a carbon chain with an even-
numbered length,® although there are exceptions, such as pentadecanoic acid
(15:0) and heptadecanoic acid (17:0). These odd-chain FAs are considered to
reflect intake of dairy foods because the rumen microbiota in the ruminants can
synthesize these odd-chain FAs, while humans and non-ruminants are considered
not to produce them.®® In milk fat, these odd-chain FAs are present only in small
amounts; 15:0 content in milk fat ranges from 1-2 g/100 g and 17:0is 0.6-1.5 g/100

g.TO

Metabolism of dietary FAs

Dietary fats are broken down by digestive enzymes into FAs, which undergo beta-
oxidation to yield energy. FAs are also incorporated into various lipid pools for
transport as cholesteryl esters, phospholipids and triacylglycerols (or triglycerides),
which are components of circulating lipoproteins, and for storage as triacylglycerols
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in adipose tissue.® The composition of FAs in lipid pools is affected by metabolic
processes such as de novo lipogenesis, elongation and desaturation. Through de
novo lipogenesis, the human body is capable of endogenously producing FAs from
carbohydrates. This process mainly happens in the liver and adipose tissues,
generating SFAs with 16:0 as the main product.” FAs can be converted into longer
FAs by elongation or be made into a more unsaturated type by desaturation.®
Stearoyl-coA-desaturase-1 (also known as delta-9-desaturase) catalyzes
conversion of a SFA to a MUFA, e.g. 16:0 to 16:1 n-7, whereas delta-5-desaturase
and delta-6-desaturase are active in the n-3 and n-6 metabolic pathways. In Figure
2, the elongation and desaturation processes in the n-3 and n-6 metabolic pathways
are illustrated.
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Figure 2 Elongation and desaturation of FAs in the n-3 and n-6 pathways

Text box 1 FAs at the top of the pathways in Figure 2, LA and ALA, are
considered essential FAs. Essential FAs cannot be synthesized in the human
body and serve as precursors for synthesis of longer chain PUFAs, therefore LA
and ALA must be obtained from the diet. Although a conversion from ALA to
EPA and DHA is possible, the conversion efficiency is known to be limited to
<10% (and even lower from EPA to DHA) in individuals consuming a diverse
diet.’2'® Therefore, EPA and DHA are obtained from the diet.
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FATTY ACIDS AND CARDIOMETABOLIC DISEASES

Dietary SFAs raise LDL-cholesterol, as has been repeatedly demonstrated in well-
controlled feeding trials.'* Elevated LDL-cholesterol is a major risk factor for
cardiovascular disease (CVD), in particular CHD.'" Replacement of dietary SFAs by
PUFAs or (to a lesser extent) MUFAs is a cornerstone in CVD prevention. 617

Cardiometabolic diseases, with CHD and type 2 diabetes as the main forms, remain
the leading causes for death and disability worldwide.'® In 2017, CHD contributed
54% of the disability-adjusted life years due to CVD, placing a significant burden
on the healthcare costs in Europe.™ In the Netherlands, due to improvement in risk
factors and treatment of CHD patients, the number of CHD deaths has declined??!
and the number of surviving CHD patients is likely to grow.?°

Patients with a history of myocardial infarction (MI) may have a more than 30%
higher risk of recurrent MI, CVD and all-cause mortality than non-diseased
individuals with similar age, as shown in population-based studies in Western
societies.?®?3 Regarding FAs, primary and secondary CVD prevention guidelines
have recommended replacing dietary SFAs with PUFAs, to eat fish 1-2 times per
week, including oily fish, and limiting consumption of trans FAs.'®7 Additionally, for
CVD patients, EPA and DHA supplements at high doses (2-4 g/d) may be used to
manage dyslipidaemia.?*?® However, a meta-analysis of supplementation studies
has recently shown that providing additional ~0.5 to 5 g/d EPA and DHA did not
reduce CVD or all-cause mortality risk in patients with CVD, except for a 10%
reduced risk in CHD mortality.?®

N-3 FAs at habitual levels of dietary intake in Western populations may lower CHD
mortality risk via their anti-arrhythmic effects.?”?8 In contrast to what is provided in
supplementation studies, habitual dietary n-3 FAs in populations with a Western diet
is usually (far) below 500 mg/d,?®%° corresponding to a fish intake of <2 servings
per week. For CHD patients, it is not clear whether habitual dietary n-3 FAs are
related to mortality risk, or whether there is any benefit of having higher habitual
dietary n-3 FAs on top of advanced cardiovascular drug treatment.

The associations of habitual dietary n-3 FAs with mortality risk are often investigated
using observational cohort studies. The few available observational cohort studies
in CHD patients (summarized in Rimm et al®') mainly investigated these
associations using circulating EPA and/or DHA, but most had small sample sizes
and number of events, had relatively short term follow-up time (<2 y) and are difficult
to compare because of differences in the choices of endpoints and confounders.
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Type 2 diabetes is often a comorbidity of CVD. The presence of type 2 diabetes is
a strong predictor for cardiovascular events®23® and mortality in CHD patients.3334
Dietary LA has been investigated in relation to type 2 diabetes risk in observational
cohorts of largely healthy populations but the results are mixed.®* The lack of
consistent results might be explained by the fact that not all studies replaced the
same nutrients in theoretical substitution models (SFAs®%¢ or carbohydrates®4').
Nevertheless, in recent US cohort studies, substitution of either dietary SFAs or
carbohydrates for dietary LA were similarly associated with a lower type 2 diabetes
risk.** Other cohort studies reporting no associations have also considered
measurement errors in the diet estimation due to the use of self-reported
questionnaires as the explanation for the null findings.*“' A proposed mechanism
for the inverse association between LA and type 2 diabetes is that increasing LA
intake leads to more incorporation of unsaturated FAs in the membrane lipids. This
will increase the membrane fluidity and number of insulin receptors, and decrease
the affinity of these receptors, resulting in an improved insulin sensitivity.*>4¢ Studies
of dietary LA and type 2 diabetes risk in patients with CHD are lacking.

Odd-chain FAs have gained attention because of their beneficial associations with
type 2 diabetes and CVD risks. Inverse associations with these cardiometabolic
diseases have been reported in several cohorts without prevalent type 2 diabetes
or CVD using circulating 15:0447-50 and 17:045%%" to reflect dairy foods consumption.
A more recent randomized controlled trial has shown that circulating proportions of
15:0 and 17:0 also increased after a 7-day supplementation with fermentable fibre.5?
Higher intake of dietary fiber is hypothesized to increase the production of
propionate, a three-carbon FA, by the gut microbiome. In the liver, propionyl-CoA
(converted from propionate) competes with acetyl-CoA in FA synthesis, leading to
increased production of odd-chain FAs, especially 17:0.52 Further, the investigators
proposed that odd-chain FAs, particularly 17:0, reflect dietary fiber rather than dairy
intake.%? Whether circulating 15:0 and 17:0 could be influenced by dietary fiber in
MI patients warrants more research.

Limitation of traditional dietary assessment methods

Observational cohort studies use self-reported dietary assessment methods such
as the food-frequency questionnaire (FFQ) to estimate habitual diet because of
feasibility of administering and data processing of the questionnaire. However,
dietary intakes estimated using an FFQ may be prone to recall bias and therefore
subjective.®®
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Assessment of FA intakes is especially difficult. Reporting of fat-containing products
may be incomplete because fat is not always visible in food, for example when used
as ingredient in dressings and sauces, or when used in preparing food (e.g.
cooking oils) especially if the person is not involved in the preparation of the food.5*
Reporting of calorie-dense foods, high in fat and sugar, may also be affected by
social desirability and weight status of the individuals.®® Those with a high body
mass index (BMI) are more likely to underreport their calorie-dense foods intakes
than those with a healthy BMI.%®

It is also important to recognize that the quality of the underlying food composition
tables affects the calculated FAs from reported dietary intakes.%¢%” The FA content
and composition of (processed) foods may change over time due to modifications
in the food supply, e.g. use of different feed types for cattle, which affects the FA
profile in meat and milk, plant breeding to produce certain FA profiles of plant oils,
or reformulation of commercial products by the food industry.56% Furthermore,
detailed information of specific FAs may not be available for all foods in food
composition tables, with data sometimes limited to total fat content.®® In particular,
assessing habitual ALA is difficult. ALA is a constituent of plant oils which are used
as ingredients of commercial salad dressings, spreads, margarines and cooking
fats, and are difficult to assess accurately using an FFQ because types and amount
of plant oil used may be brand-specific,% while often only average values for these
products are available in the food composition tables. Furthermore, the commercial
products may be reformulated, e.g. using another type of plant oil, because of
costs® or other (market-related) reasons,®' and the values in food tables are not
updated, contributing errors in the estimation of ALA intakes. On the other hand,
the data of FA composition of fish is likely less affected by these issues.

Text box 2 Dietary assessment based on self-reports may be influenced by
recall bias. In addition, estimated fatty acid intakes may be affected by errors
or incompleteness of food composition tables. For LA, ALA, EPA and DHA, and
odd-chain FAs, their circulating levels are frequently considered as objective
measure of dietary intakes, free from the errors that are associated with self-
reported dietary assessment.*
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CIRCULATING FATTY ACIDS AS BIOMARKERS OF HABITUAL DIET

To overcome limitations of self-reported dietary assessment methods, observational
cohort studies increasingly use the FA composition in blood and its fractions
(“circulating FAs”) as biomarkers of habitual dietary FA intakes. FA biomarkers
measured in lipid pools are considered more objective in reflecting habitual intake
of FAs because the levels do not depend on the ability of study participants to recall
their food consumption.®? FA biomarkers are considered as “concentration
biomarker”. This means that the levels cannot be used to infer absolute intakes but
may be useful for ranking individuals according to their habitual intakes, which is
the main interest of observational cohort studies.®?

Factors affecting the utility of circulating FAs
1. Lipid pools

There are various lipid pools in the human body that may be used for the
assessment of FA composition, including subcutaneous abdominal adipose tissues,
whole blood, blood plasma/serum, red blood cells and various types of white blood
cells.®® Considering the interest of cohorts in long-term habitual intake, adipose
tissue is often the preferred pool as a dietary biomarker of FAs because FAs
turnover in adipose tissue is slow under energy balance. FA composition of adipose
tissue is considered to reflect diet in the past 1 to 2 years.?2¢* However, the use of
adipose tissue in cohort studies is rather limited because the tissue sampling is
regarded as more invasive for participants, more time-consuming and expensive to
measure, therefore it is less feasible in the usually large cohorts.

In cohort studies the most often reported pools for reflecting long-term habitual
intakes of FAs are circulating FAs in total plasma or serum, plasma/serum fractions
(or compartments) of cholesteryl esters and phospholipids and erythrocytes.®®
Circulating plasma FAs are considered to reflect dietary FAs of past weeks,
although circulating cholesteryl esters can be influenced by recent diet.®®
Cholesteryl esters and phospholipids can be found in circulating lipoproteins,®® as
illustrated in Figure 3. Total plasma as a lipid pool comprises cholesteryl esters,
phospholipids, also triacylglycerols and non-esterified FAs (or free FAs) fractions.
Triacylglycerols is found largely in very-low-density lipoprotein. The FA composition
of triacylglycerols represents only recent diet, from hours to days, therefore
circulating triacylglycerols FAs are less suitable to assess long-term diet.
Circulating non-esterified FAs are still rarely used as an indicator of habitual dietary
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intakes in cohort studies.®® Because of the interest in long-term habitual diet,
triacylglycerols and non-esterified FAs are not discussed in this Thesis.

cholesterol
N
Q cholesteryl
fatty .»¢ esters
acid

g phospholipids

& triacylglycerols

> apolipoprotein

Figure 3 An illustration of the structure of a circulating lipoprotein particle in blood plasma
(not to scale). Phospholipids are located in the outer layer while cholesteryl esters can be
found in the core.

Studies with a specific interest in EPA and DHA often measure the FA composition
of erythrocytes (red blood cells).®58” Due to their 120-day turnover rate, erythrocytes
are considered to reflect intake for a longer time span than total plasma or plasma
fractions, although for LA it has been reported that plasma cholesteryl esters,
phospholipids and erythrocytes reflect intakes over almost similar time spans (1-2
weeks).%8%° However, erythrocyte FAs are more sensitive to degradation during
laboratory and field storage than those of plasma, particularly the FAs with a longer
(=20 carbons) and a more unsaturated chain.”® Additional steps during sample
preparation and measurement are needed to minimize oxidation of erythrocyte
PUFAs.%” These reasons may explain why some cohort studies choose plasma over
erythrocytes. The main focus in this Thesis is on habitual intake of LA, ALA, EPA,
DHA and odd-chain FAs, therefore plasma fractions of cholesteryl esters and
phospholipids, and total plasma were investigated.

2. Analytical methods

Analytical methods include measurements techniques of circulating FA
composition which can be varied among studies.®® In general, measurement of
circulating FAs in plasma consists of the following steps: 1) extraction of lipids from
plasma, 2) separation into different fractions if using a specific fraction, 3)
transesterification of FAs into FA methyl esters and 4) measurement of FA methyl
esters by a chromatograph equipped with a detector. The resulting identified
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individual FAs are presented as proportion to total FAs, in weight or molar
percentage. By adding internal standards to the sample, absolute amounts of
specific FAs can be provided.® Proton-nuclear magnetic resonance can also be
used and this technique reports circulating FA data both in absolute concentrations
and relative to total FAs.”" However, the number of FAs measured are limited; EPA,
ALA and odd-chain FAs are not available.”" In observational studies, circulating
individual FAs are generally measured and presented as a proportion of total
FAs.2372 Circulating FAs in absolute concentrations seem to be less correlated with
diet.63,73

3. Dietary factors

For FAs that are primarily obtained from the diet, their circulating levels are generally
considered a good marker of their dietary intakes.®* In cohort studies of generally
healthy populations that focus on habitual intakes, correlations between dietary and
circulating FAs in various plasma lipid pools are around 0.4 to 0.5 for EPA and DHA,
while for LA, correlations range from 0.2 to 0.6.%% Although ALA can only be obtained
from the diet, results from isotope tracer studies have shown that much of ingested
ALA is oxidized in the body’ and only very small amount of dietary ALA is
incorporated in plasma fractions.” For odd-chain FAs, correlations for 15:0 and
dairy intake (correlation of 0.2-0.3) are slightly stronger than for 17:0 (correlation of
0.1-0.2).7? However, others have also reported associations of odd-chain FAs with
fruits and vegetables®' and ruminant meat intakes.”® Compared to cohort studies,
correlations between dietary and circulating FAs are notably stronger in intervention
studies where participants have well-controlled FA intakes, covering a wider range
in dietary FAs for generating contrast in biomarker response. These studies are
beyond the scope of this Thesis, which focusses on long-term habitual FA intake.

4, Factors related to metabolism

Several factors may affect circulating FA composition through their influence on
metabolism. Enzyme activities may be modified by sex hormones,””® smoking,
genetic variations and health/disease status.®3847° The utility of circulating FAs as
biomarker of dietary FAs have been studied mostly in cohorts of generally healthy
individuals.®>% In the two Dutch cohorts where approximately half of the
participants had CVD or type 2 diabetes, the presence of cardiometabolic diseases
was associated with lower circulating LA levels.” Circulating LA was also found to
be lower in 40 Finnish post-MI patients (67% on statin) when compared to 40 age-
matched healthy men, even though their consumption of soft margarines on bread
were similar.8®
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When using circulating FAs as biomarkers of diet in CHD patients, it is important to
consider how factors related to metabolism affect circulating FA composition, but
data in this field are scanty. Patients with prior Ml are usually treated with
medications such as statin, a lipid-lowering drug. Statins lower the low-density
lipoprotein levels by competitive inhibition of hepatic 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, which is involved in the rate-limiting step of
cholesterol synthesis.®” Changes in circulating lipoproteins may affect the
circulating FA composition measured in cholesteryl esters and phospholipids since
these fractions are components of circulating lipoproteins.5® Few trials have
demonstrated a decline in circulating LA and ALA and an increase in longer-chain
PUFAs such as 20:4 n-6 after statin treatment compared with placebo.88%° Whether
statin use also modifies the relation of circulating FAs with dietary FAs is not known.

Another factor which affects circulating FA composition is alcohol intake through its
chronic effects on metabolism.® High alcohol intake is a risk factor for
cardiometabolic diseases®% and mortality.®>°* Chronic high alcohol intake affects
lipoprotein metabolism in the liver, notably resulting in reduced very-low-density
lipoprotein and increased high-density lipoproteins concentration,®® and the
regulation of several transcription factors involved in de novo lipogenesis.® Higher
alcohol intake has been associated with a lower circulating LA and higher 16:1 n-7
and 18:1 n-9,%7-1%2 and less consistently with a higher circulating n-3 FAs,%8101-103

Circulating FAs may also be affected by underlying insulin resistance. Obesity and
dyslipidemia are closely related to insulin resistance and are often present in
patients with CHD. Low circulating LA has been associated with a lower type 2
diabetes risk in cohorts of healthy individuals.® However, a lower circulating LA
together with higher circulating 18:3 n-6, 20:3 n-6 (desaturation products of LA, see
Figure 2), and 16:1 n-7 also characterize the circulating FA composition of patients
with non-alcoholic fatty liver disease.'™ A recent cross-sectional study showed that
circulating LA was also inversely associated with hepatic fat accumulation in
healthy older individuals.' It is known that hepatic de novo lipogenesis is increased
in patients with conditions related to insulin resistance.”” These patterns of
circulating FAs may be an early indication of impaired FA metabolism related to the
liver, and this may influence relations between diet and circulating FAs.
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Text box 3 Correlations between habitual dietary and circulating FAs are
relatively strong for EPA and DHA (correlations of 0.4-0.5).%31% Meanwhile,
associations for LA®® and the odd-chain FAs” are more modest (correlations of
~0.2). Weak or no correlations between dietary and circulating ALA have been
reported.’31% However, these findings are mainly from cohort studies in
generally healthy populations. It is not known to what extent circulating FAs
reflect dietary intake in patient populations, especially in those with prevalent
CHD. In these patients, however, circulating FA composition may also be
affected by the disease, prevalent risk factors and cardiovascular medication
such as statins.

12 GENERAL INTRODUCTION



OBJECTIVE AND OUTLINE OF THIS THESIS

Polyunsaturated and odd-chain FAs are considered important for cardiometabolic
health, but the role of these FAs in the secondary prevention of cardiometabolic
disease is not yet clear. In observational studies, circulating FAs as biomarkers of
specific FA intakes have repeatedly been studied in relation to type 2 diabetes and
CVD. Circulating FAs may be influenced by metabolic processes and other factors,
and little is known about their utility as biomarkers of FA intake in patients with CHD.

The main objective of this Thesis is to examine the mutual relationship between
dietary and circulating FAs, and their associations with cardiometabolic disease
outcomes in stable CHD patients. The main focus is on polyunsaturated FAs
LA, ALA, EPA and DHA, and the odd-chain FAs 15:0 and 17:0, which are FAs
in the human diet that may be important for cardiometabolic disease prevention.

Chapters in this Thesis are largely based on data from the Alpha Omega Cohort,
which consists of 4837 Dutch post-MI patients with a clinically diagnosed Ml <10y
before study enrolment.’?”1% Baseline measurements were conducted in 2002-
2006. During the first 40 months of follow-up, patients were randomized to low
doses of n-3 FAs (in margarines) or placebo, showing no effect on major
cardiovascular events.'® Because of randomization, the n-3 FA supplementations
cannot act as confounders when studying dietary/circulating FA associations with
outcomes. Data collection comprised demographic factors, habitual diet (food-
frequency questionnaire), lifestyle factors, medical history and medication use, CVD
risk factors and biomarkers in blood.'” The patients have been followed for cause-
specific mortality through 31 December 2018.

The Thesis additionally includes baseline data (year 2005) from the cohort of
Prospective Urban Rural Epidemiology (PURE) in South Africa. The PURE South
Africa study is part of the international PURE study on the role of environment,
nutrition and socioeconomic status in the development of chronic non-
communicable diseases.'® In total, 2010 healthy black South African adults aged
>30 years from two urban and two rural communities in North West Province
participated in the study.!"® Data collection included demographic factors, habitual
diet (food frequency questionnaire), lifestyle factors, cardiometabolic risk factors
and markers of inflammation, liver function and glycemia in blood.

GENERAL INTRODUCTION 13




Figure 4 presents the outline of this Thesis. Grey dashed arrows represent the main
relations of interest in this Thesis. Black arrows show the three specific objectives
of this Thesis:

a) the relationship of habitual dietary intakes, i.e. FAs or dietary FA sources,
with circulating FAs, and metabolic factors that may modify this relation
(Chapter 2 and 3),

b) the relationship of habitual dietary intakes, i.e. FAs or dietary FA sources,
with cardiometabolic outcomes (Chapter 4, 5 and 6),

c) the relationship of circulating FAs with cardiometabolic outcomes, and
metabolic factors that may modify this relation (Chapter 4, 5 and 6).

Metabolism l
|jmm === -
f 1 . .
1 Diet ' Reported diet a Circulating c D::::ﬁtor
: (trug intake of fatty h (by dietary ﬁ fatty acids ﬁ y
acids or foods) | assessment methods) outcome
e e = = -

Figure 4 Outline of this Thesis

The Thesis consists of two parts. In the first part, the relationship of dietary and
circulating FAs was investigated using cross-sectional analyses for which findings
are presented in Chapters 2 and 3. In Chapter 2, the relations between dietary and
circulating LA, ALA, EPA and DHA in three different plasma fractions were
examined in the Alpha Omega Cohort. Potential influence of selected
cardiometabolic risk factors, statins use and alcohol intake on the relations between
dietary and circulating FAs were also examined. In Chapter 3, relationships of dairy
and fiber intakes with circulating odd-chain FAs measured in cholesteryl esters and
phospholipids were studied in the Alpha Omega Cohort. We also investigated
whether the relation between dairy intake and circulating odd-chain FAs is modified
by fiber intake, and whether the relation of dietary fiber and circulating odd-chain
FAs is modified by dairy intake.

In the second part, the relationships of both dietary and circulating FAs with risk of
cardiometabolic outcomes were evaluated, namely incident type 2 diabetes and
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CHD mortality for which findings are presented in Chapters 4, 5 and 6. In Chapter
4, association of LA with the risk of type 2 diabetes was investigated in the Alpha
Omega Cohort. Both dietary and circulating LA in plasma cholesteryl esters were
assessed in relation to incident type 2 diabetes during a median follow up of ~40
months, in which associations for dietary LA were obtained from a theoretical
isocaloric substitution model replacing SFAs. Also, the influence of potential
confounding or mediating effects of metabolic factors on the associations was
examined. In Chapter 5 we performed a cross-sectional study in the PURE South
Africa cohort to examine the associations of dietary and circulating LA in plasma
phospholipids in relation to markers of glucose metabolism and liver function. In
Chapter 6 we performed a prospective analysis in the Alpha Omega Cohort to
investigate the relations of dietary and circulating EPA and DHA, and ALA with
mortality risk during a median follow-up of 12 y. Finally in Chapter 7 the main
findings, interpretations, methodological considerations and implications of this
Thesis are discussed, followed by directions for future research.
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ABSTRACT

Background and Aims: Population-based studies often use plasma fatty acids (FAs)
as objective indicators of FA intake, especially for n-3 FA and linoleic acid (LA). The
relation between dietary and circulating FA in cardiometabolic patients is largely
unknown. We examined whether dietary n-3 FA and LA were reflected in plasma
lipid pools in post-myocardial infarction (M) patients.

Methods and Results: Patients in Alpha Omega Cohort filled out a 203-item food-
frequency questionnaire  from  which eicosapentaenocic acid (EPA),
docosahexaenoic acid (DHA), alpha-linolenic acid (ALA), and LA intake were
calculated. Circulating individual FA (% total FA) were assessed in cholesteryl
esters (CE; n=4,066), phospholipids (PL; n=838), and additionally in total plasma
for DHA and LA (n=739). Spearman correlation coefficients (rs) were calculated for
dietary vs. circulating FA. Circulating FA were also compared across dietary FA
quintiles, overall and in subgroups by sex, obesity, diabetes, statin use, and high
alcohol intake.

Patients were on average 69 years old and 79% was male. Moderate correlations
between dietary and circulating levels were observed for EPA (rs~0.4 in CE and PL)
and DHA (rs ~0.5 in CE and PL, ~0.4 in total plasma), but not for ALA (rs ~0.0). Weak
correlations were observed for LA (r; 0.1 to 0.2). Plasma LA was significantly lower
in statin users and in patients with a high alcohol intake.

Conclusions: In post-MI patients, dietary EPA and DHA were well reflected in
circulating levels. This was not the case for LA, which may partly be influenced by
alcohol use and statins.
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INTRODUCTION

There is continuing interest in the use of circulating fatty acids (FA) as biomarkers
of dietary FA intake in epidemiological studies,? often in relation to cardiometabolic
outcomes.®>4 Dietary FA that are frequently studied include n-3 FA, i.e.
eicosapentaenoic acid (EPA, 20:5 n-3), docosahexaenoic acid (DHA, 22:6 n-3),
alpha-linolenic acid (ALA, 18:3 n-3), and linoleic acid (LA, 18:2 n-6). LA intakes in
Western diet generally range from 4 to 6 energy percent (en%), whereas intake of
n-3 FA is much lower (mean intake of <500 mg/d for EPA+DHA and 1.0-1.5 g/d for
ALA).%6

In cohorts of mainly healthy participants, correlations between dietary intake and
plasma circulating levels are mostly moderate for EPA, DHA (0.4-0.6), and LA (0.2-
0.3), and generally weak for ALA (<0.1)." However, circulating levels of FA, which
are expressed as proportions of total FA, are not only affected by dietary intake but
also by fatty acid metabolism. For example, the endogenous synthesis of saturated
and monounsaturated fatty acids may affect the proportions of other FA.'7
Furthermore, metabolic impairments such as abdominal obesity, type 2 diabetes
and/or impaired liver function may influence desaturase activity,®® and hence
circulating levels of n-3 and n-6 FA. To what extent lipid-modifying agents (e.g.
statins) and lifestyle factors, such as alcohol use, affect circulating FA is not yet
clear.

In our cohort of drug-treated post-myocardial infarction (MI) patients, we examined
whether dietary LA and n-3 FA intake were reflected in circulating FA, using various
plasma lipid pools (plasma cholesteryl esters, CE; plasma phospholipids, PL; total
plasma). We also investigated whether these relations were modified by
cardiometabolic risk factors, alcohol intake and statin use, which could have
implications for using these biomarkers of intake in patient populations.

METHODS

Study design and population

The Alpha Omega Cohort (AOC) is a prospective cohort study and a continuation
of the Alpha Omega Trial, which has been described in detail elsewhere.’®'" Briefly,
4,837 Dutch men and women aged 60-80 y who had an Ml up to 10 years before
study enrollment participated in a 3-year intervention study of n-3 fatty acid
supplementation, which had no effect on recurrent cardiovascular events.! The
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study was approved by the medical ethics committee at the Haga Hospital (The
Hague, The Netherlands) and all patients provided written informed consent before
enrollment.

The present study is a cross-sectional analysis of baseline data of the AOC (2002-
2006) (Supplemental Figure S1). Patients with missing food frequency
questionnaire (FFQ) data (n=453) and patients with unreliable dietary data (n=238)
were excluded, as previously described.' Patients with missing data on plasma CE
(n=75) or >5% unknown FA in CE (n=5) were also excluded. In total, 4,066 patients
with complete data of dietary intake and measurements of plasma FA in CE were
analyzed. Circulating FAs were additionally measured in PL in 838 patients (21% of
the cohort) and in total plasma in 739 patients (18% of the cohort).

Dietary assessment

Patients filled out a 203-item FFQ, which was an extended and updated version of
a previously biomarker-validated FFQ to estimate the intake of different types of fat
and cholesterol. The FFQ has shown high reproducibility for assessing daily intake
of food groups including edible fats and oils, with Spearman r up to 0.9. Intakes of
total energy, total fat and saturated fat estimated by FFQ correlated well with
estimates from the dietary history method (Pearson r ~0.8). Double data entry was
performed and returned questionnaires were checked. In case of missing data on
relevant parts of the FFQ, patients were called by dietitians for additional data
collection. The FFQ included specific questions on types and brands of fats and
oils used in food preparation. Food items were linked to the 2006 Dutch food
composition table (NEVO)™ to calculate total energy (MJ/d) and nutrient intakes,
including EPA, DHA, ALA and LA. Dietary intakes of EPA and DHA were expressed
inmg/d, ALA in g/d and LA as % of total energy intake (en%). Additionally, individual
n-3 FA were reported as en% and LA as g/d. Patients used no fish oil supplements,
which was an exclusion criterion for the Alpha Omega Trial."® The FFQ included
detailed questions on alcoholic beverages from which total ethanol intake (g/d) was
computed. Alcohol use was categorized as no intake (0 g/d), low intake (>0 to 10
g/d), moderate intake (>10 to 20 g/d for women and >10 to 30 g/d for men), or high
intake (>20 g/d for women and >30 g/d for men).
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Risk factor assessment

Demographic data and information on lifestyle factors, medical history and
medication use were obtained by questionnaires. Physical activity was assessed
with the validated Physical Activity Scale for the Elderly (PASE) and classified as
low (no activity or only light activity, defined as < 3 metabolic equivalents (METs)),
medium (>0 to <5 days per week of moderate or vigorous activity, >3 METs), or
high (=5 days per week of moderate or vigorous activity, >3 METs).™ Medication
was coded according to the Anatomical Therapeutic Chemical (ATC) Classification
system, with codes C10AA and C10B for statins.' Patients underwent a physical
examination at home or in the hospital by trained research nurses. Body mass index
(BMI) was calculated as weight (kg) divided by height squared (m?). Obesity was
defined as BMI >30 kg/m2. A total of 30 mL of venous blood was drawn from each
patient, of which 10 mL was collected in EDTA tubes for FA composition analysis.
If patients had their last meal 28 hours before blood sampling, they were considered
fasted. Samples for plasma FA composition analysis were stored at -80°C. Serum
lipids and plasma glucose were measured using standard kits as described
previously.” Diabetes mellitus was considered present in case of a self-reported
physician’s diagnosis, use of anti-diabetes medication, or plasma glucose >7.0
mmol/L (fasting) or >11.1 mmol/L (non-fasting).®

Measurement of FA in plasma CE and PL

Circulating FA in CE and PL pools were analyzed at the Division of Human Nutrition
and Health, Wageningen University, the Netherlands. Briefly, extracted total lipids
from plasma samples were separated into CE and PL by solid phase extraction
silica columns. FA were transesterified into fatty acid methyl esters and analyzed
by gas chromatography. FA were identified by comparing retention times with FA
standards, and expressed as weight percentage relative to total FA (% total FA).
Laboratory analyses of FA in CE took place in different years. We observed stable
FA over 6-9 years of storage at -80°C, shown by high intraclass correlation
coefficients (r>0.90) for EPA, DHA, ALA and LA. Others have also observed stable
FA in CE, PL and triglycerides over a time span of 10-12 years when stored at -
80°C.""8 Detailed laboratory and quality control methods are described in
Supplemental Methods and Supplemental Table 1.
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Measurement of FA in total plasma

Stored plasma EDTA samples (300 pl) were sent in 2014 to Nightingale Health, Ltd
(Helsinki, Finland; formerly Brainshake, Ltd) for profiling of metabolic markers. A
high-throughput proton nuclear magnetic resonance ('H-NMR) metabolomics
platform was used to quantify 231 metabolic measures, including selected FA
(linoleic acid and DHA) as reported in detail elsewhere.' Linoleic acid and DHA
were expressed as relative to the total FA content in total plasma (% of total FA) and
in absolute concentrations (in mmol/L). To monitor quality of the measurements, two
control samples, of which one sample represented human plasma, were placed in
each box of 96 samples. The measurement CV, as reported by the Nightingale
Health, was calculated for a control sample over 10 boxes and was <5% for both
LA and DHA.?®

Statistical analysis

Normality of distribution of values for all variables was checked visually using
histograms and Q-Q plots. Patient characteristics were computed as means +
standard deviation (SD) for normally distributed variables, medians (interquartile
range) for non-normally distributed variables, and percentages for categorical
variables. Dietary and circulating FA were expressed as medians (interquartile
range) because of skewed distributions, and as mean + SD (linoleic acid only).

Dietary FA were related to circulating levels in different plasma lipid pools by means
of Spearman rank correlation coefficients (rs) and partial rs, adjusting for age (y),
sex, and total energy intake. Fisher’'s z transformation was used to obtain 95%
confidence interval (95% CI) for correlation coefficients. Circulating FA were also
reported in quintiles of dietary FA to obtain insight in potential dose-response
relationships. Least-squares means and 95% CI of circulating FA in quintiles of
dietary FA were obtained by multivariable linear regression, adjusting for age, sex,
total energy intake, obesity (absent vs. present), physical activity (low, medium, or
high), smoking status (current, former, or never), fasting status at blood collection
(yes or no), total serum cholesterol (mmol/L), measurement year (for CE), high
alcohol intake, and prevalent diabetes. No adjustment was made for statin use to
avoid multicollinearity with serum cholesterol, which was already in the model.
Missing data on adjustment variables were 5.9% of total sample. All analyses were
done using complete cases. The median values of intake in quintiles of dietary FA
were used as explanatory variables to calculate p-for-trend.
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For plasma FA in CE (n=4,066), analyses in quintiles of dietary FA intake were
repeated in strata of sex, obesity (absent vs. present), prevalent diabetes (absent
vs. present), statin use (no vs. yes), and high alcohol intake (>30 vs. <30 g/d in men;
>20 vs. <20 g/d in women), while holding all other variables at the observed
population mean. Partial Spearman correlations (rs) between dietary and circulating
FA were also obtained in these subgroups. Analyses were carried out with SAS 9.4
(Cary, NC, USA). A two-sided p-value <0.05 was considered statistically significant.

RESULTS

The cohort with CE data was 69+6 years old and mostly male (79%). Most patients
were treated with cardiovascular drugs, including statins (86%). Twenty percent
had diabetes, 23% had obesity, and 16% had a high alcohol intake (Table 1).
Patient characteristics in subcohorts of other lipid pools were roughly similar,
except for use of statins, use of antihypertensive drugs, serum lipids and fasting
status, which were slightly different in patients with PL data.

Relation between intake and circulating n-3 FA

In our study population, median dietary intake of EPA+DHA was 108 mg/d (0.05
energy%) and intake of ALA was 0.45 energy%. Circulating EPA was comparable
in CE (median: 1.06% of total FA) and PL (1.13%). DHA was higher in PL (4.49%)
than in CE (0.67%) and total plasma (1.24%). Median circulating ALA was 0.49% in
CE and 0.14% in PL (Table 2). Individual circulating n-3 FA were strongly positively
correlated across different plasma lipid pools (all rs 20.80; Supplemental Table 2).

Moderate correlations between dietary and circulating EPA and DHA were
observed in crude analysis and in analysis with adjustment for age, sex and total
energy intake (Table 2). Partial correlations were 0.37-0.39 for EPA and 0.43-0.50
for DHA (Table 2). Partial correlations between dietary and circulating ALA were
weak (rs-0.02 in CE; Table 2), as was the correlation between dietary ALA and
circulating EPA (rs-0.06 in CE; data not in Table). Partial correlations obtained in a
subsample that had fasted >12 hours showed similar results (0.35-0.38 for EPA,
0.38-0.42 for DHA, and ~0.01 for ALA in CE; data not in Table). Figure 1 shows
results from multivariable linear regression analysis, with additional adjustment for
obesity, physical activity, smoking status, high alcohol intake and prevalent
diabetes. A positive dose-response relation between dietary and circulating levels
(in CE) was observed for EPA and DHA, whereas for ALA no association was found
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(Figure 1). Similar associations were observed in PL and total plasma
(Supplemental Figures 2-3).

Sex, obesity and diabetes did not affect overall circulating levels of n-3 FA
(Supplemental Figures 4-8). Statin users, however, had higher circulating EPA and
DHA and lower circulating ALA compared to non-statin users. Circulating EPA (but
not DHA and ALA) was also higher in patients with a high alcohol intake. In all
subgroups, there was a dose-response relation between dietary and circulating
EPA and DHA (but not for ALA), comparable to the total cohort. Correlation
coefficients between dietary and circulating n-3 FA were also comparable to the
total cohort in most subgroups (Supplemental Table 3). In patients with a high
alcohol intake, however, dietary ALA was more strongly correlated with circulating
ALA in PL compared to the total cohort, but this may be a chance finding due to
small sample size.
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Table 1 Characteristics of patients of the Alpha Omega Cohort by availability of FA in different plasma

lipid pools?
Cholesteryl esters Phospholipids Total plasma
(n=4,066) (n=838) (n=739)

Age (y) 69.0+5.6 69.1+57 70.0+5.8
Men, n (%) 3,226 (79.3) 652 (77.8) 578 (78.2)
BMI (kg/m?)P 27.7 + 3.8 279+ 4.0 27.6 + 3.8

Obesity, n (%)°° 947 (23.3) 201 (24.0) 166 (22.5)
Total daily energy intake (MJ)® 8.0+20 8.0+20 8.0+ 21
Alcohol intake, n (%)°

No 198 (4.9) 55 (6.6) 40 (5.4)

Low 2,157 (63.1) 443 (52.9) 379 (561.3)

Moderate 1,065 (26.2) 215 (25.7) 202 (27.3)

High 646 (15.9) 125 (14.9) 118 (16.0)
Smoking status, n (%)°

Never 660 (16.2) 142 (17.0) 117 (15.8)

Former 2,740 (67.4) 571 (68.2) 496 (67.1)

Current 665 (16.4) 124 (14.8) 126 (17.1)
Physical activity, n (%)°f

Low 1,646 (40.7) 310 (37.2) 342 (46.5)

Medium 1,531 (37.8) 345 (41.4) 253 (34.4)

High 868 (21.5) 178 (21.4) 140 (19.1)
Medication use, n (%)

Statins 3,494 (85.9) 750 (89.5) 630 (85.3)

Anti-hypertensive drugs 3,644 (89.6) 789 (94.2) 668 (90.4)

Anti-diabetes drugs 593 (14.6) 126 (15.0) 116 (15.7)
Prevalent diabetes, n (%)° 811 (20.0) 182 (21.7) 164 (22.2)

Plasma glucose (mmol/L)P
Serum lipids (mmol/L)"

5.60 (5.06-6.59)

5.98 (5.38-6.97)

5.64 (5.10-6.67)

Total cholesterol 4.71 + 0.96 4.45 + 0.90 4.72 + 0.98
LDL cholesterol 257 +£0.82 226 +0.75 2.59 +0.83
HDL cholesterol 1.28 + 0.34 1.37 £ 0.34 1.28 + 0.35

Triglycerides
Fasting at blood collection, n
(%)

1.66 (1.21-2.31)

1,390 (35.5)

1.59 (1.18-2.31)

226 (28.2)

1.63 (1.18-2.30)

249 (35.1)

@Values are shown as mean + standard deviation, median (interquartile range) or n (%);

®Missing values for <1% of patients;
© Obesity defined as BMI =30 kg/m?;

9To convert MJ to kcal, multiply by 238.8;

¢Categorized as “no: 0 g/d”, “low: >0to 10 g/d”, “moderate: >10 to 20 g/d for women and >10 to 30 g/d for men”,
and “high: >20 g/d for women and >30 g/d for men”;

fCategorized as "low: no activity or only light activity (< 3 METs)”, "'medium: >0 to <5 days per week of moderate or
vigorous activity (>3 METs)”, and "high: 25 days per week of moderate or vigorous activity”;

9 Defined as a self-reported physician’s diagnosis, use of anti-diabetes medication, or plasma glucose >7.0 mmol/L
(fasting) or 211.1 mmol/L (non-fasting);

" Missing values for 61 patients for total cholesterol, HDL-C and TG, and for 253 patients for LDL-C;

'Defined as consumption of the last meal >8 hours before blood sampling; missing values for 155 patients.
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Figure 1 Relation between dietary and circulating (A) EPA, (B) DHA, (C) ALA, and (D) LA in
plasma cholesteryl esters (n=4,066).

Least-squares means and 95%CI were adjusted for age, sex, total energy intake, obesity, physical
activity, smoking status, fasting status, total serum cholesterol, measurement year, alcohol intake, and
prevalent diabetes. Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d;
Q1:0.1-23.4, Q3:51.3-84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89); LA
(en%; Q1:1.2-3.8, Q3: 4.8-5.9, Q5:7.2-19.3). P-for-trend <0.001 for EPA, DHA, and LA, and 0.80 for ALA.
ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids; LA,
linoleic acid.
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Relation between intake and circulating linoleic acid

Dietary linoleic acid intake was 5.7+£2.2 en% (12.1+£5.5 g/d) and levels of circulating
linoleic acid were 49.9+5.0 % in CE, 18.7£3.0 % in PL, and 26.3 £3.6 % in total
plasma. Correlations for linoleic acid across different plasma lipid pools ranged
from 0.71 to 0.85, with the strongest correlation between CE and total plasma (rs=
0.85). Partial correlations between dietary and circulating linoleic acid (Table 2)
were <0.2 for all plasma lipid pools, with some evidence for a dose-response
relationship (Figure 1D). Partial correlations in subsample that had fasted >12 hours
showed similar results (rs=0.06-0.16; data not in Table). When dietary linoleic acid
was expressed as % of total fat, the partial correlation with linoleic acid in CE was
0.13, and when expressed in g/d, it was 0.15 (data not shown in Table).

Subgroup analyses for dietary and circulating linoleic acid (in CE) are shown in
Figure 2A-E. Men had somewhat higher circulating linoleic acid than women.
Circulating linoleic acid did not strongly differ between obese and non-obese or
diabetic and non-diabetic patients. However, circulating linoleic acid was
substantially lower in statin users (Figure 2D) and in patients with a high alcohol
intake (Figure 2E). In all subgroups, there was a dose-response relation between
dietary and circulating linoleic acid in CE, comparable to the total cohort (Figure
2A-E). The partial correlations between dietary and circulating linoleic acid within
subgroups were also comparable to the total cohort, although some fluctuations
were seen in PL and total plasma, resulting from smaller sample sizes
(Supplemental Table 4).
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Figure 2 Relation between dietary and circulating linoleic acid (LA) in cholesteryl esters in
strata of (A) sex, (B) obesity, (C) diabetes, (D) statin use, and (E) alcohol intake.

Least-squares means and 95%CI were adjusted for age, sex, total energy intake, obesity, physical
activity, smoking status, fasting status, total serum cholesterol, measurement year, alcohol intake, and
prevalent diabetes. When stratified by statin use, total serum cholesterol was not included as adjustment
variable in the model. LA intake ranges (en%): Q1:1.2-3.8, Q3: 4.8-5.9, 5:7.2-19.3. P-for-trend <0.001
in all subgroups of sex, obesity, statin use, and prevalent diabetes, and in patients without high alcohol
intake; P-for-trend=0.003 in patients with high alcohol intake. P-values for interaction terms: sex, p=0.60;
obesity, p=0.47; diabetes, p=0.79; statin use, p=0.18; alcohol intake, p=0.85.
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DISCUSSION

In our cohort of post-M| patients, we observed moderate correlations between
intake and circulating levels of EPA and DHA (0.4-0.5), and no correlations for ALA,
which was consistent across various plasma lipid pools. Correlations between
dietary and circulating linoleic acid were weak (<0.2). Circulating levels of LA
appeared to be lower for statin users and patients with a high alcohol intake.

Circulating FA have repeatedly been used as biomarkers of FA intake in (relatively)
healthy populations.™* For individual n-3 FA, the present study in post-Ml patients
showed similar correlations between dietary and circulating levels to those in
population-based studies. In previous reviews'?' and in the more recent Multi-
Ethnic Study of Atherosclerosis (MESA) cohort,?? correlations varied between 0.2
and 0.5 for EPA and DHA. For ALA, weak correlations between dietary and
circulating levels were also reported by others.?'?? Rapid oxidation of ingested
ALA% and dietary measurement error may explain this finding. Conversion of ALA
into EPA is not a likely explanation because the correlation between ALA intake and
plasma EPA was only weak in our cohort.

We have shown dose-response relationships between dietary and circulating EPA
and DHA in CE irrespective of cardiometabolic risk factors and statin use. In four
longitudinal UK and Finnish cohorts, statin use was associated with only a small
increase in circulating proportion of DHA in total plasma.?* In Australian adults,
associations between dietary and circulating EPA and DHA in PL varied by sex, but
were not modified by history of Ml (3% of total participants), presence of diabetes
(4%), lipid-lowering medication use (3%), or alcohol intake.?®

Correlations between dietary and circulating linoleic acid in the Alpha Omega
Cohort were considerably weaker than in other studies, which were mostly
conducted in non-patient populations (r=0.20-0.34).252° The unit for linoleic acid
intake may possibly affect the size of the correlation. However, in our study,
expressing dietary linoleic acid as % total fat instead of energy% did not result in
stronger correlation. Our findings are in line with the MESA study that showed a
weak correlation (r=0.13) between dietary linoleic acid, expressed in g/d, and
circulating linoleic acid measured in phospholipids.?? Part of our cohort was not in
fasting state during blood sampling. However, this cannot explain the absence of a
correlation since we obtained similar results in a subsample of the cohort that had
fasted >12 hours. This finding is in line with the study by Hodge et al. in 4439
Australian adults® who also found that fasting status did not modify the association
between dietary and circulating unsaturated FA. The average level and range of
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linoleic acid intake in our cohort was comparable to that of the general older Dutch
population® and to that of other populations with Western diets.?-2° Therefore, we
consider lack of contrast in linoleic acid intake not a likely explanation for the weak
correlation with circulating linoleic acid.

In our study, patients with high alcohol intake had lower mean circulating linoleic
acid than patients who consumed less alcohol, despite having the same dietary
linoleic acid intake. In several other studies, alcohol intake was inversely associated
with circulating linoleic acid and directly with palmitic acid (16:0).28%" Palmitic acid
and linoleic acid are two major FA in CE, PL and total plasma.’ Circulating palmitic
acid does not reflect only palmitic acid intake but also its endogenous synthesis.
Changes in palmitic acid will indirectly affect the measured proportion of linoleic
acid, since they are expressed as relative concentrations in lipid pools.2?

We observed generally lower circulating linoleic acid levels in statin users
compared to non-users, despite similar linoleic acid intake. A decrease in
circulating linoleic acid levels associated with statin use was also observed in total
serum of four population-based cohorts.?* Hodge et al.,?® however, did not find that
use of lipid-lowering drugs (3% of cohort) modified the association between dietary
and circulating FA in 4439 Australian adults. /n vitro research in human white blood
cells suggested that statins may enhance the activity of desaturase enzymes, which
converts LA into arachidonic acid (20:4 n-6). However, the underlying mechanisms
remain unclear.®

Around 20% of our cohort suffered from diabetes. For a given linoleic acid intake,
linoleic acid in CE tended to be lower in diabetic patients than in other patients. In
a cross-sectional analysis of 70-year-old Swedish men, a lower linoleic acid in CE
was associated with reduced insulin sensitivity,®* and another study observed a
lower plasma CE linoleic acid in patients with non-alcoholic fatty liver disease
compared to age- and sex-matched healthy individuals.® Diabetic patients may be
at higher risk of liver dysfunction, which could possibly affect circulating linoleic
acid and its correlation with dietary intake. However, we did not assess insulin
resistance or liver dysfunction to confirm this hypothesis.

Correlations between dietary and circulating FA partly depend on the dietary
assessment method. We used an FFQ that provided very detailed information on
sources of fat and types and brands of fats and oils used for food preparation. Using
this FFQ, we found a strong inverse association of dietary unsaturated FA (replacing
saturated and trans FA) with cardiovascular mortality in the Alpha Omega Cohort.'2
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In the current analysis, we also found expected correlations of dietary with
circulating n-3 FA, further supporting the validity of this FFQ.

A limitation needs to be considered while interpreting our results. The proportion of
patients in different subgroups was unbalanced (e.g. only 14% non-statin users).
This complicated the comparison of correlation coefficients in different subgroups
and formal testing of interaction. Our results in subgroups therefore need
confirmation in other studies.

To conclude, circulating EPA and DHA in various plasma lipid pools are good
indicators of dietary intake in a cohort of post-MI patients, whereas circulating ALA
is not. Concerning linoleic acid, circulating levels may not well reflect dietary linoleic
acid intake. This may partly be due to alcohol use and/or statins.

List of abbreviations

ALA, alpha-linolenic acid; CE, cholesteryl esters; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; FA, fatty acids; MI, myocardial infarction; PL, phospholipids
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SUPPLEMENTARY MATERIALS

Supplemental Method's

Measurements of fatty acid composition in cholesteryl esters (CE) and
phospholipids (PL) in Alpha Omega Cohort

Analysis of fatty acids

A volume of 650 pl plasma was pipetted into a tube. Total lipids were extracted from
the plasma samples with an isopropanol/hexane mixture (2:3, v/v) and centrifuged.
The upper hexane layer was removed and dried under nitrogen atmosphere.
Afterwards, the total lipids were separated into CE and PL fractions using silica
column SPE 500 mg (Sopachem Isolute 460-0050-B, Sopachem BV, the
Netherlands). Subsequently, fatty acids (FA) in each fraction were transesterified
into FA methyl esters (FAME) using boron trifluoride-methanol. FAME samples of
0.5 pl were injected in splitless mode into a model 6890 gas chromatograph
equipped with a model 7683 auto sampler (Agilent, Santa Clara, CA) and a flame-
ionization detector. The column used for chromatography was a CP WAX 58 CB
column (25 m x 0.25 mm i.d. and film thickness of 0.21 um) (Agilent, Santa Clara,
CA). Hydrogen was used as the carrier gas. Injector and detector temperatures
were kept at 275°C and 265°C, respectively. Initial temperature of the oven was
60°C and this temperature was held for 1.5 minutes. The temperature was
programmed to rise by 30°C/minutes to 180°C, 1.2°C/minutes to 215°C, and
40°C/min to 245°C. The final temperature was held for 10 minutes. Total run time
was 45 minutes. FA were identified by comparing elution time of the peak of each
FAME with FA standards of known composition (Nu-chek Prep, Elysian, MN). The
sum of the all detected area under the peak was considered 100%. In total, 38 FA
were identified and quantified, ranging from 12:0 to 24:1. FA were expressed as
weight percentage relative to total FA measured in the chromatogram.

FA in CE were measured in different years: 2003-2004 (321 samples), 2006 (770
samples), 2012 (314 samples), and 2016 (2,661 samples), and PL FA were all
measured in 2016. A plasma control pool was used to monitor analytical
performance of the FA analyses over different batches. In each run of 38 samples,
a control sample was analyzed in duplicate. Within-run and between-run CV of the
control pool were calculated as measure of repeatability. For CE measurements in
2003-2012, the CV (in %) for within- and between-run were 0.4 and 1.1 for LA, 1.0
and 4.7 for ALA, 1.5 and 4.9 for EPA, 1.4 and 6.7 for DHA, respectively. For
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measurements of CE in 2016, within- and between-run CV were 0.6 and 1.2 for
linoleic acid, and 3.5 and 7.6 for DHA. For PL, the CV for within- and between-run
were 0.9 and 1.0 for linoleic acid, 1.6 and 4.2 for DHA, respectively.

Effect of long-term storage in -80°C to FA composition in CE

Thirty-five blood samples were randomly selected from baseline samples provided
by patients in the Alpha Omega Trial (AOT). Sixteen of these samples were
collected in 2003 and 19 samples in 2006. These samples were analyzed for FA
composition in CE directly after collection. All of the blood samples were again
analyzed for FA composition in 2012. Effects of 6-9 years of storage at -80°C were
investigated by comparing circulating FA measured in 2003 or 2006 and in 2012.
Here, we reported results for selected FA that are within the scope of the current
analysis: eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), alpha-
linoleic acid (ALA) and linoleic acid.

Variance components (between- and within-subject variance) were estimated using
PROC VARCOMP with restricted maximum likelihood method, assuming a one-way
random effect model ANOVA. Within- and between-subject CV and intraclass
correlation coefficients (ICC) as reliability coefficient were calculated using the
estimated variance components. ICC represents the proportion of total variation
attributed to differences between subjects. All analyses were done using SAS 9.3
(SAS Institute, Cary, NC).

Patients included in the analysis for effect of storage time were on average 70.2
(£SD 5.8) years old and 66% were male. The within-subject CV ranged from 1.3
(linoleic acid) to 8.7 (ALA) while between-subject CV ranged from 9.6 (linoleic acid)
to 83.6 (EPA). All FA had high ICC (>0.90) (Supplemental Table 1).
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Supplemental Table 1 Stability of individual n-3 fatty acids and linoleic acid in cholesteryl esters after 6-
9 years of storage at -80°C in 35 plasma samples from the Alpha Omega Cohort

Mean values (x SD) of fatty CV (%)
. acid (% total fatty acids)
Fatty acids initial analysis __ Repeat Within- Between- IcC
analysis® subject subject

EPA

2003 1.38 £ 0.81 1.40 £ 0.80 21 58.0 0.99

2006 1.22 + 0.99 1.26 £ 1.08 6.6 83.6 0.99
DHA

2003 0.76 £ 0.20 0.74 £ 0.22 2.9 27.9 0.99

2006 0.63 +£0.28 0.65 £ 0.29 3.4 445 0.99
ALA

2003 0.49 +0.14 0.52 £ 0.15 5.6 27.8 0.96

2006 0.58 + 0.17 0.58 + 0.17 8.7 28.6 0.91
Linoleic acid

2003 48.6 + 5.04 49.2 + 525 1.5 10.5 0.98

2006 51.2+ 504 50.9 + 4.87 1.3 9.6 0.98

@ Represents measured values (in % of total fatty acids) after long-term (6-9 years) storage at -80°C.
ALA, alpha-linolenic acid; CV, coefficient of variation; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ICC,
intraclass correlation coefficient.

Supplemental Table 2 Correlation coefficients for circulating n-3 FA and linoleic acid across different
plasma lipid pools

CEvs PL CE vs total plasma PL vs total plasma
(n=838) (n=739) (n=151)
EPA 0.93 (0.92, 0.94) n/at n/at
DHA 0.93(0.92, 0.94) 0.88 (0.87, 0.90)? 0.92 (0.88, 0.94)?
0.70 (0.66, 0.74)° 0.70 (0.61,0.77)°
ALA 0.80 (0.78, 0.83) n/at n/at
Linoleic acid 0.84 (0.81, 0.85) 0.85 (0.83, 0.87)? 0.71(0.61, 0.78)?
0.50 (0.43, 0.54)° 0.45 (0.31, 0.57)°

All values are Spearman rank correlation coefficients and 95% CI. P-value for all the correlations is <0.001.
TEPA and ALA were not measured in total plasma and correlation coefficients could not be calculated.

@ Fatty acid in total plasma is expressed as % of total fatty acids.

° Fatty acid in total plasma is expressed as absolute amount (mmol/L).

ALA, alpha-linolenic acid; CE, cholesteryl esters; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PL,
phospholipids; n/a, not available.
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n=4837

Missing dietary data, n=453

J
L

A\ 4

Complete dietary data

n = 4384
Implausible energy intake,
n=19
Extreme unsaturated fatty
acids intake (<2.5th or
>97.5th percenhle) n=219

\ 4

n= 4146
Missing plasma cholesteryl
esters (CE), n=75

" Unknown plasma CE >5%,
n=5
Population for analysis
n = 4,066
Phospholipids Total plasma
subsample subsample
n =838 n=739

Supplemental Figure 1 Flow diagram for population for analysis?

@ Phospholipids subsample and total plasma subsample overlapped for 151 samples.
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Supplemental Figure 2A-D Relation between dietary and circulating (A) EPA, (B) DHA, (C)
ALA, and (D) linoleic acid in plasma phospholipids.

Least-squares means and 95%CI were adjusted for age, sex, obesity, physical activity, smoking status,
fasting status, total serum cholesterol, total energy intake, alcohol intake, and prevalent diabetes.
Intake ranges: EPA (mg/d; Q1:0.0-8.0, Q3:31.5-53.7, Q5:94.3-648.1); DHA (mg/d; Q1:0.5-23.8, Q3:56.7-
88.8, Q5:146.3-1061.6); ALA (g/d; Q1:0.24-0.62, Q3:0.80-1.06, Q5:1.44-3.55); LA (en%; Q1:1.5-4.0, Q3:
5.0-5.9, Q5:7.2-16.7). ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic
acid; FA, fatty acids; LA, linoleic acid.
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Supplemental Figure 3A-D Relation between dietary and circulating DHA (A, B) and linoleic
acid (C, D) in total plasma.

Least-squares means and 95%ClI were adjusted for age, sex, obesity, physical activity, smoking status,
fasting status, total serum cholesterol, total energy intake, alcohol intake, and prevalent diabetes. Intake

ranges: DHA (mg/d; Q1:0.6-20.4, Q3:46.6-80.2, Q5:122.0-962.4); LA (en%; Q1:1.3-3.8, Q3: 4.8-5.8,
Q5:7.3-19.3). DHA, docosahexaenoic acid; FA, fatty acids; LA, linoleic acid.
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Supplemental Figure 4A-C Relation between dietary and circulating (A) EPA, (B) DHA, (C)
ALA in cholesteryl esters by sex.

Least squares means and 95%CI were adjusted for age, obesity, physical activity, smoking status,
fasting status, total serum cholesterol, measurement year, total energy intake, alcohol intake, and
prevalent diabetes. Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d;
Q1:0.1-23.4, Q3:51.3-84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA,
alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids.
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Supplemental Figure 5A-C Relation between dietary and circulating (A) EPA, (B) DHA, (C)
ALA in cholesteryl esters by presence of obesity.

Least squares means and 95%Cl| were adjusted for age, sex, physical activity, smoking status, fasting
status, total serum cholesterol, measurement year, total energy intake, alcohol intake, and prevalent
diabetes. Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4,
Q3:51.3-84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-
linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid.
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Supplemental Figure 6A-C Relation between dietary and circulating (A) EPA, (B) DHA, (C)
ALA in cholesteryl esters by prevalent diabetes.

Least squares means and 95%Cl were adjusted for age, sex, obesity, physical activity, smoking status,
fasting status, total serum cholesterol, measurement year, total energy intake, and alcohol intake. Intake
ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4, Q3:51.3-84.3,
Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-linolenic acid; DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids.
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Supplemental Figure 7A-C Relation between dietary and circulating (A) EPA, (B) DHA, (C)
ALA in cholesteryl esters by statin use.

Least squares means and 95%Cl were adjusted for age, sex, obesity, physical activity, smoking status,
fasting status, measurement year, total energy intake, high alcohol intake, and prevalent diabetes. Intake
ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4, Q3:51.3-84.3,
Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-linolenic acid; DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids.
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Supplemental Figure 8A-C Relation between dietary and circulating (A) EPA, (B) DHA, (C)
ALA in cholesteryl esters by alcohol intake.

Least squares means and 95%Cl were adjusted for age, sex, obesity, physical activity, smoking status,
fasting status, total serum cholesterol, measurement year, total energy intake, and prevalent diabetes.
High alcohol intake, yes: >30 g/d in men, >20 g/d in women; no: <30 g/d in men, <20 g/d in women.
Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4, Q3:51.3-
84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-linolenic acid;
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; FA, fatty acids.

60 CIRCULATING OMEGA-3 AND LINOLEIC ACID



AS INDICATORS OF INTAKE 61






Chapter 3

Associafions of dairy and fiber infake
with circulafing odd-chain fatty acids
in post-myocardial infarction patients

Kamalita Pertiwi, Leanne K. Klpers, Anne J. Wanders, Janette de Goede,
Peter L. Zock, Johanna M. Geleijnse

Nutrition & Metabolism 2019;16(1):78




ABSTRACT

Background: Circulating odd-chain fatty acids pentadecanoic (15:0) and
heptadecanoic acid (17:0) are considered to reflect dairy intake. In cohort studies,
higher circulating 15:0 and 17:0 were associated with lower type 2 diabetes risk. A
recent randomized controlled trial in humans suggested that fiber intake also
increased circulating 15:0 and 17:0, potentially resulting from fermentation by gut
microbes. We examined the associations of dairy and fiber intake with circulating
15:0 and 17:0 in patients with a history of myocardial infarction (Ml).

Methods: We performed cross-sectional analyses in a subsample of 869 Dutch
post-MI patients of the Alpha Omega Cohort who had data on dietary intake and
circulating fatty acids. Dietary intakes (g/d) were assessed using a 203-item food
frequency questionnaire. Circulating 15:0 and 17:0 (as % of total fatty acids) were
measured in plasma phospholipids (PL) and cholesteryl esters (CE). Spearman
correlations (rs) were computed between intakes of total dairy, dairy fat, fiber, and
circulating 15:0 and 17:0.

Results: Patients were on average 69 years old, 78% was male and 21% had
diabetes. Total dairy intake comprised predominantly milk and yogurt (69%). Dairy
fat was mainly derived from cheese (47%) and milk (15%), and fiber was mainly
from grains (43%). Circulating 15:0 in PL was significantly correlated with total dairy
and dairy fat intake (both rs=0.19, p<0.001), but not with dietary fiber intake (r.=0.05,
p=0.11). Circulating 17:0 in PL was correlated both with dairy intake (r;=0.14 for
total dairy and 0.11 for dairy fat, p<0.001), and fiber intake (r.=0.19, p<0.001).
Results in CE were roughly similar, except for a weaker correlation of CE 17:0 with
fiber (rs=0.11, p=0.001). Circulating 15:0 was highest in those with high dairy intake
irrespective of fiber intake, while circulating 17:0 was highest in those with high dairy
and fiber intake.

Conclusions: In our cohort of post-MI patients, circulating 15:0 was associated with
dairy intake but not fiber intake, whereas circulating 17:0 was associated with both
dairy and fiber intake. These data suggest that cardiometabolic health benefits
previously attributed to 17:0 as a biomarker of dairy intake may partly be explained
by fiber intake.
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INTRODUCTION

Circulating odd-chain fatty acids (OCFA) pentadecanoic (15:0) and heptadecanoic
acid (17:0) have been used as biomarkers of dairy and dairy fat intake in
observational studies.”? The reason is that fatty acids primarily coming from
exogenous sources are usually considered good candidates as biomarkers for
intake® and more objective than self-reported dietary assessment. Since OCFA are
considered to be solely produced in rumen of ruminants and cannot be produced
by the human body, they have been proposed as good candidate biomarkers for
dairy fat and/or total dairy intake.*® A recent meta-analysis of 18 observational
studies showed that intake of dairy and dairy fat were more correlated with
circulating proportions of 15:0 (with correlation coefficients (r) of 0.20 and 0.33,
respectively) than 17:0 (r=0.10 and 0.19, respectively)."

Higher circulating 15:0 and 17:0 have been associated with lower risk of
cardiometabolic outcomes, such as type 2 diabetes’™® and cardiovascular
disease.'®'2 A recent pooled analysis of 16 prospective cohort studies showed that
higher circulating 15:0 and 17:0 were associated with 20% and 35% lower risk of
type 2 diabetes, respectively, by comparing individuals with circulating 15:0 or 17:0
in the 90" to those in the 10" cohort-specific percentile.? In these studies, the
beneficial associations between circulating 15:0 and 17:0 and cardiometabolic risk
were often attributed to dairy intake only.

In a randomized controlled trial in sixteen healthy participants, supplementation of
inulin, a fermentable fiber, increased the level of circulating OCFA in plasma
phospholipids (PL).™ In the European Prospective Investigation into Cancer and
Nutrition (EPIC) Inter-Act study, both intake of dairy and fruits and vegetables, which
are important sources of fiber, were associated with the sum of circulating 15:0 and
17:0 in PL, with correlations between 0.1-0.2.”7 Another observational study showed
associations of circulating PL 15:0 with ruminant meat intake (r=0.4) and dairy fat
(r=0.5)."* These data suggest that circulating OCFA may not only reflect dairy
and/or dairy fat intakes, but also intakes of other foods.

Our primary aim in the present analyses was to examine the associations of dairy,
dairy fat and fiber intakes with circulating 15:0 and 17:0 in a cohort of Dutch post-
myocardial infarction patients.
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METHODS

Study design and population

Cross-sectional analyses were carried out in baseline data of the Alpha Omega
Cohort (years 2002-2006) as described previously.'® This cohort consists of 4837
Dutch patients aged 60 through 80 who had a myocardial infarction (MI) up to 10
years before study enrollment. The medical ethics committee at the Haga Hospital
(The Hague, The Netherlands) approved the study and all patients provided written
informed consent. The present analysis included 869 patients with complete and
reliable data on dietary intake and plasma fatty acids both in PL and cholesteryl
esters (CE) (Additional file 1: Figure S1).

Dietary assessment

Habitual dietary intake was assessed with a 203-item food frequency questionnaire
(FFQ) which was an extended version of a previously validated FFQ to estimate fatty
acids and cholesterol intake.”® The FFQ contained 42 items on various dairy
products for which questions were grouped by fat contents: whole, semi-skimmed
or skimmed. Total dairy included intake of milk, yogurt, cheese, dairy desserts,
cream, milk for coffee and creamers, butter and ice-cream. Intakes of different dairy
products in grams/day were calculated by multiplying consumption frequencies
and portion sizes. Intake of milk and creamers from non-dairy sources such as soy
milk and non-dairy creamers were not included. Daily intake of total energy (kcal/d;
including alcohol), foods (g/d) and nutrients, including dairy fat (g/d), were
calculated after linkage of intake data to the 2006 Dutch food composition table
(NEVO).™®

Dairy products were divided in two groups based on their fat content. Low-fat dairy
included semi-skimmed (fat content <1.8 g/100 ml) and skimmed (fat content
<1.5g/100 ml) milk, buttermilk, yogurt drink and other low-fat dairy products. High-
fat dairy included full-fat dairy products (fat content >3.0 g/100 g for solids or >1.8
g/100 ml for liquids), all types of cheese, dairy-based coffee creamer, butter, cream
and ice-cream (Additional file 1: Table S1).

Total fiber intake was calculated by summing up intakes of fiber from all dietary
sources (excluding dietary supplements) (Additional file 1: Table S2). Dietary fiber
included plant constituents that cannot be digested by human enzymes in stomach
and small intestine, e.g. lignin, cellulose, hemicellulose and pectin, as measured
using the recommended Association of Official Analytical Chemists method.™ Total
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meat included beef, pork, chicken, turkey, lamb, mutton and other meats. Ruminant
meat included intake of beef, lamb and mutton. Total fish included fatty fish, lean
fish and shellfish. Intakes of foods and food groups were expressed as g/d.

Data collection on risk factors

Information about demographic factors, lifestyle characteristics and medication use
were obtained by self-administered questionnaires as previously described.” The
validated Physical Activity Scale for the Elderly was used to assess the physical
activity level of the patients.?° Alcohol intake (ethanol, in g/d) was assessed with the
FFQ and categorized as ‘no’ (0 g/d), ‘low’ (>0 to 10 g/d), ‘moderate’ (>10 to 20 g/d
in women; >10 to 30 g/d in men) or ‘high’ (>20 g/d in women; >30 g/d in men).
Medications were coded according to the Anatomical Therapeutic Chemical
Classification system, with codes C10AA and C10B for statins, C02 for
antihypertensive drugs and A10 for antidiabetic drugs.?' Physical examination took
place at home or in the outpatient clinic by trained research nurses. Body mass
index was calculated from measured weight divided by height squared (kg/m?). A
fasted or non-fasted venous blood sample (30 mL) was drawn from each patient.
Fasting was defined as at least 8 hours since the last meal. Serum lipids and plasma
glucose were measured at baseline using standard kits as previously described.'
Diabetes was considered present if patients reported a physician’s diagnosis of
diabetes, used anti-diabetes medication, or had plasma glucose >7.0 mmol/L
(fasting) or =11.1 mmol/L (non-fasting).?? Blood samples were stored at -80°C for
future analysis.

Measurement of odd-chain fatty acids

Circulating OCFA 15:0 and 17:0 were measured in plasma PL and CE. Laboratory
procedures for measuring fatty acid composition in plasma PL and CE in the Alpha
Omega Cohort have been described in detail previously.?® In short, plasma total
lipids from 10 mL EDTA blood samples were extracted and separated into plasma
PL and CE fraction of fatty acids by using solid phase extraction method.
Subsequently, fatty acids in each fraction were trans-esterified into fatty acid methy!
esters. Fatty acid composition in plasma PL and CE were measured using gas
chromatography equipped with a flame ionization detector. In total, 38 fatty acids
were detected by comparison to pure fatty acid standards. For each plasma fraction,
circulating individual fatty acids were expressed as proportion of total fatty acids
measured (% total fatty acids).
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Statistical analysis

Patient characteristics were expressed as crude means (+ standard deviation, SD)
or medians (interquartile range, IQR) for continuous variables and numbers
(percentage) for categorical variables. Spearman’s rank correlation (rs) was used
to measure the associations of total dairy, dairy fat and total fiber intakes with
circulating 15:0 and 17:0, for PL and CE separately. Partial correlation coefficients
were calculated with adjustment for age, sex and total energy intake and their 95%
confidence intervals (Cl) were obtained by Fisher’s z transformation. Additionally,
we assessed the dose-response association of dairy or fiber intake with circulating
15:0 and 17:0 using restricted cubic splines with three knots placed at 5, 50" and
95" percentile, adjusted for age, sex and total energy intake. To examine whether
correlations between dairy and 15:0 and 17:0 were modified by dietary fiber, partial
correlations were obtained in strata of low and high total fiber intake (<21.2 g/d
versus >21.2 g/d, based on median energy-adjusted intake). Likewise, partial
correlations between dietary fiber and circulating OCFA were calculated for strata
of energy-adjusted total dairy intake (median= 301 g/d) and dairy fat (median= 12.0
g/d). We also assessed circulating 15:0 and 17:0 in combined subgroups of dairy
and fiber intake: ‘low dairy-low fiber’, ‘low dairy-high fiber’, ‘high dairy-low fiber’ and
‘high dairy-high fiber’ by using generalized linear models (normal distribution,
identity link function) with robust standard errors, also adjusted by age, sex and
total energy intake.

Because ruminant meat and fish can contain 15:0 and 17:0, we also calculated
partial correlations of intakes of total meat, ruminant meat and total fish with
circulating 15:0 and 17:0 in PL and CE. SAS 9.4 (Cary, NC, USA) was used for all
analyses, and a two-sided p-value <0.05 was considered as statistically significant.
The %RCS_Reg macro was used to perform restricted cubic splines analyses.?
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RESULTS

Patients were on average 69.2 (SD= 5.7) years old and enrolled in the study ~3 year
after Ml (Table 1). Of the cohort, 78% were male, 21% had diabetes and 24% was
obese. Most patients (>85%) used cardiovascular medication, including statins and
anti-hypertensive drugs.

Median total dairy intake was 294 g/d, which was predominantly low-fat dairy (73%)
(Table 2). Total dairy mainly comprised milk (median= 150 g/d), followed by yogurt
(56 g/d), dairy desserts (e.g. quark and custard; 22 g/d), and cheese (20 g/d).
Median intake of dairy fat was 11.1 g/d (19% of the total fat intake), of which 1.3 g/d
was from milk and 4.5 g/d was from cheese. Median total fiber intake was 21.0 g/d,
which was mainly derived from grains (43% of total fiber). Median intakes of total
meat, ruminant meat and total fish were 59 g/d, 17 g/d and 14 g/d, respectively.

Circulating proportions of 15:0 were comparable in PL and CE, while for 17:0,
proportions in PL were higher than in CE (Table 1). Proportions of 15:0 and 17:0
within each fraction were correlated (crude rs in PL= 0.56, in CE= 0.47; all p<0.001;
data not in Table).
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Table 1 Characteristics of patients in the subsample of Alpha Omega Cohort for the present analysis?

Value

Age (y) 69.2 +57
Men, n (%) 678 (78.0)
Body mass index (kg/m?) 27.8 £ 4.0

Obese, n (%)° 205 (23.6)
Smoking status, n (%)°

Never 150 (17.3)

Former 595 (68.6)

Current 123 (14.2)
Physical activity, n (%)

Low 327 (37.9)

Medium 356 (41.3)

High 179 (20.8)
Alcohol intake, n (%)®

No 58 (6.7)

Low 464 (53.4)

Moderate 223 (25.7)

High 124 (14.3)
Time since last myocardial infarction (y) 3.0(1.4-5.9)
Prevalent diabetes, n(%)’ 186 (21.4)
Medication use, n (%)

Statins 772 (88.8)

Anti-hypertensive 818 (94.1)

Anti-diabetes 129 (14.8)
Serum lipids (mmol/L)

Total cholesterol® 4.43 +0.89

LDL cholesterol® 2.25+0.75

HDL cholesterol® 1.37 £ 0.35

Triglycerides® 1.59 (1.18-2.31)
Odd-chain fatty acids (% total fatty acids)
Phospholipids 15:0 0.14 (0.12-0.16)
Phospholipids 17:0 0.38 £ 0.08
Cholesteryl esters 15:0 0.16 £ 0.04
Cholesteryl esters 17:0 0.08 (0.07-0.10)

@ Values are mean =+ standard deviation or median (interquartile range) or n (%).

° Obesity defined as body mass index >30 kg/m?.

¢ Missing values for <1% of patients.

4 Categorized as "low: no activity or only light activity (< 3 METs), "medium: >0 to <5 days per week of moderate or
vigorous activity (>3 METs), and "high: =5 days per week of moderate or vigorous activity.

¢ Categorized as “no: 0 g/d”, “low: >0 to 10 g/d”, “moderate: >10 to 20 g/d for women and >10 to 30 g/d for men”, and
“high: >20 g/d for women and >30 g/d for men”.

" Defined as a self-reported physician’s diagnosis, use of anti-diabetes medication, or plasma glucose >7.0 mmol/L
(fasting) or >11.1 mmol/L (non-fasting).

¢ Missing values for 44 patients for LDL cholesterol.

HDL, high-density lipoprotein; LDL, low-density lipoprotein; MET, metabolic equivalent.
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Table 2 Reported intake of dairy products, dairy fat, total fiber and other foods in AOC subsample®?

Mean + SD Median (Q1-Q3)
Total dairy 343 + 248 294 (191-418)
High-fat dairy 92 + 98 65 (37-113)
Low fat dairy 251 + 224 201 (110-321)
Milk 161 + 183 150 (21-167)
Yogurt 75 £ 85 56 (18-128)
Cheese 26 + 26 20 (9-32)
Cream 1+£2 0 (0-1)
Butter 1+5 0 (0-0)
Dairy desserts 45 + 66 22 (13-58)
Ice-cream 10+ 19 9 (0-13)
Milk for coffee and creamers 23 +52 5 (0-25)
Dairy fat 136 +9.38 11.1(7.3-17.2)
Fat from milk 21+30 1.3(0.3-2.5)
Fat from yogurt 08«12 0.3(0.1-1.4)
Fat from cheese 6.4+64 4.5(2.3-7.7)
Fat from cream 02+04 0.0 (0.0-0.3)
Fat from butter 09+40 0.0 (0.0-0.0)
Fat from dairy desserts 16+£26 0.5 (0.0-2.0)
Fat from ice-cream 0714 0.7 (0.0-1.0)
Fat from milk for coffee and creamer 09=+15 0.3 (0.0-1.2)
Total fiber 21.5+6.9 21.0 (16.7-25.1)
Total meat 52+ 34 59 (30-72)
Ruminant meat 18+ 15 17 (6-26)
Total fish 17 + 19 14 (4-17)

@ Intake (not energy-adjusted) is reported in grams/day;
° Individual dairy products were listed in Additional file 1: Table S1.
AOC, Alpha Omega Cohort; Q, quartile.
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Associations of circulating 15:0 and 17:0 with dietary intake

Circulating 15:0 in both PL and CE was significantly correlated with intake of total
dairy and dairy fat; partial rsranged from 0.19 to 0.26 (Table 3). Circulating 15:0 in
both PL and CE were not significantly associated with total fiber intake (partial rs
<0.05). Circulating 17:0 in PL was significantly correlated with intakes of total dairy
(partial rs=0.14), dairy fat (partial rs = 0.11), and total fiber intake (partial rs = 0.19).
Correlations with 17:0 in CE were similar for total dairy, dairy fat and total fiber.
However, the correlation of total fiber with 17:0 in CE (partial rs = 0.11) was smaller
than for PL. Dose-response analysis using restricted cubic splines showed that
associations of PL 15:0 and 17:0 with total dairy were non-linearly shaped. For CE,
only the association between 15:0 and total dairy intake was non-linear (Additional
file 1: Figure S2-S4). No correlations were observed between circulating OCFA and
other food groups, except for a weak correlation of 15:0 in CE with total fish intake
(partial rs = 0.09) (Table 3), which persisted when only the fish eaters (n=680) were
included in the analysis (partial rs = 0.10; not shown in Table). Additional
adjustments for medications and presence of type 2 diabetes did not appreciably
change the results (Additional file 1: Table S3). However, in sensitivity analysis
including only patients without type 2 diabetes (n=683), PL 17:0 was weakly
correlated with ruminant meat intake (p=0.013) and the correlation of CE 15:0 with
fish intake was no longer statistically significant (Additional file 1: Table S4).

In patients with a high fiber intake, partial correlations of dairy intake with circulating
OCFA were smaller than in those with a low fiber intake (Table 4). In patients with a
high total dairy intake, partial correlations of total fiber intake with circulating 17:0 in
PL and CE were smaller than in patients with a low total dairy intake, and total fiber
intake was not correlated with 15:0 in patients with higher intakes of total dairy or
dairy fat (Table 5). Assessment of the circulating 15:0 and 17:0 in different strata of
dairy and fiber showed that patients with low or high fiber intake had similar mean
circulating PL 15:0 when their dairy intake was high (Figure 1). The highest mean
circulating PL 17:0 was observed for patients with both high dairy and high fiber
intake, while patients with either low dairy-high fiber intake or high dairy-low fiber
intake had similar mean circulating PL 17:0. Results in CE were similar (data not
shown).
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Figure 1 Circulating phospholipids 15:0 (A) and 17:0 (B) in dairy and fiber intake strata®®

@ Low dairy intake: <301 g/d; high dairy intake: >301 g/d;
b Low fiber intake: <21.2 g/d; high fiber intake: >21.2 g/d;
"p<0.05; "p<0.01; " p<0.001

DISCUSSION

In the present analyses of 869 post-MI patients of the Alpha Omega Cohort, total
dairy and dairy fat intake were modestly correlated with circulating 15:0, but total
fiber intake was not. However, both dairy and fiber intake were correlated with
circulating 17:0. Correlations between dairy intake and circulating 15:0 and 17:0
were stronger when fiber intake was low. Likewise, correlations between fiber intake
and circulating 15:0 and 17:0 were stronger when dairy intake was low. Circulating
17:0 was highest in patients with both high dairy and high fiber intake, while
circulating 15:0 was highest in patients with high dairy intake, regardless of their
fiber intake.

The strengths of the correlations of total dairy and dairy fat intake with circulating
OCFA were comparable to those reported in a recent meta-analysis of 18
observational studies, mainly in general populations.” This meta-analysis reported
weaker correlations with total dairy and dairy fat intake for 17:0 as compared to 15:0,
which is confirmed by our data. Only few studies have reported correlations
between circulating OCFA and intakes of both dairy and fiber-rich foods. Consistent
with our findings, a cross-sectional study of 301 healthy Swedish men aged 60-64
years showed significant correlations of 17:0 in PL with intake of dairy fat (r=0.23)
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and total fiber (r=0.27).25 However, in contrast to our observations, PL 15:0 in these
Swedish men was also significantly correlated with fiber intake (r=0.20). In an EPIC-
InterAct subcohort of almost 16,000 European adults, intakes of both dairy and fruits
and vegetables were correlated with the sum of PL 15:0 and 17:0 (r=0.1-0.2).” As
the proportion of 17:0 in PL tends to be 2-3 times higher than that of 15:0, the
observed correlation with fruits and vegetables (key sources of fiber) were likely
driven by 17:0, which would be in line with our findings. A cross-sectional analysis
in 423 Finnish children aged 6-8 years old?® found weak but significant correlations
of 0.1 for 17:0 in PL and intakes of various high-fat dairy products such as milk (=1%
fat) and cheese (>17% fat) as well as for 17:0 in PL and intake of grain products
high in fiber (5% fiber). No association was found between 15:0 in PL and intake
of high-fiber grain products in these Finnish children, which is also in agreement
with our present study.

A randomized controlled trial that studied the effects of fiber intake on circulating
PL 15:0 and 17:0 in sixteen healthy participants found an increase of 17% in
circulating 15:0 and an increase of 11% in circulating 17:0 after one week daily
supplementation of 30 g inulin (a fermentable fiber). Although the average increase
was larger for 15:0, it was more consistent for 17:0, with increases in PL 17:0
observed in almost all participants after inulin supplementation.’ Based on these
findings, the authors suggested that fermentation of fiber by gut microbiota could
increase formation of propionate, a short chain FA, which would lead to hepatic
synthesis of longer chain OCFA, in particular 17:0. The authors hypothesized that
circulating OCFA could be a biomarker of fiber intake.™ Our exploratory analyses
showed that associations of dairy intake with circulating OCFA, particularly 17:0 in
PL, were weaker in patients with a relatively high fiber intake. These findings
suggest that circulating PL 17:0 may not adequately reflect dairy intake in
populations with higher fiber intake. We also observed weaker correlations between
circulating OCFA and fiber in patients with a relatively high dairy intake, which
suggests that circulating OCFA may reflect fiber intake better when dairy intake in
the population is low. It is noteworthy that in our exploratory analyses, circulating
17:0 was highest with high intakes of both dairy and fiber, and similar for high fiber
or high dairy separately. Together, these findings imply that both dairy and fiber
affect circulating proportions of OCFA, especially 17:0. This may also explain, for
example, the lower correlation of 17:0 with dairy in high fiber subgroup. Higher fiber
intake may contribute to higher circulating 17:0 from fiber, which could weaken the
correlation of 17:0 with dairy intake.

Our findings may have implications for biomarker studies of nutrition and
cardiometabolic diseases. Consistent inverse associations have been reported
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between circulating proportions of OCFA and cardiovascular-related
outcomes,>'"?7 especially for 17:0, which would amount to an estimated 35% lower
risk of type 2 diabetes according to a pooled analysis of 16 prospective cohort
studies.? Observed risk reductions with higher levels of circulating OCFA have
mainly been attributed to dairy intake.?” Our findings suggest that these
associations, especially for 17:0 in PL, may be partly due to intake of dietary fiber.

We did not observe significant correlations between meat or ruminant meat intake
and circulating OCFA, while fish intake was only weakly correlated with 15:0. This
is not in line with an analysis from the EPIC-Oxford study, which reported a
correlation of 0.4 between intake of ruminant meat and concentrations of 15:0 in
PL.™ This is and also not in line with an analysis from the EPIC study in 16 European
regions, which reported ecological correlations with 17:0 in PL of 0.4 for red meat
and 0.7 for fish intake.?® However, the latter analysis used mean values of intake
and circulating OCFA in 16 European regions instead of individual data,?® and such
aggregate data analysis is limited in adjustment for potential confounders. In our
Alpha-Omega cohort, the intake of ruminant meat (18 g/d) was considerably lower
than in the EPIC-Oxford cohort (30 g/d), which may be an alternative explanation
why we did not observe an association with circulating OCFA. Furthermore, dairy
intake in our cohort was relatively high, which reduces the relative contribution of
ruminant meat to circulating OCFA. However, we did find a weak positive correlation
between 15:0 in CE and fish, despite that median fish intake was low (14 g/d).
Dietary fiber and fish were associated with higher circulating odd-chain fatty acids
in our Dutch cohort, despite a relatively low fiber and fish intake. These findings
need to be confirmed by other studies, preferably randomized controlled trials in
populations with higher fiber and fish intake.

The present analysis has several strengths. We collected information about dairy
intake using an FFQ that had been specifically designed for estimating fatty acid
intakes.’'® Fatty acids intake estimated by the FFQ were highly correlated to
estimates by dietary history (Pearson’s correlation of ~0.8 for saturated and total
fatty acids in g/d). We analyzed circulating OCFA both in PL and CE, which are two
commonly used plasma fractions in epidemiological studies. Stability of FA
composition over 6-9 years of storage in -80°C was confirmed and inter- and intra-
assay variation for measurement of various fatty acids was <8% in CE and <5% in
PL.2* We examined circulating OCFA in relation to dairy intake in subgroups with
high and low fiber intake. To the best of our knowledge, this approach has not been
explored in other studies of circulating OCFA as biomarkers of dairy intake.
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A limitation of our current study is that we could not accurately estimate the intake
of specific types of dietary fiber, because the Dutch food composition table
(NEVO,™) mainly reports on total fiber content of foods. Fiber intake in our cohort
(~22 g/d) was in line with a Dutch survey in 2010-2012 among 739 individuals aged
70 years or older, showing mean fiber intakes of 22 g/d in men and 19 g/d in
women.?® These fiber intakes are below the recommended amount of 25 g/d for the
Netherlands.® Possibly, if fiber intakes had been higher in our cohort, stronger
associations with circulating odd-chain fatty acids could have been observed.
Despite this limitation, we still observed correlations between circulating 17:0 and
fiber, consistent with other studies. Another limitation is the cross-sectional nature
of the study, meaning that observed associations cannot be interpreted as causal
relationships. Higher fiber intake may be a proxy of better adherence to healthy diet
and the possibility of residual confounding from other aspects of healthy diet cannot
be fully excluded. Our cohort consisted of post-MI patients and 21% of our cohort
had diabetes. The circulating FA composition may be affected by existing chronic
conditions, such as insulin resistance, via changes in FA metabolism.%
Nevertheless, means and ranges of circulating proportion of OCFA in PL and CE in
these patients were similar to other studies in generally healthy populations.’
Analyses on the differences in means of circulating 15:0 and 17:0 between
combined groups of dairy and fiber intake were not prespecified and should
therefore be considered exploratory.

CONCLUSION

In this population of post-MI patients with a relatively high dairy consumption,
circulating proportions of 15:0 were associated with dairy intake, but not fiber intake,
whereas circulating 17:0 were associated with both dairy and fiber intake. The utility
of 17:0 as a biomarker of dairy intake may depend on the amount of fiber consumed,
and likewise, its utility as a marker of fiber intake may depend on the amount of
dairy consumed. The data suggest that cardiometabolic health benefits previously
attributed to biomarkers of dairy intake, especially 17:0, may partly be attributable
to dietary fiber intake.
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CE: cholesteryl esters

EPIC: European Prospective Investigation into Cancer and Nutrition
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SUPPLEMENTARY MATERIALS

Table S1 Individual dairy products included and grouping into high fat or low fat dairy for the present
analysis of Alpha Omega Cohort

Dairy products Specific dairy food products High fat or low fat dairy
Milk Full fat milk High fat dairy
Full fat chocolate milk High fat dairy
Semi-skimmed and skimmed milk Low fat dairy
Semi-skimmed and skimmed chocolate Low fat dairy
milk
Buttermilk Low fat dairy
Yogurt Full fat yogurt High fat dairy

Dairy desserts

Cream

Cheese

Milk for coffee and
creamers

Butter

Ice-cream

Semi-skimmed and skimmed yogurt
Yogurt drink

Full fat quark

Semi-skimmed and skimmed quark
Full fat custard

Semi-skimmed and skimmed custard
Other desserts with cream

Full fat pudding

Low fat pudding

Dessert porridge

Whipped cream
Cream with warm meals (creme fraiche,
sour cream)

All types
Full fat milk added to coffee

Semi-skimmed milk added to coffee
Full fat powdered milk for coffee
Skimmed powdered milk for coffee
Full fat dairy based coffee creamers
Skimmed dairy based coffee creamers

Salted
Unsalted

Low fat dairy
Low fat dairy

High fat dairy
Low fat dairy
High fat dairy
Low fat dairy
High fat dairy
High fat dairy
Low fat dairy
Low fat dairy

High fat dairy
High fat dairy
High fat dairy
High fat dairy
Low fat dairy
High fat dairy
Low fat dairy
High fat dairy

High fat dairy

High fat dairy
High fat dairy

High fat dairy
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Table S2 Food sources of dietary fiber for the present analysis of Alpha Omega Cohort
Fiber types Food sources included Mean + SD Median (IQR)
Grain fiber Bread (whole wheat, white bread, multigrain, 9.3 + 3.6 9.0 (6.5-11.7)
rye), buns, toast
Granola, cornflakes, fiber-rich breakfast
products
Rice, noodles, pasta
Biscuits, cookies, pancakes, savory pie

Fruits fiber Citrus fruits, apples, pears, bananas, 3.9+ 3.6 2.7 (1.3-5.8)
strawberries, blueberries, cherries, grapes,
peaches, nectarines, plums, apricot, kiwi,
grapefruit, dried fruit, other fruit

Apple sauce
Orange juice, apple juice, grapefruit juice,
other juices
Vegetable fiber Endives, spinach, purslane, sprouts, 2.0+ 1.1 1.8(1.3-2.5)

cauliflower, broccoli, other cabbage, carrots,
leek, chicory, kohlrabi, beets, mushrooms,
bell pepper, onion, tomatoes, lettuce,
crudités, other vegetables

Tomato juice, vegetable juice

Onion soup, tomato soup, other soup with
vegetables

Potato fiber Boiled potatoes, mashed potatoes, baked 3.7 +1.8 3.6 (2.4-4.6)
potatoes, hotchpot, potato salad, other
potatoes, fries, potato chips

Beans, legumes, Peas, broad beans, green beans, legumes, 1.6+ 1.1 1.0 (0.5-1.6)
nuts fiber legume soup, various nuts

Other source 1.0+£08 0.8 (0.5-1.3)
(unknown)
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Table S3 Spearman correlation coefficients for relation between intake and circulating odd-chain fatty
acids additionally adjusted for medications and presence of type 2 diabetes

Pentadecanoic acid

Heptadecanoic acid

Fractions (15:0) (17:0)
Dairy
Total dairy Phospholipids 0.19(0.13, 0.25)™ 0.15(0.09, 0.22)™
Cholesteryl esters 0.24 (0.17, 0.30)™ 0.13(0.07, 0.20)™
Dairy fat Phospholipids 0.20(0.13, 0.26)™ 0.12(0.05, 0.18)™
Cholesteryl esters 0.26 (0.20, 0.32)™ 0.11(0.05, 0.18)™
Total fiber Phospholipids 0.07 (-0.00, 0.13) 0.19 (0.12, 0.25)™
Cholesteryl esters 0.04 (-0.03, 0.10) 0.11(0.04, 0.17)"
Other foods
Total meat Phospholipids -0.01 (-0.08, 0.05) 0.01 (-0.05, 0.08)
Cholesteryl esters -0.04 (-0.10, 0.03) 0.02 (-0.05, 0.09)
Ruminant meat Phospholipids 0.06 (-0.01, 0.13) 0.05 (-0.01, 0.12)
Cholesteryl esters 0.05 (-0.01,0.12) 0.05 (-0.02, 0.11)
Total fish Phospholipids 0.02 (-0.05, 0.08) 0.06 (-0.00, 0.13)
Cholesteryl esters 0.09 (0.02, 0.16)" 0.02 (-0.05, 0.87)

Partial rs are Spearman’s correlation coefficients between dietary intakes and individual circulating odd-chain fatty acids
adjusted for age, sex, total energy intake, anti-hypertensive medication use, statins use and presence of type 2 diabetes.

"p<0.05; "p<0.01; " p<0.001.

Table S4 Spearman correlation coefficients for relation between intake and circulating odd-chain fatty

acids including only patients without type 2 diabetes (n=683)

Fractions

Pentadecanoic acid

(15:0)

Heptadecanoic acid

(17:0)

Dairy
Total dairy

Dairy fat

Total fiber

Other foods
Total meat

Ruminant meat

Total fish

Phospholipids
Cholesteryl esters
Phospholipids
Cholesteryl esters

Phospholipids
Cholesteryl esters

Phospholipids
Cholesteryl esters
Phospholipids
Cholesteryl esters
Phospholipids
Cholesteryl esters

0.17 (0.09, 0.24)™
0.23 (0.15, 0.30)™
0.20 (0.12, 0.27)™
0.27 (0.20, 0.34)™

0.03 (-0.04, 0.11)
0.02 (-0.06, 0.09)

0.02 (-0.06, 0.09)
-0.01 (-0.09, 0.06)
0.06 (-0.01, 0.14)
0.05 (-0.03, 0.12)
0.01 (-0.09, 0.06)
0.07 (-0.01, 0.14)

0.14 (0.06, 0.21
0.17 (0.10, 0.24
0.10 (0.03, 0.18)"
0.15(0.07, 0.22)™

y
y

0.18(0.11,0.25)"
0.09 (0.01, 0.16)"

0.07 (-0.01, 0.14)
0.03 (-0.04, 0.11)
0.10 (0.02, 0.17)"
0.03 (-0.04, 0.11)
0.05 (-0.02, 0.13)
0.01 (-0.06, 0.09)

Partial rs are Spearman’s correlation coefficients between dietary intakes and individual circulating odd-chain fatty acids

adjusted for age, sex and total energy intake;

'p<0.05; "p<0.01; “"p<0.001.

86

INTAKE OF DAIRY AND FIBER



n = 4837

=( Missing dietary data, n = 453

,, L

Complete dietary data

n = 4384
;{ Implausible energy intake, n =19
\ 4
n = 4365
Plasma phospholipids not
available, n = 3476
.| Plasma phospholipids
"1 unknown>5%, n =20
Plasma cholesteryl esters
\ 4 unknown>5%, n=0
Subsample with

phospholipids and
cholesteryl esters
measurement
n = 869

Figure S1 Flow diagram for population for analysis
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Figure S2 Associations of circulating 15:0 (A, B) and 17:0 (C, D) with dairy intake (energy-
adjusted grams/day) evaluated by restricted cubic splines.

Solid lines and grey areas are central estimates of circulating 15:0 or 17:0 and 95% confidence interval
with adjustment for age, sex, and total energy intake. Knots were located at 5", 50" and 95" percentile,
represented by dashed vertical lines; Reference value was set at 5" percentile of dairy intake which was

77 g/day. CE, cholesteryl esters; PL, phospholipids.
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Figure S3 Associations of circulating 15:0 (A, B) and 17:0 (C, D) with dairy fat intake (energy

adjusted grams/day) evaluated by restricted cubic splines.

Solid lines and grey areas are central estimates of circulating 15:0 or 17:0 and 95% confidence interval
with adjustment for age, sex, and total energy intake. Knots were located at 5, 50" and 95" percentile,
represented by dashed vertical lines. Reference value was set at 5™ percentile of dairy fat intake which
was 3.2 g/day. CE, cholesteryl esters; PL, phospholipids.
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Figure S4 Associations of circulating 15:0 (A, B) and 17:0 (C, D) with fiber intake (energy-
adjusted grams/day) evaluated by restricted cubic splines.

Solid lines and grey areas are central estimates of circulating 15:0 or 17:0 and 95% confidence interval
with adjustment for age, sex, and total energy intake. Knots were located at 5", 50" and 95" percentile,

represented by dashed vertical lines. Reference value was set at 51 percentile of fiber intake which was
13.3 g/day. CE, cholesteryl esters; PL, phospholipids.
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ABSTRACT

Obijective: To study plasma and dietary linoleic acid in relation to type 2 diabetes
risk in post-myocardial infarction (MI) patients.

Research Design and Methods: We included 3,257 patients aged 60-80 y (80%
male) with a median time since Ml of 3.5 years from the Alpha Omega Cohort and
were initially free of type 2 diabetes. At baseline (2002-2006), plasma LA was
measured in cholesteryl esters and dietary LA was estimated with a 203-item food-
frequency questionnaire. Incident type 2 diabetes was ascertained through self-
reported physician diagnosis and medication use. Hazard ratios (HR, with 95% CI)
were calculated by Cox regressions, in which dietary LA isocalorically replaced
sum of saturated (SFA) and trans fatty acids (TFA).

Results: Mean (+SD) circulating and dietary LA was 50.1£4.9 % and 5.9+2.1 en%,
respectively. Plasma and dietary LA were weakly correlated (Spearman r= 0.13, P
<0.001). During a median follow-up of 41 months, 171 patients developed type 2
diabetes. Plasma LA was inversely associated with type 2 diabetes risk (quintile
[Q]5 vs. Q1:0.44 [0.26, 0.75]; per 5%: 0.73 [0.62, 0.86]). Substitution of dietary LA
for SFA+TFA showed no association with type 2 diabetes risk (Q5 vs. Q1:0.78 [0.36,
1.72]; per 5 en%: 1.18 [0.59, 2.35]). Adjustment for markers of de novo lipogenesis
attenuated plasma LA associations.

Conclusions: In our cohort of post-MI patients, plasma LA was inversely related to
type 2 diabetes risk, whereas dietary LA was not related. Further research is needed
to assess whether plasma LA indicates metabolic state rather than dietary LA in
these patients.
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INTRODUCTION

Dietary guidelines for the prevention of coronary heart disease (CHD) promote the
replacement of trans fatty acids (TFA) and saturated fatty acids (SFA) by cis
unsaturated fat, especially polyunsaturated fatty acids (PUFA).! Linoleic acid
(18:2n-6, LA) is the predominant type of dietary PUFA with a contribution of 4-6% to
total energy intake (en%) in Western diets.?

The importance of PUFA for the prevention of type 2 diabetes is not yet clear.
Results from population-based studies showed inconsistent associations between
type 2 diabetes risk and dietary LA,%® also when studied as total omega-6 FA,%1 or
as total PUFA."""2 Inverse associations were found when SFA was theoretically
replaced by PUFA™'2 and not when PUFA replaced total carbohydrates.*®
However, a recent analysis using data from three cohorts in the United States
observed that isocaloric replacement by LA for either SFA, TFA or carbohydrates
were all associated with lower type 2 diabetes risk.® Inconsistencies might also be
due to incomplete adjustment for relevant confounders, such as total energy
intake®® or dietary fiber.”1°

Plasma LA has been investigated as biomarker of dietary LA.”* Moderate
correlations (0.2-0.3) between dietary, assessed by food frequency questionnaire,
and plasma LA have been reported in non-patient populations, but correlations up
to 0.7 were also reported when dietary history or multiple-day food records were
used.™ Plasma LA has been used to investigate associations of LA with type 2
diabetes risk in mostly general populations.' A pooling study of 8 European
population-based cohorts with ~27,000 individuals showed a relative risk (RR) of
0.54 for incident type 2 diabetes in the upper versus lower quintile of plasma
phospholipids LA.™ This was confirmed in a larger pooling study including 20
prospective cohort studies of ~40,000 individuals, which showed an RR of 0.57
when comparing extreme quintiles of circulating LA in various lipid compartments.'®

Plasma LA is not only influenced by dietary LA but also endogenous metabolic
processes. Liver fat accumulation has been associated with lower plasma LA and
higher plasma palmitic acid in an elderly population without diabetes.'® Higher
delta-6-desaturase (D6D) activity, estimated by ratio of 18:3n-6 to LA in blood
fractions, predicted worsening of glycaemia.'”

Patients who have had myocardial infarction (MI) and diabetes had higher risk for
recurrent cardiovascular events and mortality as compared to patients who did not
have diabetes.”®' In the Alpha Omega Cohort, we showed that a better dietary fat
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quality, studied by using theoretical replacement of SFA plus TFA by PUFA
(predominantly LA), was related to a 34% lower risk of CVD mortality, on top of
advanced drug treatment.2° Whether having better dietary fat quality or plasma fatty
acid composition could also lower type 2 diabetes risk in these patients is still
unknown. We therefore examined the associations of both plasma LA measured in
cholesteryl esters and dietary LA (replacing SFA plus TFA) and the incidence of
type 2 diabetes during ~3 years of follow-up in our cohort of post-MI patients.

RESEARCH DESIGN AND METHODS

Patients and study design

The Alpha Omega Cohort is a prospective observational study of 4837 drug-treated
Dutch patients aged 60-80 years with a verified clinically diagnosed Ml up to 10y
before study enrollment. The Alpha Omega Cohort is registered with
ClinicalTrials.gov, NCT03192410. Baseline measurements took place between
2002 and 2006, as described in detail elsewhere?'?? These patients were free living,
mostly men (78%), and some also reported a history of stroke (7%) or type 2
diabetes (17%). Most of the patients were treated with statins (86%) and
antihypertensive medications (89%).%?> During the first 40 months of follow-up,
patients took part in an intervention study (Alpha Omega Trial) with low doses of
omega-3 PUFA (treatment groups: alpha-linolenic acid, eicosapentaenoic acid +
docosahexaenoic acid, alpha-linolenic acid + eicosapentaenocic acid +
docosahexaenoic acid, and placebo), which had no effect on major cardiovascular
events.?' Patients were monitored for type 2 diabetes incidence (outcome for the
current study) for the duration of the intervention study.

The current analysis excluded patients with prevalent type 2 diabetes at baseline
(n=1014). Prevalent type 2 diabetes at baseline was defined when a patient
reported having received the diagnosis from a physician, was taking antidiabetic
drugs, or had an elevated plasma glucose level (=7.0 mmol/L if fasted for >4h or
>11.1 mmol/L if not fasted).2! We further excluded patients with missing data on
plasma cholesteryl esters or patients with >5% of unknown FA (n=61) and missing
dietary data or extreme energy intake (<800 or >8,000 kcal/d for men, <600 or
>6,000 kcal/d for women) (n=334). Additionally, we excluded 171 patients with
extreme unsaturated FA intakes (<2.5th or >97.5th percentile) to obtain reliable risk
estimates when analyzing FA intake on a continuous scale, as reported previously.?
A total of 3257 patients remained for analysis (Supplementary Figure S1).
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Dietary data collection

Dietary intake data were collected at baseline by a 203-item food frequency
questionnaire (FFQ). The FFQ was an extended version of a reproducible, validated
104-item questionnaire that was specifically designed for estimating FAs and
cholesterol intake.?*2* The original FFQ showed good relative validity for LA intake
when compared to dietary history interviews (Pearson r = 0.65).2® Patients were
instructed to report their usual food intake over the past month, including the type
of food, frequency, amount, and preparation methods if applicable. For example,
when patients indicated that they consumed baked potatoes, they were also asked
to indicate which type and brand of fat was used for preparation. A trained dietician
checked the returned FFQs and obtained additional information by telephone for
items that were unclear or missing. Double data entry was performed, and
inconsistencies were solved. Total energy and nutrient intakes were calculated from
food consumption data using the 2006 Dutch food consumption database
(NEVO).2® Dietary intake of LA and other macronutrients were expressed as
percentages of energy (en%), excluding calories from alcohol.

Assessment of plasma FAs

Samples of 30 mL venous blood, either fasting or non-fasting, were drawn at the
patients’ home or at the hospital. Blood was collected in EDTA containing
vacutainers, packed in a sealed envelope and sent over postal mail to a central
laboratory.?® FA were measured in plasma cholesteryl esters. Detailed procedures
of FA measurement have been described previously.?” In short, lipids from EDTA
plasma were separated by solid phase extraction silica columns to obtain
cholesteryl esters fraction (Chrompack, Middelburg, the Netherlands). Cholesteryl
esters FA were identified by gas chromatography through comparison with known
standards (Nu-chek prep, Inc. Elysian, MN, USA). Individual FAs were expressed
as percentage of total FAs. For LA, the within-run and between-run coefficient of
variation was <0.6% and <1.2%, respectively.

Ascertainment of incident type 2 diabetes

Type 2 diabetes was ascertained based on a self-reported physician’s diagnosis
and/or the initiation of antidiabetic medication. Type 2 diabetes was assessed after
12 months, 24 months, at midterm examination (20 months) and at the end of the
Alpha Omega Trial phase, with a median (interquartile range [IQR]) follow-up of
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40.7 (36.8-41.5) months, through telephone calls and questionnaires. The date of
diagnosis or start of medication use was reported by the patients. If this information
was missing, the midpoint between two interview dates was used (10% of cases).
Diagnosis of incident type 2 diabetes was not based on plasma glucose
concentrations because blood samples were only collected for part of the cohort
during the follow-up.

Other measurements

Body mass index (BMI) was calculated as measured weight (kg) divided by the
squared height (m?). Educational level was assessed in four categories, as primary
education, lower secondary education, higher secondary or lower tertiary
education, and higher tertiary education. Smoking status was reported in three
categories as never, former, or current. Alcohol intake, estimated from the FFQ, was
categorized as no (ethanol intake of 0 g/d), low (>0-10 g/d), moderate (>10-20 g/d
for women or >10-30 g/d for men), or high (>20 g/d for women or >30 g/d for men).
Physical activity was assessed by using the validated Physical Activity Scale for the
Elderly?® and categorized as low (no activity or only light activity, < 3 metabolic
equivalents (METs)), intermediate (>0 to <5 days/week of moderate or vigorous
activity, >3METSs), or high (=5 days/week of moderate or vigorous activity, >3METSs).
Medication use was coded according to the Anatomical Therapeutic Chemical
Classification System. Codes were A10 for antidiabetic drugs, C02, C03, C07, C08
and CQ09 for antihypertensive drugs, C10AA and C10B for statins and BO1 for
antithrombotic drugs.?® Blood lipids and glucose were analyzed by standard kits
using a Hitachi 912 Autoanalyzer (Roche Diagnostics, Basel, Switzerland).?? Blood
was collected in fasting state in 44.5% of the cohort (4 to <12 hours for 414 patients
and =212 hours for 1035 patients). Prediabetes was defined as plasma glucose
between 6.1 and 6.9 mmol/L after >4 hours of fasting. Family history of type 2
diabetes was considered present when patients reported at least one parent with
type 2 diabetes. To describe overall diet quality of these patients, we computed a
healthy nutrient and food score using information from the FFQ, as reported
previously.®

Statistical analysis

Baseline characteristics are presented as mean and SD for normally distributed
variables, median and IQR for skewed variables, or percentage for categorical
variables. Spearman correlation was computed between dietary and plasma LA.
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Survival time in years was computed from the date of study enrollment until 1) onset
of type 2 diabetes, 2) death, or 3) end of follow-up. Associations of dietary and
plasma LA with incident type 2 diabetes were analyzed using Cox proportional
hazard analysis. Proportional hazards assumption was tested by log-log plots and
by including time-dependent covariates in the Cox models; all assumptions were
met. Hazard ratios (HRs) and 95% Cls were calculated in quintiles of dietary or
plasma LA and the lowest quintile was set as the reference category. The P value
for trend across quintiles was obtained by assigning each patient median dietary
or plasma LA values for the category, and we modeled this value as continuous in
the Cox models. Analyses were repeated with LA on a continuous scale (per 5 en%
increase in dietary LA; per 5% increase in plasma LA). Per 5% increase for
continuous analysis was chosen mainly because it approximated the range
between the extreme quintiles of dietary or plasma LA in the present analysis or was
also used by other studies.®'2 Missing values for covariables (n=1 for smoking, n=2
for BMI, n=13 for education level, n=16 for physical activity) were imputed with sex-
specific median (continuous variable) or mode (categorical variable) to retain all
patients in the analyses.

The following models were used: Model 1 adjusted for age (y), sex and Alpha
Omega Trial treatment code (four categories); model 2 additionally adjusted for
physical activity (3 categories), smoking status (three categories), educational level
(four categories), BMI (kg/m?), family history of type 2 diabetes (yes/no), total energy
intake excluding calories from alcohol (kcal/d), alcohol intake (four categories),
dietary fiber (g/d) and dietary cholesterol (mg/d). For dietary LA, we additionally
investigated a replacement of sum of SFA and TFA by LA in an isocaloric
substitution model (model 3). In model 3, we simultaneously included the
percentages of energy from linoleic acid, carbohydrates, protein, and the remaining
FA types: n-3 PUFA and cis-MUFA in the model, and left SFA and TFA out of the
model. Coefficients for dietary LA from this Cox model may be interpreted as
estimated effect of replacing a certain percentage of energy contributed by
SFA+TFA for equivalent energy from LA, holding constant the total energy intake
and other macronutrients. Restricted cubic spline analyses were carried out to
evaluate the linearity of the associations in the fully adjusted models. Knots were
positioned at the 5th, 50th and 95th percentile, and value at 5th percentile of dietary
or plasma LA was considered as the reference value.®’

Subgroup analyses were carried out by sex, age (<65 or 265 y), obesity (BMI <30
or 230 kg/m?) as previously examined in other studies*®'2% and time since Ml (<5
or >5 y). Additionally, we investigated alcohol intake (no, low, moderate or high)
and statin use (yes or no) since in this cohort we observed a lower plasma LA in
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statin users and patients with high alcohol intake as compared to patients without
these characteristics.?” Potential effect modification by these variables were
statistically tested by including interaction terms with plasma LA in model 2.
Sensitivity analyses for dietary and plasma LA were carried out by excluding
patients with prediabetes at baseline.

In order to explore additional confounding or mediating effects of metabolic factors
on the association between plasma LA and type 2 diabetes incidence, we added
the following covariables to the fully adjusted model (one at a time) in post-hoc
analyses: triacylglycerols (mmol/L); palmitic acid (16:0, %) and palmitoleic acid to
palmitic acid ratio (16:1n-7/16:0) as markers for de novo lipogenesis; and oleic acid
(18:1n-9, %), as the other major FA present in cholesteryl esters and may be derived
from de novo lipogenesis.

Finally, to explore associations between FA metabolism and incident type 2
diabetes, we examined associations of selected markers of FA metabolism with
incident type 2 diabetes by using these markers as exposure variable in model 2.
We selected plasma 16:0, 18:1n-9, the ratio of palmitic acid to LA (16:0/18:2n-6) as
markers for liver fat content,'®%? the ratio of arachidonic acid to dihomo-gamma-
linolenic acid (20:4n-6/20:3n-6) as an estimation of delta-5-desaturase (D5D)
activity, and the ratio gamma-linolenic acid to LA (18:3n-6/18:2n-6) as estimated
D6D activity.

All analyses were performed using SAS 9.4 statistical software (SAS Institute, Cary,
NC, USA). Two-sided P-values <0.05 were considered statistically significant.

RESULTS

Patients were on average 68.9 + 5.5y old, had a BMI of 27.4 + 3.5 kg/m? (75%
overweight or obese), and 80.5% were men. Median (IQR) time since MI for these
patients was 3.5 (1.6-6.3) years. Most of the patients used antithrombotic drugs
(97.7%), antihypertensive drugs (89.0%), or statins (86.4%). Dietary and plasma LA
were weakly correlated (r = 0.13, P <0.001). Median dietary LA increased from 3.5
to 8.8 en% across dietary quintiles, with a smaller range (5.6 to 6.3 en%) across
plasma quintiles (Table 1). Median proportions of plasma LA increased from 49.3
to 51.2% of total FA across quintiles of dietary LA, whereas this range was larger
(43.9 to 56.3% of total FA) across quintiles of plasma LA. During a median follow-
up of 41 months (10277 person-years), 171 cases of type 2 diabetes occurred. No
patients were lost during follow-up.
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Dietary LA

Patients with higher dietary LA had a lower BMI and were more likely to be men and
to be current smokers. The proportion of patients with high alcohol intake, using
statins, and the concentrations of plasma glucose and serum triacylglycerols did
not vary across quintiles of dietary LA. Those in the higher quintiles of dietary LA
had higher intake of total energy, proportion of energy from total fat, SFA, and cis
MUFA, and lower protein and carbohydrates. Fiber intake was similar across
quintiles (Table 1).

Dietary LA was not associated with type 2 diabetes risk after adjusting for
demographic, lifestyle characteristics, dietary fiber and dietary cholesterol (model
2) (HRasusa1: 0.88; 95% ClI: 0.54, 1.44; P-trend = 0.97) (Table 2). When SFA and TFA
were theoretically replaced by LA, dietary LA was not associated with type 2
diabetes risk across quintiles (HRasvsa1: 0.78; 95% CI: 0.36, 1.72; P-trend = 0.84)
and continuously (HRper 5 ene: 1.18; 95% CI: 0.59, 2.35; P = 0.64). Exclusion of
patients with prediabetes yielded similar results as in the total sample.
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Plasma LA

Patients with higher plasma LA had lower BMI, lower plasma glucose and serum
triacylglycerol concentrations. They were less likely to be current smokers, to have
high alcohol intake, and to be statin users as compared to those in the lower
quintiles. Patients with higher plasma LA also had higher total energy intake,
percentage of energy from PUFA, and dietary fiber intake (Table 1).

After multivariable adjustments, there was a strong inverse association between
plasma LA across quintiles (HRasvsai: 0.44; 95% CI. 0.26, 0.75; P-trend = 0.001)
(Table 3). In continuous analyses, each 5% higher plasma LA was associated with
27% lower risk of type 2 diabetes (HR: 0.73; 95% Cl: 0.62, 0.86; P<0.001). Results
from restricted cubic splines analysis indicated a possible linear relation (P non-
linearity = 0.36; Figure 1). Association between plasma LA and incident type 2
diabetes were modified by sex (P interaction= 0.009), with inverse association
being more pronounced in women (Supplementary Table S1). In this cohort, women
had a lower median (IQR) alcohol intake (2.7 [0.0-9.6] g/d) than men (9.8 [3.0-22.1]
g/d). Age, BMI, alcohol intake and statin use did not modify the associations.

In sensitivity analyses including only patients without prediabetes at baseline
(n=3073), the associations were similar to the main analysis, as shown in results
across quintiles (HRaswsa1: 0.50; 95% CI: 0.28, 0.88; P for trend=0.014) and on a
continuous scale (HRper s%: 0.76; 95% CIl: 0.63, 0.91; P=0.003) (Supplementary
Table S2).
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Figure 1 Associations of (A) dietary LA (replacing SFA + TFA) and (B) plasma LA with incident
type 2 diabetes in 3257 post-MI patients.

Solid lines are risk estimates evaluated by restricted cubic splines from Cox models, showing the shape of associations
on a continuous scale with three knots located at the 5th, 50th and 95th percentiles. The y-axis shows the multivariable
hazard ratios for type 2 diabetes incidence for any dietary or plasma LA value, compared to the reference values set
at 5th percentile of dietary LA (3.0 en%) or 5th percentile of plasma LA (41.9%). Grey areas indicate 95% confidence
intervals. Results are presented for the fully adjusted models for dietary LA (model 3; adjusted for variables in model 2
(age, sex, Alpha Omega Trial treatment code, physical activity, smoking status, educational level, BMI, family history
of type 2 diabetes, total energy intake excluding alcohol, alcohol consumption, dietary fiber, dietary cholesterol) plus
dietary protein, carbohydrates, n-3 PUFA, cis-MUFA) and plasma LA (model 2). Distribution of values of dietary or
plasma LA were displayed in a histogram under each spline; en%, percentage of total energy intake, excluding energy
from alcohol.
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CONCLUSIONS

In the present study, a 5% increase in plasma LA in cholesteryl esters was linearly
associated with a 27% lower risk of type 2 diabetes in a high-risk population of post-
Ml patients, independent of age, sex, BMI, family history and lifestyle
characteristics. Dietary LA was not associated with type 2 diabetes risk.

Our findings for dietary LA are not in line with previous observational studies
replacing SFA with PUFA in a theoretical substitution which found inverse
associations with incident type 2 diabetes in cohorts of women.'2 A recent analysis
using data from three US cohorts showed that substitution of 5% energy from dietary
LA for SFA and 2% energy for TFA was associated with 14% and 17% lower risk of
type 2 diabetes, respectively, and that these associations were consistently
observed in men and in women.? A meta-analysis of 13 randomized controlled
feeding trials showed that isocaloric replacement of PUFA for SFA or
carbohydrates, where primarily n-6 FA was used as the intervention arm, decreased
insulin resistance but did not affect glucose concentrations.®® Total PUFA also
includes n-3 FA, which influence may be limited but cannot be excluded.3*

Our findings for plasma LA are in line with previous studies in mostly general
populations. Two recent large prospective studies, including a comparative meta-
analysis' and a pooled analysis,' consistently showed that increasing proportions
of LA in different blood fractions, including cholesteryl esters, are associated with a
lower risk of type 2 diabetes. A possible explanation for the association between
higher plasma LA and lower type 2 diabetes risk is through the increase of the
unsaturation degree of the membrane lipids. Higher degree of unsaturation may
increase membrane fluidity and number of insulin receptors and decrease receptor
affinity, which could result in higher insulin sensitivity.®* We also observed that the
inverse association between plasma LA and type 2 diabetes risk was more
pronounced in women. However, this effect measure modification by sex was not
observed in other studies.*'*® We suspected that the stronger inverse association
in women could be due to that alcohol intake of male patients in this cohort was
higher than the intake of the female patients. Furthermore, when the association
between plasma LA and type 2 diabetes risk was examined in patients with different
alcohol intake categories, patients with no alcohol intake were shown to have the
lowest type 2 diabetes risk, although the interaction term did not reach significance.
Possible influence of other factors related to metabolic condition in these patients
on the association of LA and type 2 diabetes risk will be further discussed below.
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In earlier population-based studies that examined both plasma and dietary LA
within the same cohort, generally inverse associations with type 2 diabetes were
found for plasma LA, while for dietary LA the associations varied.>® To explain the
inconsistent observations between plasma and dietary LA, the authors of the earlier
studies attributed the null association for dietary LA to the subjective nature of the
dietary assessment method, which is suggested to provide a lower ability to detect
true associations than objective LA biomarkers.*% Another possible explanation was
the existence of metabolic differences between individuals who later develop type
2 diabetes and not.?4

In relation to the dietary assessment method, dietary intake data used in the present
analyses were collected by a validated FFQ specifically designed for the
assessment of FA intake. We also recently showed that replacing dietary SFA and
TFA by unsaturated FA was associated with a lower risk of mortality from CHD in
the same cohort.?° This further supported the qualitative validity of our FFQ to rank
patients adequately according to their FA intake. Explanation for the inconsistent
observations for plasma and dietary LA in the present study may therefore not solely
be related to the dietary assessment method, but also to other factors, such as
metabolic conditions influencing plasma composition of FA.

Populations at higher risk for type 2 diabetes may already have altered plasma FA
composition, including a decrease in plasma LA proportion. In our population of
post-MI patients, those with low plasma LA had a more adverse metabolic risk
profile with higher BMI, plasma glucose and serum triacylglycerol concentrations.
They also consumed more alcohol and often were statin users. Previously, we
reported a generally weak correlation between dietary and circulating LA
(Spearman correlation <0.20) and that this weak correlation might be in part due to
alcohol and/or statins use.?” The more adverse metabolic profile observed in
patients with low plasma LA was not observed for dietary LA.

It is possible that the patients with a more adverse metabolic risk profile had an
impaired liver function, such as in non-alcoholic fatty liver disease, and this may
explain why we observed an increased risk of type 2 diabetes in patients with a low
plasma LA. Non-alcoholic fatty liver disease has been strongly associated with an
increased risk of type 2 diabetes.®” In non-alcoholic fatty liver disease, de novo
lipogenesis is up-regulated and/or FA oxidation is down-regulated.®® These
processes may promote a larger proportion of plasma SFA and MUFA, leading to a
smaller plasma LA proportion.™ In addition, insulin resistance has been associated
with high D6D activity and low plasma LA proportion.* Indeed, in the post-hoc
analyses of the present cohort, we found that higher proportion of the FA in the de
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novo lipogenesis pathway, oleic acid and palmitic acid, and higher estimated D6D
activity were associated with increased type 2 diabetes risk. Furthermore,
adjustments for markers of de novo lipogenesis (palmitic acid, oleic acid, ratio of
palmitoleic acid to palmitic acid) also attenuated associations of plasma LA. These
changes in FA composition due to the impaired metabolism may additionally
explain the weak correlation between plasma and dietary LA in our population.

This study has some limitations. The Alpha Omega Cohort is a rather homogenous
population of predominantly male post-MI patients, therefore range of dietary LA
and plasma LA proportion might not be comparable to other studies in healthy
populations. Nevertheless, the range of dietary and plasma LA in this patient
population were quite similar to studies in generally healthy populations.6815 Other
limitations are the relatively short follow up time (median of 41 months) and the self-
reported diagnosis of incident type 2 diabetes, that might have led to an
underestimation of the number of cases and attenuation of associations.

To conclude, in this cohort of post-MI patients, plasma LA, but not dietary LA, was
associated with lower type 2 diabetes risk. Our results suggested that metabolic
conditions affecting plasma LA, rather than dietary LA intake, may be responsible
for this association. Further research on the factors affecting plasma LA and its utility
as a biomarker of LA intake in patient populations is warranted.

Acknowledgements

The authors thank Eveline Waterham (Division of Human Nutrition and Health,
Wageningen University) for logistic support and data management and Dr. Paul
Hulshof, Robert Hovenier and Marlies Diepeveen-de Bruin (Division of Human
Nutrition and Health, Wageningen University) for analysis of plasma FA.

Funding

The Alpha Omega Cohort emerged from the Alpha Omega Trial (ClinicalTrials.gov
Identifier NCT00127452), which was funded by the Dutch Heart Foundation (grant
200T401), National Institutes of Health National Heart, Lung, and Blood Institute
(grant RO1HLO76200), and Office of dietary Supplements. This research was
supported in part by the Netherlands Organisation for Scientific Research
(Nederlandse Organisatie voor Wetenschappelijk Onderzoek) through its Graduate
Programme on Food Structure, Digestion and Health.

RISK OF TYPE 2 DIABETES AFTER Ml 111




Duality of interest

This research was supported in part by Upfield. Financial support for plasma FA
determinations in the Alpha Omega Cohort was obtained from Unilever R&D
Vlaardingen. AJW and PLZ are employed by Unilever, Vlaardingen, the
Netherlands. JMG received funding from Unilever R&D for epidemiological studies
of dietary and circulating FAs and cardiovascular disease. Unilever is a producer
of food consumer products. It divested its spreads business, which is since July
2018 operating under the name Upfield. None of the other authors reported a
conflict of interest related to the study.

Author contributions

The authors’ responsibilities were as follows: KP, AJW, MCH: wrote the manuscript.
KP, AJW, MCH, LKK SSS-M, JdG, PLZ and JMG interpreted the results and critically
revised the manuscript for intellectual content. KP and MCH analyzed data. JMG
and SSS-M designed research. JMG had primary responsibility for the final content
and handled funding and supervision. All of the authors read and approved the final
manuscript. JMG is the guarantor of this work and, as such, had full access to all
the data in the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

Prior Presentation

Parts of this study were presented in abstract form at the EPI/Lifestyle 2018
Scientific Sessions of the American Heart Association, New Orleans, LA, 20-23
March 2018.

112 LINOLEIC ACID AND



REFERENCES

FAO/WHO. Fats and fatty acids in human nutrition. Report of an expert consultation. Geneva: World
Health Organization; 2010.

Harika RK, Eilander A, Alssema M, Osendarp SJM, Zock PL. Intake of fatty acids in general
populations worldwide does not meet dietary recommendations to prevent coronary heart disease:
A systematic review of data from 40 countries. Ann Nutr Metab. 2013;63:229-238.

Hodge AM, English DR, O'Dea K, Sinclair AJ, Makrides M, Gibson RA, Giles GG. Plasma
phospholipid and dietary fatty acids as predictors of type 2 diabetes: interpreting the role of linoleic
acid. Am J Clin Nutr. 2007;86:189-197.

Kroger J, Zietemann V, Enzenbach C, Weikert C, Jansen EH, Déring F, Joost H-G, Boeing H,
Schulze MB. Erythrocyte membrane phospholipid fatty acids, desaturase activity, and dietary fatty
acids in relation to risk of type 2 diabetes in the European Prospective Investigation into Cancer
and Nutrition-Potsdam Study. Am J Clin Nutr. 2010;93:127-142.

Patel PS, Sharp SJ, Jansen E, Luben RN, Khaw K-T, Wareham NJ, Forouhi NG. Fatty acids
measured in plasma and erythrocyte-membrane phospholipids and derived by food-frequency
questionnaire and the risk of new-onset type 2 diabetes: a pilot study in the European Prospective
Investigation into Cancer and Nutrition (EPIC)-Norfolk cohort. Am J Clin Nutr. 2010;92:1214-1222.

van Dam RM, Willett WC, Rimm EB, Stampfer MJ, Hu FB. Dietary fat and meat intake in relation to
risk of type 2 diabetes in men. Diabetes Care. 2002;25:417-424.

Dow C, Mangin M, Balkau B, Affret A, Boutron-Ruault M-C, Clavel-Chapelon F, Bonnet F,
Fagherazzi G. Fatty acid consumption and incident type 2 diabetes: an 18-year follow-up in the
female ESN (Etude Epidémiologique aupres des femmes de la Mutuelle Générale de I'Education
Nationale) prospective cohort study. BrJ Nutr. 2016;116:1807-1815.

Zong G, Liu G, Willett WC, Wanders AJ, Alssema M, Zock PL, Hu FB, Sun Q. Associations between
linoleic acid intake and incident type 2 diabetes among U.S. men and women. Diabetes Care.
2019;42:1406-1413.

Brostow DP, Odegaard AO, Koh W-P, Duval S, Gross MD, Yuan J-M, Pereira MA. Omega-3 fatty
acids and incident type 2 diabetes: the Singapore Chinese Health Study. Am J Clin Nutr.
2011;94:520-526.

Ericson U, Hellstrand S, Brunkwall L, Schulz C-A, Sonestedt E, Wallstrom P, Gullberg B, Wirfalt E,
Orho-Melander M. Food sources of fat may clarify the inconsistent role of dietary fat intake for
incidence of type 2 diabetes. Am J Clin Nutr. 2015;101:1065-1080.

Meyer KA, Kushi LH, Jacobs DR, Folsom AR. Dietary fat and incidence of type 2 diabetes in older
lowa women. Diabetes Care. 2001;24:1528-1535.

Salmerdén J, Hu FB, Manson JE, Stampfer MJ, Colditz GA, Rimm EB, Willett WC. Dietary fat intake
and risk of type 2 diabetes in women. Am J Clin Nutr. 2001;73:1019-1026.

Hodson L, Skeaff CM, Fielding BA. Fatty acid composition of adipose tissue and blood in humans
and its use as a biomarker of dietary intake. Prog Lipid Res. 2008;47:348-380.

Forouhi NG, Imamura F, Sharp SJ, Koulman A, Schulze MB, Zheng J, Ye Z, Sluijs |, Guevara M,
Huerta JM, Kroger J, Wang LY, Summerhill K, Griffin JL, Feskens EJM, Affret A, Amiano P, Boeing
H, Dow C, Fagherazzi G, Franks PW, Gonzalez C, Kaaks R, Key TJ, Khaw KT, Kihn T, Mortensen
LM, Nilsson PM, Overvad K, Pala V, Palli D, Panico S, Quirés JR, Rodriguez-Barranco M,
Rolandsson O, Sacerdote C, Scalbert A, Slimani N, Spijkerman AMW, Tjonneland A, Tormo M-J,

RISK OF TYPE 2 DIABETES AFTER Ml 113




20.

21.

22.

23.

24.

25.

114

Tumino R, van der A DL, van der Schouw YT, Langenberg C, Riboli E, Wareham NJ. Association
of plasma phospholipid n-3 and n-6 polyunsaturated fatty acids with type 2 diabetes: The EPIC-
InterAct case-cohort study. PLoS Med. 2016;13:61002094.

Wu JHY, Marklund M, Imamura F, Tintle N, Ardisson Korat AV, de Goede J, Zhou X, Yang W-S, de
Oliveira Otto MC, Kroéger J, Qureshi W, Virtanen JK, Bassett JK, Frazier-Wood AC, Lankinen M,
Murphy RA, Rajaobelina K, Del Gobbo LC, Forouhi NG, Luben R, Khaw K-T, Wareham N, Kalsbeek
A, Veenstra J, Luo J, Hu FB, Lin H-J, Siscovick DS, Boeing H, Chen T-A, Steffen B, Steffen LM,
Hodge A, Eriksdottir G, Smith AV, Gudnason V, Harris TB, Brouwer IA, Berr C, Helmer C, Samieri
C, Laakso M, Tsai MY, Giles GG, Nurmi T, Wagenknecht L, Schulze MB, Lemaitre RN, Chien K-L,
Soedamah-Muthu SS, Geleijnse JM, Sun Q, Harris WS, Lind L, Amlév J, Riserus U, Micha R,
Mozaffarian D. Omega-6 fatty acid biomarkers and incident type 2 diabetes: pooled analysis of
individual-level data for 39740 adults from 20 prospective cohort studies. Lancet Diabetes
Endocrinol. 2017;5:965-974.

Rosqvist F, Bjermo H, Kullberg J, Johansson L, Michaélsson K, Ahlstréom H, Lind L, Risérus U.
Fatty acid composition in serum cholesterol esters and phospholipids is linked to visceral and
subcutaneous adipose tissue content in elderly individuals: a cross-sectional study. Lipids Health
Dis. 2017;16:68.

Lankinen MA, Stan¢akova A, Uusitupa M, Agren J, Pihlajaméaki J, Kuusisto J, Schwab U, Laakso
M. Plasma fatty acids as predictors of glycaemia and type 2 diabetes. Diabetologia.
2015;58:2533-2544.

Zengin E, Bickel C, Schnabel RB, Zeller T, Lackner K-J, Rupprecht H-J, Blankenberg S,
Westermann D, Christoph Sinning for the AtheroGene-Study |. Risk factors of coronary artery
disease in secondary prevention—Results from the AtheroGene—Study. PLoS One.
2015;10:e0131434.

Jernberg T, Hasvold P, Henriksson M, Hjelm H, Thuresson M, Janzon M. Cardiovascular risk in
post-myocardial infarction patients: nationwide real world data demonstrate the importance of a
long-term perspective. Eur Heart J. 2015;36:1163-1170.

Mélenberg FJ, de Goede J, Wanders AJ, Zock PL, Kromhout D, Geleijnse JM. Dietary fatty acid
intake after myocardial infarction: a theoretical substitution analysis of the Alpha Omega Cohort.
Am J Clin Nutr. 2017;106:895-901.

Kromhout D, Giltay EJ, Geleijnse JM. n-3 Fatty acids and cardiovascular events after myocardial
infarction. N Engl J Med. 2010;363:2015-2026.

Geleijnse JM, Giltay EJ, Schouten EG, de Goede J, Griep LMO, Teitsma-Jansen AM, Katan MB,
Kromhout D. Effect of low doses of n-3 fatty acids on cardiovascular diseases in 4,837 post-
myocardial infarction patients: Design and baseline characteristics of the Alpha Omega Trial. Am
Heart J. 2010;159:539-546.e2.

Feunekes GlI, Van Staveren WA, De Vries JH, Burema J, Hautvast JG. Relative and biomarker-
based validity of a food-frequency questionnaire estimating intake of fats and cholesterol. Am J
Clin Nutr. 1993;58:489-96.

Feunekes IJ, Van Staveren WA, Graveland F, Vos JD, Burema J. Reproducibility of a
semiquantitative food frequency questionnaire to assess the intake of fats and cholesterol in The
Netherlands. Int J Food Sci Nutr. 1995;46:117-123.

National Institute for Public Health and the Environment (RIVM). Nederlands
Voedingsstoffenbestand (NEVO) (Dutch Food Composition Database). Bilthoven: National Institute
for Public Health and the Environment (RIVM); 2006.

LINOLEIC ACID AND



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Giltay EJ, Geleijnse JM, Schouten EG, Katan MB, Kromhout D. High stability of markers of
cardiovascular risk in blood samples. Clin Chem. 2003;49:652-655.

Pertiwi K, Kok DE, Wanders AJ, de Goede J, Zock PL, Geleijnse JM. Circulating n-3 fatty acids
and linoleic acid as indicators of dietary fatty acid intake in post-myocardial infarction patients.
Nutr Metab Cardiovasc Dis. 2019;29:343-350.

Schuit AJ, Schouten EG, Westerterp KR, Saris WHM. Validity of the physical activity scale for the
elderly (PASE): According to energy expenditure assessed by the doubly labeled water method.
J Clin Epidemiol. 1997;50:541-546.

WHO Collaborating Centre for Drug Statistics Methodology. Anatomical Therapeutic Chemical
Classification System (ATC). Oslo: World Health Organization; 2009.

Sijtsma FPC, Soedamah-Muthu SS, de Goede J, Oude Griep LM, Geleijnse JM, Giltay EJ, de Boer
MJ, Jacobs JDR, Kromhout D. Healthy eating and lower mortality risk in a large cohort of cardiac
patients who received state-of-the-art drug treatment. Am J Clin Nutr. 2015;102:1527-1533.

Desquilbet L, Mariotti F. Dose-response analyses using restricted cubic spline functions in public
health research. Stat Med. 2010;29:1037-1057.

Hudgins LC, Hellerstein M, Seidman C, Neese R, Diakun J, Hirsch J. Human fatty acid synthesis
is stimulated by a eucaloric low fat, high carbohydrate diet. J Clin Invest. 1996;97:2081-2091.

Wanders AJ, Blom WAM, Zock PL, Geleijnse JM, Brouwer IA, Alssema M. Plant-derived
polyunsaturated fatty acids and markers of glucose metabolism and insulin resistance: a meta-
analysis of randomized controlled feeding trials. BMJ Open Diabetes Res Care. 2019;7:e000585.

Wu JHY, Micha R, Imamura F, Pan A, Biggs ML, Ajaz O, Djousse L, B. Hu F, Mozaffarian D. Omega-
3 fatty acids and incident type 2 diabetes: a systematic review and meta-analysis. Br J Nutr.
2012;107:5214-S227.

Ginsberg BH, Brown TJ, Simon |, Spector AA. Effect of the membrane lipid environment on the
properties of insulin receptors. Diabetes. 1981;30:773-780.

Pilon M. Revisiting the membrane-centric view of diabetes. Lipids Health Dis. 2016;15:167.

Ballestri S, Zona S, Targher G, Romagnoli D, Baldelli E, Nascimbeni F, Roverato A, Guaraldi G,
Lonardo A. Nonalcoholic fatty liver disease is associated with an almost twofold increased risk of
incident type 2 diabetes and metabolic syndrome. Evidence from a systematic review and meta-
analysis. J Gastroenterol Hepatol. 2016;31:936-944.

Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of fatty acids
stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J Clin
Invest. 2005;115:1343-1351.

RISK OF TYPE 2 DIABETES AFTER Ml 115




SUPPLEMENTARY MATERIALS

Supplementary Table S1 Hazard ratios and 95%Cl of plasma linoleic acid and incident type 2 diabetes

(per 5%) in subgroups’

Subgroups

HR (per 5 %)

P for interaction

Sex
Men (n=2621)
Women (n=636)
Age
<65y (n=966)
>65y (N=2291)
Body mass index
<30 kg/m? (n=2604)
>30 kg/m? (n=653)
Alcohol intake®
No (n=132)
Low (n=1672)
Moderate (n=907)
High (n=546)
Statin use
Yes (n=2815)
No (n=442)

Time since myocardial infarction

>5 years (n=1190)
<5 years (n=2038)

0.81(0.67, 0.96)
0.47 (0.33, 0.68)

0.84 (0.62, 1.12)
0.69 (0.57, 0.83)

0.72(0.60, 0.87)
0.72(0.53, 0.97)

0.49 (0.25, 0.96
0.70 (0.56, 0.87
0.88 (0.64, 1.21
0.72(0.49, 1.06

0.70 (0.58, 0.83)
0.94 (0.62, 1.43)

0.78 (0.60, 1.02)
0.71(0.58, 0.86)

0.00

0.28

0.96

0.42

0.19

0.68

9

*Hazard Ratios with 95% confidence intervals were obtained by Cox regression analysis, using the fully adjusted

model (model 2, described in text, Statistical Analysis).

T Categorized as “no: 0 g/d”, “low: >0 to 10 g/d”, “moderate: >10 to 20 g/d for women and >10 to 30 g/d for men”,

and “high: >20 g/d for women and >30 g/d for men”.
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n = 4837

Prevalent type 2 diabetes (n = 1014)

Missing data on FA composition of plasma
CE (n = 56)
Plasma CE unknown>5% (n = 5)

Dietary missings (n = 319)
Extreme energy intake (n = 15)

Extreme UFA (n = 171)

n = 3823
n = 3762
n = 3428
n = 3257

Supplemental Figure S1 Flow diagram for selecting the population of analysis from the

Alpha Omega Cohort.

CE, cholesteryl esters; FA, fatty acids; UFA, unsaturated fatty acids.
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ABSTRACT

Background: The relation between dietary and circulating linoleic acid (18:2 n-6,
LA), glucose metabolism and liver function is not yet clear. Associations of dietary
and circulating LA with glucose metabolism and liver function markers were
investigated.

Methods: Cross-sectional analyses in 633 black South Africans (aged >30 years,
62% female, 51% urban) without type 2 diabetes at baseline of the Prospective
Urban Rural Epidemiology study. A cultural-sensitive 145-item food-frequency
qguestionnaire was used to collect dietary data, including LA (percentage of energy;
en%). Blood samples were collected to measure circulating LA (% total fatty acids
(FA); plasma phospholipids), plasma glucose, glycosylated hemoglobin (HbA1c),
serum gamma-glutamyl transferase (GGT), alanine (ALT) and aspartate
aminotransferase (AST). Associations per 1 standard deviation (SD) and in tertiles
were analyzed using multivariable regression.

Results: Mean (+SD) dietary and circulating LA was 6.8 (£3.1) en% and 16.0 (£3.5) %
total FA, respectively. Dietary and circulating LA were not associated with plasma
glucose or HbA1c (B per 1 SD: -0.005 to 0.010, P>0.20). Higher dietary LA was
generally associated with lower serum liver enzymes levels. One SD higher
circulating LA was associated with 22% lower serum GGT (B (95% confidence
interval): -0.25 (-0.31, -0.18), P<0.001), but only <9% lower for ALT and AST.
Circulating LA and serum GGT associations differed by alcohol use and locality.

Conclusion: Dietary and circulating LA were inversely associated with markers of
impaired liver function, but not with glucose metabolism. Alcohol use may play a
role in the association between LA and liver function.
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INTRODUCTION

Circulating linoleic acid (18:2 n-6, LA) has been inversely associated with the risk
of type 2 diabetes (T2D) in cohorts of mostly healthy Caucasian populations,’
whereas the association between dietary linoleic acid and T2D risk remains
equivocal.?® This discrepancy has been mainly attributed to the limitation of self-
reported dietary LA assessment. However, endogenous fatty acids (FA) metabolism
affecting circulating LA proportion may also play a role.

The proportion of circulating LA is not only influenced by dietary LA, but also by
endogenous FA metabolism, which may be affected by various factors such as
obesity and liver impairment.®” A lower circulating LA was observed in non-
alcoholic fatty liver disease patients as compared to healthy individuals.® Circulating
LA has also been inversely associated with hepatic fat deposition.® These findings
suggest that low proportions of circulating LA may indicate impairment of liver
function.

The influence of dietary LA on glucose metabolism and liver function is not yet clear.
Meta-analyses of randomized controlled feeding trials showed that increasing the
intake of polyunsaturated fatty acids (PUFA) (mainly LA) potentially affects glucose
metabolism.’®'"" On the other hand, a high dietary n-6 FA or n-6/n-3 ratio has been
considered to promote the development of fatty liver through inflammation,'
although evidence from two systematic reviews and meta-analyses of randomized
controlled trials in humans showed that increasing dietary n-6 FA did not result in
higher concentration of inflammatory markers.®

Studies on LA and markers related to T2D risk have been performed mainly in
Caucasian populations. Populations with African ancestry may have different
distributions of genetic variants related to long-chain PUFA metabolism.'® Therefore,
this study aimed to investigate associations of both dietary and circulating LA with
markers of glucose metabolism and liver function in the South African leg of the
Prospective Urban and Rural Epidemiological (PURE) study.

SUBJECTS AND METHODS

Study population

The PURE North-West Province South Africa (PURE-NWP-SA) is a cohort of black
South African participants and part of the larger international PURE study. The
design, selection and recruitment of participants for the PURE-NWP-SA study have
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been described previously.'® In brief, apparently healthy black South African adults
aged >30 years old were recruited from two urban and two rural communities in
North-West Province. Of 3,750 adults who completed the screening questionnaire,
2,010 attended baseline measurements in 2005. All participants gave written
consent to participation and the study was approved by the Ethics Committee of
the North-West University (04M10 and NW-00016-10-A1).1¢

Baseline PURE-NWP-SA cohort data were used for the present cross-sectional
study. Participants without information on dietary LA intake or with implausible
energy intake (<3,347 kilojoules (kJ) [<800 kilocalories (kcal)] or >16,736 kJ
[>4,000 kcal] for men; <2,092 kJ [<500 kcal] or >14,644 kJ [>3,500 kcal] for
women)'” or missing plasma FA were further excluded. Missing or unreliable plasma
glucose (values <2.5 mmol/L) and glycosylated hemoglobin (HbA1c) were
excluded. Finally, participants with prevalent diabetes, defined as self-reported
diagnosis of type 2 diabetes or use of anti-diabetes drugs, were excluded. A total
of 633 participants were included in the present analyses (Additional file 1: Figure
S1).

Dietary assessment

Information on usual diet was collected with a cultural-sensitive 145-item quantified
food-frequency questionnaire (QFFQ). This questionnaire, covering dietary intake
in the previous month, was developed and validated in a similar population.'®-29
Dietary FA intakes at baseline (expressed as grams/day (g/d) and a percentage of
energy (en%)) were calculated by using the South African food composition
database.?' In addition, information from the QFFQ and food composition database
were used to calculate total daily intakes of energy (kJ), macronutrients (en%),
dietary fiber (g/d) and cholesterol (mg/d).

Circulating plasma phospholipid FA measurement

Venous blood samples were collected from participants after 8-10 h of fasting by a
trained nurse, prepared in conditions required for further processing and stored at
-80°C until analysis.'® Before analysis, frozen EDTA samples were thawed and totall
lipids were extracted by using a modified Folch method?? from the plasma samples.
Phospholipids FA fraction was isolated by using thin-layer chromatography. FA
composition of plasma phospholipids was analyzed using quadrupole gas
chromatography electron ionization mass spectrometry at the Centre of Excellence
for Nutrition laboratory, Potchefstroom, South Africa as previously described in
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detail.2® A total of 26 FA were quantified as a percentage of total FA identified in the
sample (g/100 g total FA; % total FA) including LA and arachidonic acid (20:4n-6).
Delta-6-desaturase activity was also estimated by calculating the ratio of circulating
dihomo-gamma-linolenic acid to LA (20:3n-6/18:2n-6).

Markers of glucose metabolism and liver function

Plasma glucose (mmol/L) in the fasting state was measured by using Synchron®
System (Beckman Coulter Co., Fullerton, CA, USA). HbA1c was assessed in EDTA-
treated whole blood by using a D-10 Hemoglobin testing system (Bio-Rad
Laboratories, Hercules, CA, USA). Serum liver enzymes (gamma-glutamyl
transferase (GGT), alanine aminotransferase (ALT), aspartate aminotransferase
(AST); U/L) were determined using Sequential Multiple Analyzer Computer
Konelab20i auto analyzer (Thermo Fischer Scientific, Vantaa, Finland).

Other measurements

Information about demographics, socioeconomic status, lifestyle and physical
activity was collected using structured questionnaires that were standardized for
the international PURE study.'® Locality was identified as rural or urban based on
the communities where the participants resided. Physical activity index (PAI) was
calculated (maximum score of 10.0) and participants were categorized into having
‘low’(1<PAI<3.33), ‘moderate’ (3.34<PAI<6.67), or ‘high’ (PAl >6.68) physical
activity.?4% Participants had to indicate their level of education obtained and their
responses were recoded into a dichotomous variable of ‘no school or primary’ or
‘secondary or higher’. Participants’ smoking status was recorded as ‘non-smoker’
or ‘past or current smoker’. Alcohol intake was assessed by using the QFFQ and
expressed as g/d of pure ethanol.?® Alcohol intake was also categorized into ‘no’ (0
g/d), ‘light’ (>0-10 g/d (women); >0-20 g/d (men)), ‘moderate’ (>10-20 g/d (women);
>20-30 g/d (men)), or ‘high’(>20 g/d (women); >30 g/d (men)).

Height, weight and waist circumference were measured using standardized
procedure as described previously.'® Body mass index (BMI) was calculated by
dividing weight by height squared (kg/m?). Obesity was considered present when
BMI =30 kg/m?2. Other biochemical analyses such as total cholesterol (mmol/L),
high-density lipoprotein cholesterol (HDL-C; mmol/L), triglycerides (TG; mmol/L),
high-sensitivity C-reactive protein (mg/L) were determined in serum.?” Interleukin-6
(pg/ml) was measured using ultrasensitive enzyme immunoassays (Elecsys 2010,
Roche, Basel, Switzerland).?® Low-density lipoprotein cholesterol (LDL-C; mmol/L)
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was estimated using the equation: LDL-C = total cholesterol — HDL-C -
triglycerides/adjustable factor. In this modification of the Friedewald equation
specific adjustable factors are used to estimate VLDL-C, depending on the levels
of triglycerides and non-HDL-C.? Values of serum HDL-C <1.0 mmol/L for men or
<1.3 mmol/L for women were considered low and serum triglycerides >1.7 mmol/L
was considered as high. Systolic and diastolic blood pressure (in mmHg) were
measured twice on the right upper arm in a seating position with 5 min between
measurements as previously reported.?” Use of medications (anti-diabetes, anti-
hypertensive drug) was recorded at study sites by interviewers. Hypertension was
considered present if blood pressure was >140/90 mmHg or using antihypertensive
medication. The human immunodeficiency virus (HIV) status of participants was
assessed according to the South African National Department of Health protocol as
previously described.®

Statistical analysis

Participants’ characteristics were examined in the total sample and by categorizing
the participants into tertiles according to their dietary or circulating LA values. Linear
trends across dietary or circulating LA were calculated by assigning median values
of dietary or circulating LA for the tertile and modelling these as a continuous
variable in the regression models. The distribution of values for all variables, the
residuals and homogeneity of variances were examined before performing the main
analyses. The outcome variables (plasma glucose, HbA1c, serum GGT, ALT and
AST) were log-transformed before analysis to achieve normality of residuals and
homogeneity of variances.

To assess the relationship between dietary and circulating LA, Spearman rank
correlation (r) between dietary and circulating LA was calculated and adjusted for
age, sex and total energy intake. Least-squares means and 95% confidence
interval (Cl) of circulating LA (% total FA) across tertiles of dietary LA (en%) were
calculated by using linear regression, adjusted for age, sex and total energy intake,
also in subgroups by sex (men vs. women), age (<65 vs. 265 y), obesity (present
vs. absent), glycemic status (plasma glucose <6.1 vs. >6.1 mmol/L), and alcohol
use (‘no’: intake=0 g/d vs. ‘yes’: intake >0 g/d).

Association of dietary or circulating LA with glycemic and liver function measures
were evaluated per 1 SD and in dietary or circulating LA tertiles by using
multivariable linear regression. Model 1 included age and sex. Model 2 was
additionally adjusted for education level, locality, smoking status, physical activity,
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alcohol intake (g/d), total energy intake (kJ/d) and BMI (kg/m?). Model 3 was further
adjusted for available carbohydrates (en%), saturated FA (en%), trans-FA (g/d) and
dietary fiber (g/d). Dietary factors were considered but not included in the fully
adjusted model for circulating LA (model 2) because no indication was found for
confounding of circulating LA associations by these factors. Missing values in
covariables (education level, n=15; smoking status, n=1; physical activity, n=22)
were imputed by using sex-specific modes. Potential effect modification by sex,
age, locality, obesity, and alcohol use was evaluated by using stratified analyses
and by including product terms in the fully adjusted model (model 3 for dietary LA
and model 2 for circulating LA). Stratified analyses by alcohol use were conducted
in two categories (yes vs. no) due to the relatively small sizes of moderate and high
alcohol intake subgroups.

In sensitivity analyses, participants with a high alcohol intake (alcohol >20 g/d for
women and >30 g/d for men), with liver enzymes values indicating possible alcohol
abuse (serum GGT >80 U/L and AST-to-ALT ratio > 2:1) or having elevated plasma
glucose (fasting plasma glucose >6.1 mmol/L) were excluded. All analyses were
performed in SAS version 9.4 (Cary, NC, USA). A two-sided P value <0.05 was
considered as statistically significant.

RESULTS

The total sample of 633 subjects was on average 53 years, 63% was women and
51% resided in urban communities (Table 1). Fifty-eight percent of the participants
were considered hypertensive and 43% had either high serum triglycerides or low
HDL-C levels. Mean (+SD) dietary LA intake was 6.8 (£3.1) en% and circulating LA
was 16.0 (£3.5) % total FA. Liver function markers values were available for 613
participants (97%), whose characteristics were not different from the total sample
(Additional file 1: Table S1). The proportion of participants reporting no alcohol
intake was lower in urban (48.6%) than in rural communities (66.2%), whereas
proportions of participants with high alcohol intake and with obesity were similar in
both communities (Additional file 1: Table S2).

Dietary LA was weakly associated with circulating LA (r=0.14, P<0.001). Margarine
and vegetable oils, sources of dietary LA, were also associated with circulating LA
with adjusted Spearman’s correlations of 0.10 (P=0.011) and 0.10 (P=0.009),
respectively (Additional file 1: Table S3). Dose-response associations of circulating
with dietary LA intake were evident, despite differences in sex, age or presence of
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obesity. Dose-response associations were observed for participants with normal
plasma glucose, but not in participants with elevated plasma glucose. Within
categories of similar LA intake, individuals with alcohol intake >0 g/d had a lower
mean circulating LA than individuals reporting no alcohol intake (Additional file 1:
Figure S2).

Dietary LA and glucose metabolism and liver function markers

Participants with higher dietary LA had on average a higher BMI, were more likely
to reside in urban communities and were less likely to consume alcohol than those
with lower dietary LA (Table 2). Mean (+SD) circulating LA ranged from 15.5 (+3.5)
to 16.4 (£3.5) % total FA across dietary LA tertiles. Participants with higher dietary
LA did not have significantly higher high-sensitivity C-reactive protein, interleukin-6
or circulating arachidonic acid than those in the lower dietary LA tertiles (Table 2).

Dietary LA was not associated with plasma glucose or HbA1c after multivariable
adjustments of demographic, lifestyle and dietary factors (Table 3). Participants in
the highest dietary LA tertile had significantly lower geometric mean (95% CI) serum
GGT than participants in the lowest tertile (T3 vs. T1: 48.8 (42.8, 55.6) vs. 65.2 (57.0,
74.5), P-trend=0.008). Dietary LA was not significantly associated with serum ALT
across tertiles (T3 vs. T1: 16.6 (15.2, 18.1) vs. 19.1 (17.4, 20.9), P-trend=0.06).
Geometric mean serum AST was lower with higher dietary LA (T3 vs. T1: 25.0 (22.8,
27.5) vs. 30.2 (27.4, 33.2), P-trend=0.018). In continuous analysis per one SD,
however, the associations between dietary LA and log-serum GGT, ALT or AST
were not statistically significant (Table 3).
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Table 1 Baseline characteristics of participants of PURE-NWP-SA included in the present analyses

(n=633)
Total sample

Age (y) 53.0 + 10.4
Men 240 (37.9)
Body mass index (kg/m?) 249 + 6.9

Obesity 143 (22.6)
Locality (urban) 325 (51.3)
Education level®

No school or primary 247 (40.0)

Secondary or higher 371 (60.0)
Smoking status®

Non-smoker 284 (44.9)

Past or current smoker 348 (55.1)
Physical activity?

Low 5(0.8)

Moderate 265 (43.4)

High 341 (55.8)

Fasting plasma glucose (mmol/L)
HbA1c (%)
Serum lipids (mmol/L)
Total cholesterol
LDL cholesterol
HDL cholesterol
Triglycerides
Liver enzymes activity (U/L)
Gamma-glutamyl transferase
Alanine transaminase
Aspartate aminotransferase
HIV-positive?
Dietary variables
Daily total energy intake (kJ)
Available carbohydrate (en%)
Protein (en%)
Total fat (en%)
Saturated fatty acids (en%)
Monounsaturated fatty acids (en%)
Polyunsaturated fatty acids (en%)
n-3 fatty acids (mg/d)?
Trans-fatty acids (g/d)
Dietary cholesterol (mg/d)
Dietary fiber (g/d)
Alcohol consumption® (g/d)
No
Light
Moderate
High

4.90 (4.40-5.40)
5.60 (5.30-5.90)

5.19 + 1.31
3.03+ 1.13
1.58 + 0.64
1.13 (0.84-1.69)

45.8 (29.7-88.0)
17.0 (12.6-24.4)
25.0 (18.8-35.0)
5(0.8)

7,356 + 3,031
58.8 + 9.2
12.4+23
242+ 8.7

5.9 = 3.0

6.4 £33
7.4£32

312 (193-474)
0.18 (0.07-0.49)
149 (82-251)
20.4 + 9.2
0(0-12.3)

362 (57.2)

128 (20.2)

43 (6.8)

100 (15.8)

Values are mean = SD, median (Q1-Q3), or n (%).

@ Missing values for 15 participants for education level, 1 participant for smoking status, 22 participants for physical
activity level, 1 participant for HIV status and 1 participant for n-3 fatty acids.

© Available for n=613.

¢ Alcohol consumption categories: ‘No’: 0 g/d; ‘Light’: >0 to 10 g/d (women), >0 to 20 g/d men; ‘Moderate’: >10-20 g/d
(women), >20-30 g/d (men); ‘High’: >20 g/d (women), >30 g/d (men).
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Circulating LA and glucose metabolism and liver function markers

Mean (+SD) dietary LA ranged from 6.5 (£3.2) to 7.4 (£3.0) en% across circulating
phospholipids LA tertiles. Participants with higher circulating LA were younger and
less likely to consume alcohol. Circulating LA was inversely associated with serum
triglycerides and inflammatory markers C-reactive protein and interleukin-6 (Table
2).

Circulating LA was not significantly associated with plasma glucose or HbA1c
(Table 4). One SD increase in circulating LA (3.5% total FA) was associated with a
0.25 lower (95% CI: -0.31, -0.18; P<0.001) log-serum GGT after adjustment for
demographic and lifestyle factors, total energy intake and BMI (Table 4). Circulating
LA was also inversely associated with log-serum ALT (B= -0.050 (95% CI: -0.096, -
0.0083), P=0.036) and AST (B=-0.090 (95% CI: -0.139, -0.041), P<0.001). In tertiles,
circulating LA was also significantly inversely associated with serum GGT (T3 vs.
T1:42.3(37.9, 47.2) vs. 77.2 (69.1, 86.4), Ptrend<0.001) and AST (T3 vs. T1: 24.8
(22.9, 26.9) vs. 30.2 (27.8, 32.8), P-trend<0.001).

Associations of circulating LA with serum GGT were modified by alcohol use
(P<0.001) and locality (P<0.001). Stronger inverse associations of circulating LA
with GGT were observed for participants who reported any alcohol consumption
compared to those who reported no consumption, and for participants residing in
the urban compared to those in the rural communities (Additional file 1: Table S4).
Similar effect modification by locality was observed for associations of circulating
LA with serum ALT (P=0.006) and AST (P=0.001).

Sensitivity analysis

Excluding participants reporting high alcohol intake did not appreciably change the
results (Additional file 1: Table S5). When participants with an indication of alcohol
abuse were excluded, associations of circulating LA with serum GGT, ALT and AST
were attenuated (Additional file 1: Table S6). Exclusion of participants with elevated
plasma glucose levels resulted in a significant inverse association of dietary LA with
log-serum GGT; the B (95% CI) per one SD was -0.105 (-0.204, -0.006; P=0.038)
after exclusion as compared to -0.084 (-0.179, 0.010; P=0.08) before exclusion
(Additional file 1: Table S7).
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DISCUSSION

In this cross-sectional study in 633 black South African men and women, dietary
and circulating LA were not significantly associated with plasma glucose or HbA1c.
However, both higher circulating and dietary LA were associated with lower levels
of GGT. One SD higher circulating LA was associated with a 22% lower serum GGT
and participants in the highest tertile of dietary LA had the lowest levels of serum
GGT, a marker of liver function that is associated with insulin resistance and hepatic
fat accumulation.

Only a few studies have reported on the relation of dietary and circulating LA with
markers of glucose metabolism. As LA is the predominant type of dietary PUFA in
many populations, including Africans,*® comparison of the results of the current
study was also made with other studies using data on intake of n-6 or PUFA. The
findings of no associations between dietary LA and glucose metabolism markers in
the present study are in line with findings from previous studies in Caucasians.
Dietary PUFA (mainly from plant source) was not associated with fasting glucose or
HbA1c in 5,675 Dutch men and women aged 45-65 years without diabetes.®'
Analyses of baseline data of two different trials in healthy middle-aged adults in
Finland® and adults with metabolic syndrome in Spain® also showed no association
of PUFA or LA intake with risk of impaired glucose metabolism. Two recent
systematic reviews and meta-analyses of randomized controlled trials concluded
that dietary n-6 or PUFA had some effect on insulin concentration but little or no
effect on fasting glucose,'"3* also when plant-based PUFA replaced saturated fatty
acids intake in populations without diabetes.

As with dietary LA, circulating LA was not associated with glucose metabolism
markers in the present study. In contrast, the investigators of the Hoorn study of 667
Dutch Caucasian participants reported a weak inverse association between
circulating LA in serum and plasma glucose. However, no association between
circulating LA and HbA1c was observed in the Hoorn study,®® consistent with
findings of the present study. In the Hoorn study, about half of the participants had
impaired glucose metabolism,*® while in this current study only 9% had elevated
plasma glucose. In normal glucose metabolism plasma glucose is under tight
regulation,® which may explain null findings in the current study.

For dietary LA, generally either no or weak associations with liver enzymes were
observed in the present study. However, circulating LA was inversely associated
with serum liver enzymes, most notably serum GGT. Concentrations of liver enzyme
GGT have previously been associated with hepatic fat accumulation and insulin
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resistance.®”% In the Coronary Artery Risk Development in Young Adults study (44%
black participants), mean dietary PUFA intake at baseline and year 7 tended also
to be inversely related to serum GGT in year 10 of follow-up, although not
statistically significant. However, there was no information on whether this
association differed in the subgroup of black participants.®® Results of a 10-week
randomized controlled trial in Swedish individuals (15% had diabetes) with
abdominal obesity showed that intervention with a diet high in n-6 PUFA (14 en%
from LA) resulted in lower liver fat as compared to an isocaloric diet high in
saturated fatty acids.*® In the present study, exclusion of participants with elevated
plasma glucose resulted in a somewhat stronger inverse association of dietary LA
with serum GGT.

No other study seems to have specifically examined the association of circulating
LA and serum GGT, but there is some evidence that circulating LA could be
associated with liver fat accumulation.®*? First, in the European Prospective
Investigation into Cancer and Nutrition-Potsdam study, higher delta-6-desaturase
activity, resulting in lower circulating LA, was associated with higher serum GGT.*’
The authors suggested that the association of delta-6-desaturase activity with T2D
risk might be mediated by liver fat accumulation. Second, higher circulating LA was
associated with lower visceral adipose tissue in a study of 287 elderly subjects, and
also with lower fat in a subgroup of 73 of these subjects®. In another study in 24
overweight men, circulating LA was moderately inversely correlated with visceral
fat thickness.*? A possible mechanism relating LA to liver function is through its
influence on de novo lipogenesis by attenuating effects of insulin on FA synthase
activity and expression.*® Another possible mechanism may be related to oxidative
stress, as elevated serum GGT is a marker of high oxidative stress.*

A weak association between dietary and circulating LA in the present study may
partly explain the present study finding that dietary LA was weaker associated with
GGT than circulating LA. It is possible that alcohol intake plays a role here.
Previously, in a cohort of Dutch post-myocardial infarction patients, weak
correlations of dietary with circulating LA and lower circulating LA with higher
alcohol intakes at similar intakes of LA* were reported, which were also observed
in the present study. High alcohol intake is an established cause of liver fat
accumulation®® and higher alcohol intake has been associated with lower circulating
LA in several cross-sectional studies.*’~° It is, therefore, possible that the inverse
association between circulating LA and GGT in this study may reflect alcohol
influence. However, when participants whose liver enzyme values indicated alcohol
abuse were excluded, the associations of LA and serum GGT were somewhat
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attenuated but remained significant. This suggests that the observed association
cannot be entirely explained by alcohol.

The stronger associations between LA and GGT in urban than in rural areas is
difficult to explain. A possible explanation might be related to alcohol use in the
current study population. The urbanization process in South Africa has been linked
to a change in alcohol consumption pattern.®® A difference in obesity status is not a
likely explanation because average BMI and proportion of individuals with obesity
in urban and rural communities were similar.

Study strengths and limitations

A novel aspect of the present study is the investigation on the associations of LA
with glucose metabolism and liver function in a black South African population,
while most other studies investigated white Caucasian populations. The current
finding that LA was inversely associated with serum GGT may be relevant because
the Atherosclerosis Risk in Communities study®' showed that GGT is a strong
predictor of T2D risk in a black population as compared to ALT or AST.

The present study also contributes to evidence on the relation of dietary fat quality
with T2D risk in South Africans. The current recommendation for South Africans is
to consume 5-8% energy from n-6 PUFA.5? Intake in the population seems to be
within this range, which was confirmed by the data in the present study. However,
most of the evidence underlying the South African dietary guidelines on dietary fat
quality is based on studies in Caucasian populations.®? The present study findings
suggest that a higher dietary LA is also associated with better liver function in a
black population, which support the current South African recommendation of
dietary n-6 PUFA.

An important limitation of the present study is its cross-sectional design, which limits
inferences on causal relationships. An additional limitation is that assessment of
alcohol intake by QFFQ may not be accurate. The finding that the association of
circulating LA with serum GGT was stronger in alcohol consumers than in non-
consumers warrants further investigation using a more sophisticated tool to assess
alcohol intake. Another limitation of the current study is lack of insulin data.
Availability of this data would add more information on insulin resistance in this
population.
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CONCLUSION

In this population of apparently healthy black South Africans, dietary and circulating
LA were weakly correlated. Dietary LA and circulating LA were not significantly
related to markers of glucose metabolism. However, dietary LA and in particular
circulating LA were inversely related to serum GGT. This suggests that a low LA
intake is related to an impaired liver function and may in this way affect long-term
insulin resistance, which would explain the inverse relation between circulating LA
and T2D risk observed in prospective cohort studies. The role of alcohol in the
association between circulating LA and liver function warrants further research.

Supplementary information

Supplementary information accompanies this paper at
https://doi.org/10.1186/s12944-020-01318-3.

Abbreviations

ALT, alanine aminotransferase; AST, aspartate aminotransferase; FA, fatty acids;
GGT, gamma-glutamyl transferase; HbA1c, glycosylated hemoglobin; HIV, human
immunodeficiency virus; LA, linoleic acid; PAI, physical activity index; PUFA,
polyunsaturated fatty acids; PURE-NWP-SA, Prospective Urban Rural Epidemiology
North-West Province South Africa; QFFQ, quantified food-frequency questionnaire;
T2D, type 2 diabetes.

Declarations
Availability of data and materials

The data that support the findings of this study are available from PURE South Africa
study investigators but restrictions apply to the availability of these data and so are
not publicly available. Data are however available from the authors upon reasonable
request and with permission of the Health Research Ethics Committee of North-
West University.

140 LINOLEIC ACID AND MARKERS



Acknowledgments

The authors would like to thank all supporting staffs and participants of the PURE
study and in particular: 1) PURE-South Africa: Prof. A. Kruger (posthumous), Prof.
M. Greeff, Ms. P.G. Molaudzi, Ms. V. Kruger, Ms. J. Brits, Ms. P. Jardim working in
the Africa Unit for Transdisciplinary Health Research (AUTHeR), Faculty of Health
Sciences, North-West University, Potchefstroom, South Africa, as well as all the field
workers over the years; Ms. M. Maritz (Hypertension in Africa Research Team) for
her contribution towards finalizing the mortality data. 2) PURE International: Prof. S.
Yusuf and the PURE project office staff at the Population Health Research Institute
(PHRI), Hamilton Health Sciences and McMaster University, ON, Canada. Any
opinion, finding and conclusion or recommendation expressed in this material is
that of the authors and the South African National Research Foundation does not
accept any liability in this regard.

Funding

This research was supported by the Netherlands Organization for Scientific
Research (NWO) through its Graduate Programme on Food Structure, Digestion
and Health and Upfield™. Fatty acids measurement was funded by Unilever. PURE
South Africa study was supported by South Africa - Netherlands Research
Programme on Alternatives in Development (08/15), South African National
Research Foundation (NRF GUN numbers 2069139 and FA2006040700010;
FA2007042600011), South African Medical Research Council, North-West
University, Potchefstroom, South Africa and the Population Health Research
Institute, ON, Canada.

Competing interests

This research was supported in part by Upfield. AJW and PLZ are employed by
Unilever, the Netherlands. Unilever is a producer of food consumer products. It
divested its spreads business, which has operated since July 2018 under the name
Upfield. JMG received financial support from Unilever for epidemiological studies
of dietary and circulating fatty acids. The funders had no role in the design of the
study, collection and analysis of data and decision to publish. No other potential
conflicts of interest relevant to this article were reported.

OF GLYCEMIA AND LIVER FUNCTION 141




Authors’ contributions

HSK, IMK, TVZ and CMS designed the research. KP, LKK, JMG and HSK
conducted the research. KP performed the statistical analyses. KP wrote the draft
paper. All authors interpreted the results and critically revised the manuscript for
intellectual content. CMS had overall responsibility for the research. All authors
approved the final manuscript for publication.

Ethics approval and consent to participate

All participants gave written consent to participation and the study was approved
by the Ethics Committee of the North-West University.

Consent for publication

Not applicable

142 LINOLEIC ACID AND MARKERS



REFERENCES

Wu JHY, Marklund M, Imamura F, Tintle N, Ardisson Korat AV, de Goede J, Zhou X, Yang W-S, de
Oliveira Otto MC, Kroéger J, Qureshi W, Virtanen JK, Bassett JK, Frazier-Wood AC, Lankinen M,
Murphy RA, Rajaobelina K, Del Gobbo LC, Forouhi NG, Luben R, Khaw K-T, Wareham N, Kalsbeek
A, Veenstra J, Luo J, Hu FB, Lin H-J, Siscovick DS, Boeing H, Chen T-A, Steffen B, Steffen LM,
Hodge A, Eriksdottir G, Smith AV, Gudnason V, Harris TB, Brouwer IA, Berr C, Helmer C, Samieri
C, Laakso M, Tsai MY, Giles GG, Nurmi T, Wagenknecht L, Schulze MB, Lemaitre RN, Chien K-L,
Soedamah-Muthu SS, Geleijnse JM, Sun Q, Harris WS, Lind L, Amlév J, Riserus U, Micha R,
Mozaffarian D. Omega-6 fatty acid biomarkers and incident type 2 diabetes: pooled analysis of
individual-level data for 39740 adults from 20 prospective cohort studies. Lancet Diabetes
Endocrinol. 2017;5:965-974.

Hodge AM, English DR, O'Dea K, Sinclair AJ, Makrides M, Gibson RA, Giles GG. Plasma
phospholipid and dietary fatty acids as predictors of type 2 diabetes: interpreting the role of linoleic
acid. Am J Clin Nutr. 2007;86:189-197.

Patel PS, Sharp SJ, Jansen E, Luben RN, Khaw K-T, Wareham NJ, Forouhi NG. Fatty acids
measured in plasma and erythrocyte-membrane phospholipids and derived by food-frequency
questionnaire and the risk of new-onset type 2 diabetes: a pilot study in the European Prospective
Investigation into Cancer and Nutrition (EPIC)-Norfolk cohort. Am J Clin Nutr. 2010;92:1214-1222.

Kroger J, Zietemann V, Enzenbach C, Weikert C, Jansen EH, Déring F, Joost H-G, Boeing H,
Schulze MB. Erythrocyte membrane phospholipid fatty acids, desaturase activity, and dietary fatty
acids in relation to risk of type 2 diabetes in the European Prospective Investigation into Cancer
and Nutrition—Potsdam Study. Am J Clin Nutr. 2010;93:127-142.

Zong G, Liu G, Willett WC, Wanders AJ, Alssema M, Zock PL, Hu FB, Sun Q. Associations between
linoleic acid intake and incident type 2 diabetes among U.S. men and women. Diabetes Care.
2019;42:1406-1413.

Fekete K, Gyorei E, Lohner S, Verduci E, Agostoni C, Decsi T. Long-chain polyunsaturated fatty
acid status in obesity: a systematic review and meta-analysis. Obes Rev. 2015;16:488-497.

Lankinen M, Uusitupa M, Schwab U. Genes and dietary fatty acids in regulation of fatty acid
composition of plasma and erythrocyte membranes. Nutrients. 2018;10:1785.

Park H, Hasegawa G, Shima T, Fukui M, Nakamura N, Yamaguchi K, Mitsuyoshi H, Minami M,
Yasui K, ltoh Y, Yoshikawa T, Kitawaki J, Ohta M, Obayashi H, Okanoue T. The fatty acid
composition of plasma cholesteryl esters and estimated desaturase activities in patients with
nonalcoholic fatty liver disease and the effect of long-term ezetimibe therapy on these levels. Clin
Chim Acta. 2010;411:1735-1740.

Rosqvist F, Bjermo H, Kullberg J, Johansson L, Michaélsson K, Ahlstrém H, Lind L, Risérus U.
Fatty acid composition in serum cholesterol esters and phospholipids is linked to visceral and
subcutaneous adipose tissue content in elderly individuals: a cross-sectional study. Lipids Health
Dis. 2017;16:68.

Imamura F, Micha R, Wu JHY, de Oliveira Otto MC, Otite FO, Abioye Al, Mozaffarian D. Effects of
saturated fat, polyunsaturated fat, monounsaturated fat, and carbohydrate on glucose-insulin
homeostasis: a systematic review and meta-analysis of randomised controlled feeding trials. PLoS
Med. 2016;13:e1002087.

OF GLYCEMIA AND LIVER FUNCTION 143




17.
18.

20.

21.

22.

23.

24.

25.

144

Wanders AJ, Blom WAM, Zock PL, Geleijnse JM, Brouwer |A, Alssema M. Plant-derived
polyunsaturated fatty acids and markers of glucose metabolism and insulin resistance: a meta-
analysis of randomized controlled feeding trials. BMJ Open Diabetes Res Care. 2019;7:e000585.

George ES, Forsyth A, Itsiopoulos C, Nicoll AJ, Ryan M, Sood S, Roberts SK, Tierney AC. Practical
dietary recommendations for the prevention and management of nonalcoholic fatty liver disease
in adults. Adv Nutr. 2018;9:30-40.

Johnson GH, Fritsche K. Effect of dietary linoleic acid on markers of inflammation in healthy
persons: A systematic review of randomized controlled trials. J Acad Nutr Diet. 2012;112:1029-
1041.e15.

Su H, Liu R, Chang M, Huang J, Wang X. Dietary linoleic acid intake and blood inflammatory
markers: a systematic review and meta-analysis of randomized controlled trials. Food Funct.
2017;8:3091-3103.

Mathias RA, Sergeant S, Ruczinski |, Torgerson DG, Hugenschmidt CE, Kubala M, Vaidya D,
Suktitipat B, Ziegler JT, Ivester P, Case D, Yanek LR, Freedman BIl, Rudock ME, Barnes KC,
Langefeld CD, Becker LC, Bowden DW, Becker DM, Chilton FH. The impact of FADS genetic
variants on w6 polyunsaturated fatty acid metabolism in African Americans. BMC Genet.
2011;12:50.

Vorster HH, Kruger A, Wentzel-Viljoen E, Kruger HS, Margetts BM. Added sugar intake in South
Africa: findings from the Adult Prospective Urban and Rural Epidemiology cohort study. Am J Clin
Nutr. 2014;99:1479-1486.

Willett W. Nutritional Epidemiology. 3rd ed. New York: Oxford University Press; 2013.

Maclntyre UE, Venter CS, Vorster HH. A culture-sensitive quantitative food frequency
questionnaire used in an African population: 1. Development and reproducibility. Public Health
Nutr. 2001;4:53-62.

Macintyre UE, Venter CS, Vorster HH. A culture-sensitive quantitative food frequency
questionnaire used in an African population: 2. Relative validation by 7-day weighed records and
biomarkers. Public Health Nutr. 2001;4.63-71.

Venter CS, Maclintyre UE, Vorster HH. The development and testing of a food portion photograph
book for use in an African population. J Hum Nutr Diet. 2000;13:205-218.

Wolmarans P, Danster N, South African Medical Research Council. Condensed Food Composition
Tables for South Africa. Cape Town: South African Medical Research Council; 2010.

Folch J, Lees M, Stanley GHS. A simple method for the isolation and purification of total lipides
from animal tissues. J Biol Chem. 1957;226:497-509.

Baumgartner J, Smuts CM, Malan L, Kvalsvig J, van Stuijvenberg ME, Hurrell RF, Zimmermann
MB. Effects of iron and n-3 fatty acid supplementation, alone and in combination, on cognition in
school children: a randomized, double-blind, placebo-controlled intervention in South Africa. Am
J Clin Nutr. 2012;96:1327-1338.

Kruger H, Venter C, Steyn H. A standardised physical activity questionnaire for a population in
transition: the THUSA study. Afr J Phys Health Educ Recreat Dance. 2000;6:54-64.

Kruger HS, Venter CS, Vorster HH. Physical inactivity as a risk factor for cardiovascular disease in
communities undergoing rural to urban transition: the THUSA study. Cardiovasc J Afr. 2003;14:16-
283.

LINOLEIC ACID AND MARKERS



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pisa P, Kruger A, Vorster H, Margetts B, Loots Du T. Alcohol consumption and cardiovascular
disease risk in an African population in transition: the Prospective Urban and Rural Epidemiology
(PURE) study. South Afr J Clin Nutr. 2010;23:29-37.

Schutte AE, Schutte R, Huisman HW, van Rooyen JM, Fourie CM, Malan NT, Malan L, Mels CM,
Smith W, Moss SJ, Towers GW, Kruger HS, Wentzel-Viljoen E, Vorster HH, Kruger A. Are
behavioural risk factors to be blamed for the conversion from optimal blood pressure to
hypertensive status in black South Africans? A 5-year prospective study. Int J Epidemiol.
2012;41:1114-11283.

van Rooyen Y, Schutte AE, Huisman HW, Eloff FC, Du Plessis JL, Kruger A, van Rooyen JM.
Inflammation as possible mediator for the relationship between lung and arterial function. Lung.
2016;194:107-115.

Sathiyakumar V, Park J, Golozar A, Lazo M, Quispe R, Guallar E, Blumenthal RS, Jones SR, Martin
SS. Fasting versus nonfasting and low-density lipoprotein cholesterol accuracy. Circulation.
2018;137:10-19.

Micha R, Khatibzadeh S, Shi P, Fahimi S, Lim S, Andrews KG, Engell RE, Powles J, Ezzati M,
Mozaffarian D. Global, regional, and national consumption levels of dietary fats and oils in 1990
and 2010: A systematic analysis including 266 country-specific nutrition surveys. BMJ. 2014;348.
doi:10.1136/bmj.g2272.

Wanders AJ, Alssema M, de Koning EJP, le Cessie S, de Vries JH, Zock PL, Rosendaal FR, Heijer
M den, de Mutsert R. Fatty acid intake and its dietary sources in relation with markers of type 2
diabetes risk: The NEO study. Eur J Clin Nutr. 2017;71:245-251.

Heikkila HM, Schwab U, Krachler B, Mannikké R, Rauramaa R. Dietary associations with
prediabetic states—The DR’s EXTRA Study (ISRCTN45977199). Eur J Clin Nutr. 2012,66:819-824.

Julibert A, Bibiloni M del M, Bouzas C, Martinez-Gonzalez MA, Salas-Salvadé J, Corella D, Zomefio
MD, Romaguera D, Vioque J, Alonso-Gémez AM, Warnberg J, Martinez JA, Serra-Majem L,
Estruch R, Tinahones FJ, Lapetra J, Pintd X, Lopez-Miranda J, Garcia-Molina L, Gaforio JJ, Matia-
Martin P, Daimiel L, Martin-Sanchez V, Vidal J, Vazquez C, Ros E, Toledo E, Becerra-Tomas N,
Pértoles O, Pérez-Vega KA, Fiol M, Torres-Collado L, Tojal-Sierra L, Carabafio-Moral R, Abete |,
Sanchez-Villegas A, Casas R, Bernal-Lopez MR, Santos-Lozano JM, Galera A, Ugarriza L, Ruiz-
Canela M, Babio N, Coltell O, Schroder H, Konieczna J, Orozco-Beltran D, Sorto-Sanchez C,
Eguaras S, Barrubés L, Fité M, Tur JA, Investigators P-P. Total and subtypes of dietary fat intake
and its association with components of the metabolic syndrome in a Mediterranean population at
high cardiovascular risk. Nutrients. 2019;11:1493.

Brown TJ, Brainard J, Song F, Wang X, Abdelhamid A, Hooper L. Omega-3, omega-6, and total
dietary polyunsaturated fat for prevention and treatment of type 2 diabetes mellitus: systematic
review and meta-analysis of randomised controlled trials. BMJ. 2019;366:14697.

Cabout M, Alssema M, Nijpels G, Stehouwer CDA, Zock PL, Brouwer IA, Elshorbagy AK, Refsum
H, Dekker JM. Circulating linoleic acid and alpha-linolenic acid and glucose metabolism: the Hoorn
Study. Eur J Nutr. 2016;:2171-80.

Kahn SE, Cooper ME, Del Prato S. Pathophysiology and treatment of type 2 diabetes: perspectives
on the past, present, and future. Lancet. 2014;383:1068-1083.

Wallace TM, Utzschneider KM, Tong J, Carr DB, Zraika S, Bankson DD, Knopp RH, Kahn SE.
Relationship of liver enzymes to insulin sensitivity and intra-abdominal fat. Diabetes Care.
2007;30:2673-2678.

OF GLYCEMIA AND LIVER FUNCTION 145



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

146

Thamer C, Tschritter O, Haap M, Shirkavand F, Machann J, Fritsche A, Schick F, Haring H, Stumvoll
M. Elevated serum GGT concentrations predict reduced insulin sensitivity and increased
intrahepatic lipids. Horm Metab Res. 2005;37:246-251.

Lee D-H, Steffen LM, Jacobs DR Jr. Association between serum y-glutamyltransferase and dietary
factors: the Coronary Artery Risk Development in Young Adults (CARDIA) Study. Am J Clin Nutr.
2004;79:600-605.

Bjermo H, Iggman D, Kullberg J, Dahiman |, Johansson L, Persson L, Berglund J, Pulkki K, Basu
S, Uusitupa M, Rudling M, Arner P, Cederholm T, Ahlstrém H, Risérus U. Effects of n-6 PUFAs
compared with SFAs on liver fat, lipoproteins, and inflammation in abdominal obesity: a
randomized controlled trial. Am J Clin Nutr. 2012;95:1003-1012.

Jacobs S, Schiller K, Jansen EH, Boeing H, Schulze MB, Kroger J. Evaluation of various biomarkers
as potential mediators of the association between A5 desaturase, A6 desaturase, and stearoyl-
CoA desaturase activity and incident type 2 diabetes in the European Prospective Investigation
into Cancer and Nutrition—Potsdam Study. Am J Clin Nutr. 2015;102:155-164.

Kishino T, Watanabe K, Urata T, Takano M, Uemura T, Nishikawa K, Mine Y, Matsumoto M, Ohtsuka
K, Ohnishi H, Mori H, Takahashi S, Ishida H, Watanabe T. Visceral fat thickness in overweight men
correlates with alterations in serum fatty acid composition. Clin Chim Acta. 2008;398:57-62.

Wang Y, Jones Voy B, Urs S, Kim S, Soltani-Bejnood M, Quigley N, Heo Y-R, Standridge M,
Andersen B, Dhar M, Joshi R, Wortman P, Taylor JW, Chun J, Leuze M, Claycombe K, Saxton AM,
Moustaid-Moussa N. The human fatty acid synthase gene and de novo lipogenesis are
coordinately regulated in human adipose tissue. J Nutr. 2004;134:1032-1038.

Lee D-H, Blomhoff R, Jacobs DR. Is serum gamma glutamyltransferase a marker of oxidative stress?
Free Radic Res. 2004;38:535-5309.

Pertiwi K, Kok DE, Wanders AJ, de Goede J, Zock PL, Geleijnse JM. Circulating n-3 fatty acids
and linoleic acid as indicators of dietary fatty acid intake in post-myocardial infarction patients.
Nutr Metab Cardiovasc Dis. 2019;29:343-350.

Gao B, Bataller R. Alcoholic liver disease: Pathogenesis and new therapeutic targets.
Gastroenterology. 2011;141:1572-1585.

Warnet JM, Cambien F, Vernier V, Pecoraro M, Flament C, Ducimetiere P, Jacqueson A, Richard
JL, Claude JR. Relation between consumption of alcohol and fatty acids esterifying serum
cholesterol in healthy men. BMJ. 1985;290:1859-1861.

Cambien F, Warnet J-M, Vernier V, Ducimetiére P, Jacqueson A, Flament C, Orssaud G, Richard
J-L, Claude J-R. An epidemiologic appraisal of the associations between the fatty acids esterifying
serum cholesterol and some cardiovascular risk factors in middle-aged men. Am J Epidemiol.
1988;127:75-86.

Laguzzi F, Risérus U, Marklund M, Vikstrdom M, Sjégren P, Gigante B, Alsharari ZD, Hellénius ML,
Cederholm T, Frumento P, de Faire U, Leander K. Circulating fatty acids in relation to alcohol
consumption: Cross-sectional results from a cohort of 60-year-old men and women. Clin Nutr.
2018;37:2001-2010.

Setlalentoa B, Pisa P, Thekisho G, Ryke E, Loots Du T. The social aspects of alcohol misuse/abuse
in South Africa. South Afr J Clin Nutr. 2010;23:11-15.

Schneider ALC, Lazo M, Ndumele CE, Pankow JS, Coresh J, Clark JM, Selvin E. Liver enzymes,
race, gender and diabetes risk: the Atherosclerosis Risk in Communities (ARIC) Study. Diabet Med.
2013;30:926-933.

LINOLEIC ACID AND MARKERS



52.  Smuts CM, Wolmarans P. 10. The importance of the quality or type of fat in the diet: a food-based
dietary guideline for South Africa. South Afr J Clin Nutr. 2013;26:5S87-S99.

OF GLYCEMIA AND LIVER FUNCTION 147



SUPPLEMENTARY MATERIALS

Table S1 Characteristics of patients in the subsample of participants with available liver enzyme

values®®
Values for subsample of 613

Age (y) 53.0+ 10.4
Men 232 (37.8)
Body mass index (kg/m?) 24.8 + 6.9

Obesity 137 (22.4)
Locality (urban) 318 (51.9)
Education level (no school or primary)? 238 (39.8)
Smoking status®

Non-smoker 275 (44.9)

Past or current smoker 337 (55.1)
Physical activity?

Low 5(0.8)

Moderate 256 (43.2)

High 331 (65.9)

Plasma glucose (mmol/L)
HbA1c (%)
Serum lipids (mmol/L)
Total cholesterol
LDL-C
HDL-C
Triglycerides
Liver enzymes activity (U/L)
Gamma-glutamyl transferase
Aspartate aminotransferase
Alanine transaminase
HIV-positive
Dietary variables
Daily total energy intake (kJ)
Carbohydrate (en%)
Protein (en%)
Total fat (en%)
Saturated fatty acids (en%)
Monounsaturated fatty acids (en%)
Polyunsaturated fatty acids (en%)
Trans-fatty acids (en%)
Dietary cholesterol (mg/d)

4.90 (4.40-5.40)
5.60 (5.30-5.90)

5.19 + 1.31

3.03 + 1.13

1.59 + 0.64
1.13(0.84-1.67)

45.8 (29.7-88.0)

25.0 (18.8-35.0)

17.0 (12.6-24.4)
5(0.8)

7332 = 3005
58.7 + 9.3
12.4+23
242+ 88
5.9 =30
6.5+3.3
7.4+33

0.10 (0.04-0.23)

148 (81-252)

Total fiber (g/d) 20.3 £ 9.1

Alcohol consumption (g/d)® 0(0-13.2)
No 352 (57.4)
Light 119 (19.4)
Moderate 43 (7.0)
High 99 (16.2)

Values are mean = SD, median (Q1-Q3), or n (%).

@ Missing values for 15 participants for education level, 1 participant for smoking status, 21 participants for physical

activity level and 1 participant for HIV status.

© Alcohol consumption categories: ‘No”: 0 g/d; ‘Light’: >0 to 10 g/d (women), >0 to 20 g/d men; ‘Moderate’: >10-20
g/d (women), >20-30 g/d (men); ‘High”: >20 g/d (women), >30 g/d (men).
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Table S2 Baseline characteristics of participants by locality®®©

Urban participants

Rural participants

(n=325) (n=308)

Age (y) 53.8 + 10.7 52.1+98
Men 136 (41.8) 104 (33.8)
Body mass index (kg/m?) 252+ 71 245 £ 6.7

Obesity 74 (22.8) 69 (22.4)
Locality (urban) 325 (100) 0(0)
Education level®

No school or primary 89 (28.0) 158 (62.7)

Secondary or higher 229 (72.0) 142 (47.3)
Smoking status®

Non-smoker 142 (43.8) 142 (46.1)

Past or current smoker 182 (56.2) 166 (53.9)
Physical activity?

Low 2(0.6) 3(1.0)

Moderate 229 (72.0) 36 (12.3)

High 87 (27.4) 254 (86.7)
Plasma glucose (mmol/L) 5.00 (4.30-5.50) 4.70 (4.40-5.20)
HbA1c (%) 5.60 (5.30-5.90) 5.60 (5.30-5.90)
Serum lipids (mmol/L)

Total cholesterol 5.28 + 1.33 5.09 + 1.29

LDL-C 3.04 +1.11 3.01+1.16

HDL-C 1.54 (1.18-1.97) 1.39 (1.10-1.82)

Triglycerides 1.16 (0.85-1.78) 1.08 (0.82-1.52)

Liver enzymes activity (U/L)°
Gamma-glutamyl transferase
Alanine transaminase
Aspartate aminotransferase

HIV-positive

Dietary variables

Daily total energy intake (kJ)

Available carbohydrate (en%)

Protein (en%)

Total fat (en%)

Saturated fatty acids (en%)
Monounsaturated fatty acids (en%)
Polyunsaturated fatty acids (en%)
Linoleic acid (en%)

Trans-fatty acids (g/d)

Dietary cholesterol (mg/d)

Dietary fiber (g/d)

Alcohol intake (g/d)°
No
Light
Moderate
High

Circulating linoleic acid (% total fatty acids)

49.0 (32.4-97.3)

17.5 (12.8-25.0)

26.0 (20.7-39.0)
1(0.3)

8172 + 3117
54972
13.4 + 2.1
27.8 + 8.0
72+28
8.0 £ 3.1
7.9+28
75+28

0.43(0.16-0.72)

212 (136-309)
22.8 + 10.1
1.9 (0-15.6)
158 (48.6)
79 (24.3)
34 (10.5)
54 (16.6)
16.0 + 3.2

40.7 (27.9-77.0)

16.7 (12.1-23.0)

23.3 (17.3-32.9)
4(1.3)

6496 + 2684
62.9+ 9.5
11.4+2.1
204 +7.8
46+26
48+26
6.8 3.6
6.2+3.2

0.09 (0.04-0.18)

106 (53-165)
180+ 7.2
0 (0-6.0)
204 (66.2)
49 (15.9)

9(2.9)
46 (14.9)
15.9 + 3.7

Values are mean = SD, median (Q1-Q3), or n (%).

@ Missing values for 15 participants for education level, 1 participant for smoking status, 22 participants for physical

activity level and 1 participant for HIV status.
° Only available for n=613.

¢ Alcohol consumption categories: ‘No’: 0 g/d; ‘Light’: >0 to 10 g/d (women), >0 to 20 g/d men; ‘Moderate’: >10-20
g/d (women), >20-30 g/d (men); ‘High”: >20 g/d (women), >30 g/d (men).
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Table S3 Spearman’s correlations (rs ) of selected food groups and circulating linoleic acid®®

Dietary components Is P
Cereal and cereal products -0.01 0.86
Vegetables 0.12 0.002
Fruits 0.01 0.73
Meat, meat products and eggs 0.11 0.006
Fish and seafood -0.08 0.49
Fats and oils 0.14 <0.001
Margarine 0.10 0.011
Vegetable oils 0.10 0.009
Dressings 0.04 0.38
Tallow 0.04 0.32

@ Spearman correlations adjusted for age, sex and total energy intake.

® Food and food group intakes are expressed in grams/day.
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n=2010
Attended baseline
measurements
Missing dietary fatty acids data at
»| baseline, n=1299
Extreme energy intake at baseline,
A 4 n=44
n=667
»| Missing plasma FA at baseline, n=0
v
n=667
Missing or unreliable fasting plasma
»| glucose at baseline, n=20
v Missing HbA1c, n=1
n=646
Using diabetes medication at
> baseline, n=13
(Among these, n=11 self-reported
v having diabetes)
n=633

(subsample with liver
markers data, n= 613)

Figure S1 Flow chart of selection of participants
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Figure S2 Circulating LA across tertiles of LA intake in total sample (A) and in subgroups of
sex (B), age (C), obesity (D), fasting plasma glucose (E) and alcohol use (F)&®ed

@Values are least-squares means with 95% confidence interval, adjusted for age, sex, total energy intake;

° Obesity was defined as ‘present’ when BMI >30.0 kg/m? and ‘absent’ when BMI <30 kg/m?;

¢ Alcohol use: ‘no’ included participants with alcohol intake of O g/d, ‘yes’ included alcohol intake >0 g/d;

4 Fasting plasma glucose categories: ‘elevated’ was defined as fasting plasma glucose >6.1 mmol/L, ‘normal’ was
defined as plasma glucose <6.1 mmol/L;
LA, linoleic acid.
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ABSTRACT

Background: Habitual intake of long-chain omega-3 fatty acids (n-3 FAs), in
particular eicosapentaenoic and docosahexaenoic acid (EPA+DHA) from fish, has
been associated with a reduced risk of fatal coronary heart disease (CHD) in
population-based studies. Whether that is also the case for CHD patients is not yet
clear. We studied the associations of dietary and circulating EPA+DHA and alpha-
linolenic acid (ALA), a plant-derived n-3 FA, with long-term mortality risk after
myocardial infarction (Ml).

Methods and Results: We analyzed data from 4067 Dutch post-MI patients aged
60-80 y (79% men, 86% on statins) enrolled in the Alpha Omega Cohort from 2002-
2006 (baseline) and followed through 2018. Baseline intake of fish and n-3 FAs were
assessed through a validated 203-item food-frequency questionnaire, as well as
circulating n-3 FAs in plasma cholesteryl esters. Hazard ratios (HRs) with 95%
confidence intervals (Cls) were obtained from Cox regression analyses. During a
median follow-up period of 12y, 1877 deaths occurred, of which 515 from CHD and
834 from CVD. Dietary intake of EPA+DHA was significantly inversely associated
with CHD mortality (HR of 0.69 (0.52-0.90) for >200 vs. <50 mg/d; HR of 0.92 (0.86-
0.98) per 100 mg/d), while weak non-significant inverse associations were found for
CVD and all-cause mortality. Similar results were obtained for fish intake (HRcrp of
0.74 (0.53-1.038) for >40 vs. <5 g/d; Pyena: 0.031). Circulating EPA+DHA was
inversely associated with CHD mortality (HR of 0.71 (0.53-0.94)) for >2.52 vs.
<1.29% of total FAs; 0.85 (0.77-0.95) per 1-SD), with significant risk reductions also
for CVD and all-cause mortality. Dietary and circulating ALA were not significantly
associated with mortality endpoints.

Conclusions: In a cohort of Dutch post-MI patients with long-term follow-up, higher
dietary and circulating EPA+DHA from fish were consistently associated with a
lower risk of mortality, especially from CHD.
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INTRODUCTION

Increasing the intake of long-chain omega-3 fatty acids (n-3 FAs) is often
recommended for the prevention of cardiovascular disease (CVD).? Beneficial
effects have mainly been attributed to eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), which are n-3 FAs from oily fish and other seafood.®
Alpha-linolenic acid (ALA) is the parent n-3 FA derived from plant foods, such as
flaxseed, nuts, and vegetable oils. EPA (and DHA) may be formed from ALA, but
conversion in the human body is probably less than 10%, as indicated by stable-
isotope studies.*®

In the Alpha Omega Trial of 4837 Dutch post-myocardial infarction (M) patients, we
reported that dietary doses of 400 mg/d EPA+DHA or 2 g/d ALA for 40 months did
not lower the risk of major CVD events as compared to placebo.® Findings were also
negative for fatal events including CHD, although the study was underpowered for
these endpoints.® A recent Cochrane meta-analysis showed a non-significant 10%
lower risk of fatal CHD in CVD patients, and smaller non-significant effects on fatal
CVD and all-cause mortality, for EPA+DHA supplementation (doses >0.5 to 3 g/d).”
Effects of ALA supplementation in <3 secondary prevention studies, including the
Alpha Omega Trial, showed non-significant risk reductions of 5% or less for fatal
CHD, fatal CVD or all-cause mortality.”

Whether habitual dietary intake of n-3 FAs could improve long-term survival in CHD
patients is not yet clear. Dietary intake of EPA+DHA in Western populations is
generally below 500 mg/d,® and ALA intake is only ~1.5 g/d (<1 energy percent).
Concentrations of n-3 FAs in blood may be considered as biomarkers of essential
FA intake, especially for EPA+DHA." We examined associations of dietary intakes
of EPA+DHA, fish and ALA, as well as circulating levels of n-3 FAs, with fatal CHD
(primary outcome), CVD and all-cause mortality during >12 y follow-up in our Alpha
Omega Cohort of post-MI patients.

METHODS

Study population

The Alpha Omega Cohort comprises 4837 Dutch men and women aged 60-80 y
with a clinically diagnosed Ml up to 10 y before entering the study. Patients were
examined by trained research nurses at baseline (2002-2006) and have been
followed for cause-specific mortality since study enrolment. During the initial 40

MORTALITY RISK AFTER MI 161



months of follow-up, patients received low-dose supplementation of ALA,
EPA+DHA, ALA plus EPA+DHA or placebo (Alpha Omega Trial),® which did not
prevent major recurrent CVD events.® Medical-ethical approval was obtained and
all patients provided written informed consent.® Patients with missing data on
circulating n-3 FAs or >5% unknown FAs were excluded (Figure S1). Patients with
missing dietary data or implausible energy intakes (<800 or >8000 kcal for men;
<600 or >6000 kcal for women) and extreme unsaturated FA intakes (<2.5" or
>97.5" percentile) were further excluded, as described previously,'® leaving 4067
patients for analysis.

Dietary assessment

Diet was assessed at baseline using a 203-item semi-quantitative food-frequency
questionnaire (FFQ). This was an extended version of a biomarker-validated and
reproducible FFQ, which emphasized FAs measurement.'2 Food intake, including
preparation methods, was assessed over the past month. For foods containing FAs,
patients indicated consumed brands on a list. Returned FFQs were checked by
trained dietitians who obtained information on missing or unclear answers from
patients by telephone, using a predefined protocol. Intakes of total energy and
nutrients, including EPA, DHA and ALA, were calculated through linkage with the
Dutch Food Composition Table 2006 (NEVO 2006).' Correlations between dietary
and circulating FAs (in plasma cholesteryl esters) were 0.39 and 0.45 for EPA and
DHA, respectively, and -0.02 for ALA." The 2015 Dutch Healthy Diet score was
calculated for adherence to dietary guidelines (DHD-15; scale from zero to maximal
adherence [0-150])."°

Laboratory measurements

Blood samples (fasted >8h for 34% of the patients) were collected by trained
research nurses to measure serum total cholesterol, low density lipoprotein (LDL)
cholesterol, high density lipoprotein (HDL) cholesterol, triglycerides and plasma
glucose using standard laboratory methods.® Blood for FAs analysis was collected
in EDTA-treated tubes, and stored in -80°C until further analysis. Circulating FAs
were measured as described previously.'* Briefly, plasma cholesteryl esters FAs
were separated from total lipids, transesterified into FA methyl esters and measured
by gas chromatography equipped with a flame-ionization detector. A total of 38 FAs
were quantified and expressed as weight percentage of total FAs (% total FA). For
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ALA and EPA, within- and between-run coefficients of variation were <5% and for
DHA <8%."

Endpoints

The study focusses on CHD mortality as the primary outcome, and CVD mortality
and all-cause mortality as secondary outcomes. The vital status of the patients was
monitored through linkage with municipal registries from baseline through 31
December 2018. Follow-up for cause-specific mortality occurred in three phases.
From 2002-2009 (Alpha Omega Trial),®® information was obtained from the national
mortality registry (Statistics Netherlands [CBS]), treating physicians and close
family members. Primary and contributing causes of death were coded by an
independent Endpoint Adjudication Committee (EAC), as described previously.®®
From 2010-2012, primary and contributing causes of death data were obtained from
CBS. From 2013 onwards, CBS provided data on the primary cause of death only
and treating physicians were asked to fill out an additional cause-of-death
questionnaire (response rate: 67%), which was coded by study physicians who
were not involved in the present analysis. Mortality coding was performed
according to International Classification of Diseases, tenth revision (ICD-10). CHD
mortality comprised ICD-10 codes 120-125 (ischemic heart disease), 146 (cardiac
arrest) and R96 (sudden death, undefined). CVD mortality comprised 120-125, 146,
150 (heart failure), R96, and 160-169 (stroke). Person-years were calculated from
study enrolment to date of death or 31 December 2018, whichever came first. One
patient was lost to follow-up and censored after 2.9 y.

Assessment of covariables

Information on demographic, lifestyle, medical history and medication use was
collected using questionnaires, as described elsewhere.® The highest attained
educational level was categorized as primary, lower secondary, higher secondary
or lower tertiary, and higher tertiary education. Smoking status was categorized as
never, former or current smoker. Physical activity was classified as low (no or only
light activity, <3 metabolic equivalents (METs)), moderate (>0 to <5 days/week of
moderate or vigorous activity, >3 METs) or high (=5 days/week of moderate or
vigorous activity). Medication use was coded according to Anatomical Therapeutic
Chemical classification system,' with codes C10AA and C10B for statins, BO1 for
anti-thrombotic drugs and C02, C03, CO7, C08 and CQ9 for antihypertensive drugs.
Physical examination was carried out by trained research nurses, in the hospital or
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the patient’s home.® Body weight (kg) and height (m) were assessed, from which
BMI was calculated (kg/m?). Obesity was defined as BMI >30 kg/m?. Systolic and
diastolic blood pressures were measured twice in sitting position with an automated
device, and values were averaged. Diabetes was considered present if patients
reported a diagnosis of diabetes by a physician or the use of antidiabetic drugs, or
when they had a fasting plasma glucose >7.0 mmol/L or non-fasting level of >11.1
mmol/L. Family history of Ml was defined as having any parent with M| before the
age of 60 y and family history of diabetes was defined as having any parent with
diabetes. Alcohol intake (ethanol in g/d) was calculated from the FFQ and
categorized into no (0 g/d), low (>0-10 g/d), moderate (>10-30 g/d for men or >10-
20 g/d for women) or high (>30 g/d for men or >20 g/d for women).

Statistical analysis

Baseline characteristics of patients are presented as mean (xstandard deviation
(SD)) or median and interquartile range for continuous variables or percentages for
categorical variables. Intakes of FAs were energy-adjusted using the residual
method by Willett et al.”” or expressed as percentage of total energy intake (en%),
where appropriate. Dietary EPA+DHA intake was categorized as <50 mg/d, >50 to
<100 mg/d, >100 to <200 mg/d and >200 mg/d. Energy-adjusted fish intake was
categorized as <5 g/d, >5-20 g/d, >20-40 g/d, and >40 g/d). Dietary ALA was
categorized into intakes <0.5 g/d, >0.5 to <1.0 g/d, >1.5 to <2.0 g/d and >2.0g/d.
Circulating EPA+DHA and ALA were analyzed in quintiles. For circulating
EPA+DHA, additional categories were made based on the cut-offs from the Omega-
3 index."® Because Omega-3 index is based on erythrocytes, converted cut-off
values by Stark et al.’ were used for plasma cholesteryl esters. Linear trends were
assessed by entering median values within categories of n-3 FAs as continuous
variables into the models. Continuous associations were estimated per 100 mg/d
for dietary EPA+DHA or 1 g/d for dietary ALA, and for circulating EPA+DHA and
ALA per 1-SD increment.

Age- and sex-adjusted hazard ratios (HRs) with 95% confidence intervals (Cls) for
fatal endpoints were obtained from Cox models, in categories of dietary n-3 FAs,
circulating n-3 FAs and fish intake, using the lowest categories as the reference.
Proportional hazards assumptions were met, based on Schoenfeld residuals. In
multivariable Cox models, HRs for dietary intake of n-3 FAs were adjusted for age,
sex, education level (4 categories), physical activity (3 categories), smoking status
(3 categories), alcohol intake (4 categories), obesity (no/yes), prevalent diabetes
(nof/yes), cardiovascular drug use (statins, antihypertensive drugs, antithrombotic
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drugs, as separate dummies), time since last Ml (y), and intake of total energy intake
(kcal/d), cholesterol (mg/d), fiber (g/d) and trans FAs (g/d).

Multivariable Cox models for circulating n-3 FAs included age, sex, educational
level, physical activity, smoking status, alcohol intake, obesity, prevalent diabetes,
cardiovascular drug use, time since MI, and serum total cholesterol (mmol/L). In
addition, circulating linoleic acid (LA, 18:2n-6; % total FAs) and arachidonic acid
(AA, 20:4n-6; % total FAs) were added to the multivariable model because they
impact FA composition of plasma cholesteryl esters.?®2" Circulating EPA and DHA
were also analyzed separately per 1-SD.

Covariates with missing values (<5%) were imputed by the sex-specific median
(continuous variables) or mode (categorical variables) to retain patients in
multivariable models. Potential non-linear associations were explored using
restricted cubic spline analysis with 5 knots located at 5", 27.5", 50", 72.5", and
95" percentiles.??23

Stratified analyses were performed for dietary and circulating n-3 FAs in relation to
fatal CHD, fatal CVD, and all-cause mortality, in subgroups of age (<65 vs. 265 y),
sex, prevalent diabetes (no vs. yes), obesity (no vs. yes), statin use (no vs. yes),
diet quality (<median vs. >median), time since last Ml (<1 vs. >1 y), and
supplemental intake of EPA+DHA or ALA during the Alpha Omega Trial phase
(initial 40 months of follow-up). Analyses for circulating n-3 FAs were also repeated
in strata of circulating LA and AA (<median vs. 2median). P-values for interaction
were obtained by entering product terms for n-3 FAs and stratification variables into
the multivariable models. In sensitivity analyses for dietary and circulating n-3 FAs,
we successively excluded 146 deaths during the first 2 y of follow up (subtracting
also 2 y of follow-up time for the remaining cohort) and 187 patients who reported
the use of fish oil supplements.

SAS software version 9.4 (SAS Institute Inc., Cary, NC) was used for all analyses. A
two-sided P-value <0.05 was considered statistically significant.
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RESULTS

At baseline, patients were on average 69 y old, 79% were men, 17% were current
smokers, and 20% had diabetes (Table 1). Patients had an M| ~4 y before study
enrolment and most patients were treated with cardiovascular medication, such as
statins (86%). During a median follow-up period of 12.4 y (total of 45,229 person-
years), 1877 patients died, which included 515 CHD deaths (11.4 per 1000 person-
years) and 834 CVD deaths (18.4 per 1000 person-years). Patients had a median
fish intake of 14 g/d, which included 5 g/d of oily fish. Median EPA+DHA intake was
108 (IQR: 46-187) mg/d, with ~80% having intakes <200 mg/d. Mean ALA intake
was 1.09 (SD: 0.50) g/d, or 0.5% of energy (en%). EPA+DHA were mainly from fish
(89%), while ALA was mainly obtained from cooking oils (26%), grain products
(19%) and margarine (14%) (Table S1). The median DHD-15 score for adherence
to dietary guidelines was 79 (range: 33-125).

Dietary n-3 FAs and fish intake

Patients with higher dietary EPA+DHA intake were more likely to be physically
active, had higher alcohol intake, higher HDL cholesterol and slightly lower non-
fasting serum triglycerides (Table S2). No such associations were observed across
quintiles of ALA intake (Table §3). Patients with higher EPA+DHA and ALA intakes
had higher DHD-15 scores. Patients with EPA+DHA intakes >200 mg/d had a
significantly lower risk of CHD mortality (HR: 0.69; 95% CI: 0.52-0.90) than those
with intakes <50 mg/d (Table 2). Figure 1 shows the continuous association for
dietary EPA+DHA with CHD mortality (HR: 0.92; 0.86-0.98; Pron-inearity=0.75). Inverse,
borderline significant trends were found for CVD mortality (HR per 100 mg/d: 0.96;
0.92-1.01) and all-cause mortality (HR per 100 mg/d: 0.97; 0.94-1.00). Total fish
intake was significantly inversely associated with CHD mortality (HR of 0.73 for >20
vs. <5 g/d; P-trend=0.031) in multivariable analysis, but not with CVD or all-cause
mortality (Table 2). Findings were similar for oily fish (HR of 0.72, 95% CI 0.54-0.95,
for >11 vs <1 g/d; data not in table). Dietary ALA intake was not associated with
CHD mortality (Figure 2) or CVD or all-cause mortality (Figure S2).
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Figure 1. Associations of (A) dietary and (B) circulating EPA+DHA with coronary heart
disease (CHD) mortality in 4067 post-MI patients.

Solid lines are risk estimates evaluated by restricted cubic splines from Cox models showing the shape of the
associations on a continuous scale with five knots located at 5th, 27.5th, 50th, 72.5th, and 95th percentiles. The y-axis
shows the multivariable-adjusted HRs for CHD mortality risk for any dietary or circulating EPA+DHA value, compared
to the reference value set at 5th percentile of dietary (7.8 mg/d) or circulating EPA+DHA (0.99% total FA). Gray areas
indicated 95% confidence intervals. One SD of circulating EPA+DHA was 0.95% of total FA. Histograms depict the
distributions of dietary or circulating EPA+DHA in the Alpha Omega Cohort.
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Figure 2. Associations of (A) dietary and (B) circulating ALA with coronary heart disease
mortality (CHD) in 4067 post-MI patients.

Solid lines are risk estimates evaluated by restricted cubic splines from Cox models showing the shape of the
associations on a continuous scale with five knots located at 5th, 27.5th, 50th, 72.5th, and 95th percentiles. The y-axis
shows the multivariable-adjusted HRs for CHD mortality risk for any dietary or circulating ALA value, compared to the
reference values set at 5th percentile of dietary (0.49 g/d) or circulating ALA (0.30% of total FAs). Gray areas indicated
95% confidence intervals. One SD of circulating ALA was 0.14% of total FAs. Histograms depict the distributions of
dietary or circulating ALA in the Alpha Omega Cohort.

Circulating n-3 FAs

Patients with higher circulating EPA+DHA were more physically active, had higher
alcohol intake and a higher DHD-15 score (Table 1). Those in the higher circulating
ALA quintiles were less likely to be male and statin users (Table S4). Circulating
ALA was not associated with DHD-15 score. After adjustment for demographic
factors, lifestyle factors, circulating LA and AA, patients in the highest quintile of
circulating EPA+DHA had a significantly lower CHD mortality risk (HR: 0.71, 95%
Cl: 0.53-0.94) than those in the lowest quintile (Table 3). Each increment in
circulating EPA+DHA (per 1-SD of 0.95% of total FA) was associated with a 15%
lower risk of CHD mortality (Figure 1). Associations were similar for CVD and all-
cause mortality (Table 3), and for EPA and DHA when analyzed separately (data
not shown). In categorical analyses based on cut-offs for Omega-3 index (Table
S5), reductions in CHD mortality risk were more pronounced (HR: 0.63 for
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EPA+DHA >3.1 vs £1.3% of total FAs; 95% CI 0.44-0.90). Circulating ALA was not
associated with CHD mortality (Figure 2), and also not with CVD or all-cause
mortality (Figure S2).

Subgroup analyses

HRs for dietary n-3 FAs in subgroups are presented in Figure S3. For dietary
EPA+DHA, HRs for fatal CHD tended to be lower in patients who did not use statins
(HR per 100 mg/d: 0.85, 95% CI: 0.72-1.00) or who had an Ml <1 y before study
enrolment (HR per 100 mg/d: 0.84, 95% CI: 0.68-1.05), but interaction terms were
not statistically significant (Pinteraciion Of 0.28 and 0.38, respectively). Associations with
fatal CHD were slightly stronger in older patients, non-obese patients, non-diabetic
patients, patients with a higher diet quality score, and in patients who did not
receive supplemental EPA+DHA during the first 40 months of follow-up.
Associations for dietary ALA and fatal CHD in subgroups were all non-significant,
but there was a trend towards a lower risk in women (HR of 0.69 (0.40-1.21) per 1
g/d).

HRs for circulating n-3 FAs in subgroups are presented in Figure S4. For circulating
EPA+DHA, HRs for fatal CHD were lower in patients with circulating arachidonic
acid (20:4 n-6) above the median (HR: 0.74 per 1-SD, 95% CI: 0.62-0.90;
Pinteraction=0.07) and in patients with Ml <1 y before study enrolment (HR: 0.62 (0.41-
0.95; Pinteraction=0.13). Slightly stronger associations with fatal CHD were observed in
younger and diabetic patients, in patients with circulating linoleic acid (18:2 n-6)
below the median, and in patients who received no supplemental EPA+DHA during
the first 40 months, Associations for circulating ALA and fatal CHD in subgroups
were all non-significant.

Results of sensitivity analyses are presented in Table S6. The association between
dietary EPA+DHA and fatal CHD was attenuated after excluding the first 2 y of
follow-up (HR: 0.95 per 100 mg/d, 95% CI| 0.89-1.01), whereas HRs for circulating
EPA+DHA remained roughly similar. Exclusion of fish oil supplement users did not
change the HRs for EPA+DHA. Results for dietary and circulating ALA did not
materially change in sensitivity analyses.
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DISCUSSION

In this analysis of 4067 Dutch post-MI patients with state-of-the-art drug treatment,
higher habitual intakes of EPA+DHA (>200 mg/d) and fish (>20 g/d) were
associated with ~30% lower risk of CHD mortality during >12y of follow-up. A similar
association was found for circulating EPA+DHA (in plasma cholesteryl esters), for
which also lower risks of CVD and all-cause mortality were found. Dietary and
circulating ALA were not significantly associated with mortality. Strengths of the
present study include its complete follow-up (only 1 patient censored), extensive
data on potential confounders, and the detailed FFQ, which was specifically
designed for FAs assessment.'"12

Data on habitual dietary intake of EPA+DHA (or fish) and mortality after Ml are
scarce. In 2412 Norwegian CHD patients aged ~62 y, long-chain n-3 FAs (from diet
and supplements) were not significantly associated with fatal CHD or all-cause
mortality (137 deaths) during 5 y of follow-up.2* The Norwegian cohort consumed
more fish (64-150 g/d) and marine n-3 FAs (0.6 to 2.6 g/d) than our Dutch cohort.?*
In a 5-y follow-up study of 400 Finnish CHD patients aged ~61 vy, fish intakes >57
g/d were associated with a markedly lower risk of all-cause mortality (34 deaths),
but not with fatal CHD (16 cases).?® The Alpha Omega Cohort is characterized by a
low fish intake (14 g/d), and 80% of patients consumed <200 mg/d of EPA+DHA.
The 30% lower risk of fatal CHD in patients with higher EPA+DHA and fish intakes
during long-term follow-up agrees with a meta-analysis of 9 prospective cohort
studies in mainly healthy populations, followed for 6-40 y (pooled relative risk [RR]
of 0.82, 95% CI 0.69-0.98 for higher EPA+DHA intakes).?

EPA+DHA in blood lipid compartments, including plasma cholesteryl esters, is an
established biomarker of habitual EPA+DHA and (oily) fish intake,?” although it may
also be influence by other factors and metabolic processes.?® Correlations between
intake and plasma levels were around 0.4 in the Alpha Omega Cohort, comparable
to other cohorts.?” Consistent with findings for dietary EPA+DHA and fish, we found
a 30% lower risk of fatal CHD for higher circulating EPA+DHA. In addition, lower
risks were observed for fatal CVD and all-cause mortality. Erythrocytes have been
proposed as a more suitable biomarker for long-term intake of n-3 FAs.'2° When
applying criteria for the Omega-3 index,'® an established indicator of red blood cell
EPA+DHA, a 37% lower risk of fatal CHD in the upper category (>3.1%) was found
in our Alpha Omega Cohort.

As for dietary EPA+DHA, data on circulating EPA+DHA and mortality risk in CHD
patients are limited. In Finnish CHD patients, RRs for all-cause and CHD mortality
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were around 0.3-0.5 for high vs low EPA and DHA in serum cholesteryl esters.?® In
956 CHD patients of the Heart and Soul study, those with erythrocyte EPA+DHA
above the median had a 27% lower mortality risk during 6 y of follow-up.® Fatal
CVD and CHD were not examined in that study. In 3259 German patients referred
for coronary angiography (LURIC study),®' higher circulating EPA+DHA was
associated with a 22% lower risk for both fatal CVD and all-cause mortality (975
deaths) during 10 y of follow-up, comparable to our findings. Fatal CHD was not
examined in German patients, and observed risk reductions were non-significant
for ALA. Our findings of circulating EPA+DHA and fatal CHD agree with a pooling
study of population-based cohorts (>45,000 individuals) around 59 y of age, with a
median follow-up of 10 y.2" In multivariable analysis, each 1-SD increase in
circulating EPA and/or DHA was associated with a 9-10% lower risk of fatal CHD.
ALA was also related to a 9% lower risk of fatal CHD (per 1-SD) in population-based
cohorts.?" This finding differs from the Alpha Omega Cohort where associations with
circulating ALA were neutral, for which we have no explanation.

The Alpha Omega Cohort included a trial phase during early follow-up, in which
patients were randomized to margarines that provided low doses of EPA+DHA (400
mg/d), ALA (1 g/d), both EPA+DHA and ALA, or placebo (Alpha Omega Trial), for
40 months.®® This intervention did not significantly impact major CVD events or
secondary endpoints, including fatal CHD (HR of 0.95 for EPA+DHA vs placebo,
95% CI1 0.68-1.32). A Cochrane meta-analysis of RCTs (including the Alpha Omega
Cohort) showed a non-significant 10% lower risk of fatal CHD in CVD patients,
mostly for higher doses of EPA+DHA.” In contrast, the current observational
analysis of the Alpha Omega Cohort showed strong cardioprotective associations
for dietary and circulating EPA+DHA, which were not modified by supplemental n-
3 FAs during early follow-up. The present cohort study differs from the original trial
in various aspects, including EPA+DHA doses (dietary intake vs. supplemental
intake of 400 mg/d on top of diet), food matrix (fish vs. margarine spreads), duration
of follow-up (>12 y vs. 40 months) and number of CHD deaths (515 vs. 138 cases).
We cannot exclude the possibility of residual confounding in the present analysis
because the intake of fish (and EPA+DHA) was higher in patients who were more
educated, and also in alcohol users. We did, however, carefully adjust for these and
a large number of other potential confounders.

Interestingly, in 846 female patients of the Alpha Omega Cohort, there was a trend
towards a lower risk of fatal CHD with higher ALA intake (HR of 0.69 per 1-SD),
although not statistically significant. This observation corroborates results from the
earlier Alpha Omega Trial, in which low-dose ALA supplementation (1 g/d) reduced
the risk of major CVD events in the same group of women, a finding that approached
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significance (HR of 0.73; 95% Cl 0.51-1.03).6 We therefore cannot rule out a
beneficial effect of ALA in CVD prevention, specifically in women.

EPA+DHA can reduce blood pressure, plasma triglycerides and blood
coagulation,® but only for intakes >750 mg/d.® For lower intakes of EPA+DHA from
fish, as in our cohort, protection against fatal CHD has been attributed to the
prevention of cardiac arrhythmias.®32-** Inverse associations of EPA+DHA with fatal
CHD in our patients tended to be stronger in those with an MI <1 y before study
enrolment. A beneficial role for EPA+DHA in attenuating reperfusion ischemia injury
in cardiac tissue has been hypothesized, although the exact mechanism is not yet
understood.®3¢

To conclude, higher levels of dietary and circulating EPA and DHA (mainly from
fish) were associated with a lower risk of mortality, in particular from CHD, in Dutch
post-MI patients with a low fish intake. This finding could have major implications
for dietary advice after MI, and warrants confirmation in other large cohorts of CHD
patients.
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SUPPLEMENTAL TABLES AND FIGURES

Table S1. Percentage contribution of selected food groups to total intakes of EPA+DHA and ALA in the
Alpha Omega Cohort

EPA+DHA ALA
Grain products” -f 19
Meat and poultry 5 7
Eggs 4 -t
Milk and milk products* -t 6
Fish$ 89 3
Nuts and seeds! -t 4
Vegetables and potatoes -t 6
Legumes -t 1
Cooking oils -t 26
Margarine -t 14
Dressings* -t 6
Savory spreads 2 3

"Grain products included bread, pie, pancake, pizza, noodle.

fContribution <1%.

*Milk and milk products included butter.

SFish included oily fish (50%), lean fish and shellfish.

INuts and seeds include peanut butter.

*Dressings included creamy (mayonnaise-based) and oil-vinegar dressings.

Values for ALA do not add up to 100% because snacks and unknown sources are not in the Table.
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Alpha Omega Cohort

Missing data on circulating n-3 FAs
(n=91) or unknown FAs >5% (n=>5) in
plasma cholesteryl esters

Population for analysis
n=4067

n=4837
|
A 4
n=4741
v

Missing dietary data (n=441), implausible
energy intakes (n=18) or extreme
unsaturated FAs (n=215)

Figure S1. Flow diagram for selecting the population of analysis from the Alpha Omega Cohort.

FA, fatty acids.
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Cases/py HR (95% CI)

Dietary ALA
CHD mortality
<0.5g/d [ ] 28/2403 1.00 (ref.)
>0.5t0 1.0 g/d @ 260/21167 1.16 (0.76-1.75)
>1.0to 1.5 g/d L 158/14210 1.08 (0.70-1.66)
>1.510 2.0 g/d L 43/4670 0.91 (0.55-1.48)
>2.0g/d & 26/2779 0.94 (0.55-1.63)
CVD mortality
<0.5g/d ® 56/2403 1.00 (ref.)
>0.5t0 1.0 g/d — 409/21167 0.87 (0.64-1.17)
>1.0to 1.5 g/d — 246/14210 0.80(0.58-1.10)
>1.5t0 2.0 g/d © 74/4670 0.75 (0.52-1.08)
>2.0g/d @ 49/2779 0.86 (0.58-1.28)
All-cause mortality
=059/ ® 109/2403  1.00 (ref.)
>0.5t0 1.0 g/d —— 890/21167 0.91(0.73-1.13)
>1.0to 1.5 g/d —— 594/14210 0.93 (0.75-1.17)
>1.5t0 2.0 g/d —— 178/4670 0.89 (0.69-1.14)
>2.0g/d —— 106/2779 0.88 (0.67-1.16)
Circulating ALA
CHD mortality
Q1 83/8927 1.00 (ref.)
Q2 _b 114/8907  1.25 (0.94-1.66)
Q3 94/9368 0.98 (0.72-1.33)
Q4 — 109/9099  1.09 (0.81-1.48)
Q5 — 115/8928 1.14 (0.83-1.55)
CVD mortality
Q1 ® 144/8927  1.00 (ref.)
Q2 — 173/8907 1.10 (0.88-1.38)
Q3 —— 154/9368 0.93 (0.74-1.18)
Q4 —— 172/9099 1.00 (0.80-1.27)
Qb5 —— 191/8928 1.12(0.88-1.43)
All-cause mortality
Q1 326/8927  1.00 (ref.)
Q2 382/8907 1.07 (0.92-1.25)
Q3 371/9368 0.98 (0.84-1.15)
Q4 388/9099  0.99 (0.85-1.16)
Q5 410/8928 1.04 (0.88-1.22)

0.5 1 1.5 2
Hazard ratios and 95% CI

Figure S2. Associations of dietary ALA (in categories) and circulating ALA (in quintiles) with CHD, CVD
and all-cause mortality.

ALA, alpha-linoleic acid; CHD, coronary heart disease; CVD, cardiovascular disease; py, person-years; Q, quintile; ref,
reference. Hazard ratios (HRs) and 95% confidence intervals (Cls) were obtained from multivariable Cox models, using
the lowest category as reference; HRs for dietary ALA were adjusted for age, sex, education level, physical activity,
smoking status, alcohol intake, obesity, prevalent diabetes, cardiovascular drugs, time sice MI, and intake of total
energy, cholesterol, fiber and trans fatty acids; HRs for circulating ALA were adjusted for the same covariates except
dietary factors, plus serum total cholesterol, circulating 18:2 n-6 and circulating 20:4 n-6; All P values for linear trend
were >0.05.
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Chapter 7

General discussion




This Thesis set out to investigate the mutual relationship between dietary and
circulating fatty acids (FAs) and their associations with cardiometabolic outcomes
in prospective cohort studies, mainly in patients with a history of myocardial
infarction (MI). This Thesis focuses on FAs that could be important for the prevention
of cardiovascular diseases (CVD), of which circulating levels may be influenced by
diet. These include polyunsaturated FAs, namely n-3 FAs (EPA, DHA and ALA),
linoleic acid (LA, the main n-6 FA), and odd-chain FAs (15:0 and 17:0). Survival of
post-MI patients has considerably improved in the past decades and the
importance of diet in the prevention of recurrent CVD events and type 2 diabetes in
these patients is increasingly acknowledged. It is therefore important to have a
good understanding of the role of unsaturated FAs in cardiometabolic health in
these patient groups. The concentrations of FAs in blood lipid pools, including
plasma cholesteryl esters, are increasingly used as alternative, objective measures
for self-reported dietary intakes in cohort studies. The role of dietary and circulating
FAs in cardiometabolic health has mainly been studied in general populations, but
is largely unknown for patients with coronary heart disease (CHD). Patients with
CHD often have an altered metabolism due to multiple risk factors, presence of
disease and treatment with cardiovascular medication, which can affect the
circulating FAs and their utility as biomarkers of dietary FAs intake.

Results presented in this Thesis were mainly derived from the Alpha Omega Cohort,
which consists of 4837 Dutch patients with a history of Ml who received state-of-
the-art cardiovascular drug treatment (Chapters 2, 3, 4 and 6). Additionally, data
from the South African PURE cohort were used to study LA in relation to type 2
diabetes risk in more detail, focusing also on the role of the liver (Chapter 5). In this
last chapter, the main findings of this Thesis are summarized and discussed for
each of the FAs. Furthermore, methodological aspects are considered and
directions for future studies are given.

MAIN FINDINGS

Table 1 presents the summary of the main findings of this Thesis according to the
three specific objectives.
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Polyunsaturated n-3 FAs

In Dutch post-MI patients from the Alpha Omega Cohort, dietary n-3 FAs mainly
comprised ALA (72% of total n-3 FAs; median: 0.9 g/d) and EPA+DHA (8%; median:
108 mg/d) (Chapter 2 and 6). These patients consumed most EPA+DHA from fish,
whereas dietary sources of ALA were cooking oils, grain products (e.g. bread,
pasta) and margarine (Chapter 6). Circulating levels of EPA+DHA in plasma
fractions of cholesteryl esters, phospholipids and total plasma were generally
around 1% of total FAs, except for circulating DHA in plasma phospholipids which
was 4.5% of total FAs. Circulating ALA was generally low in cholesteryl esters and
phospholipids (<0.5%) (Chapter 2).

In post-MI patients, dietary EPA+DHA intake was well reflected in circulating
EPA+DHA measured in three different plasma lipid fractions, with correlations
between 0.4 and 0.5 (Chapter 2). Furthermore, dietary and circulating EPA+DHA
were both inversely associated with CHD mortality risk (Chapter 6). In contrast to
the findings for EPA+DHA, dietary and circulating ALA were not correlated (Chapter
2), and both dietary and circulating ALA were not associated with CHD mortality
risk (Chapter 6).

Polyunsaturated n-6 LA

Dietary LA in post-MI patients was on average ~6 % of total energy (en%) (Chapter
2), which is within the range previously observed in populations with a Western
diet."2 The circulating levels of LA were the highest in plasma fraction of cholesteryl
esters (50% of total FAs), followed by total plasma and PL (20 to 30% of total FAs).
Correlations between dietary and circulating LA were weak (<0.2) in both post-Ml
patients (Chapter 2) and in South African individuals of whom 40% had
hyperlipidemia (Chapter 5). Post-MI patients with higher alcohol intake and statin
use and black South Africans reporting alcohol use had circulating LA levels that
were lower than those without these characteristics, despite having similar dietary
LA intake (Chapter 2 and 5).

In Dutch post-MI patients, inverse associations with T2D risk were observed for
circulating LA in plasma cholesteryl esters but not for dietary LA (Chapter 4). The
associations of circulating LA with T2D risk were attenuated after adjustments for
FAs in de novo lipogenesis pathway (16:0 and 18:1 n-9) and 16:1 n-7/16:0.
Additionally, the estimated delta-6-desaturase activity (18:3 n-6/18:2 n-6) and FAs
in de novo lipogenesis (16:0 and 18:1 n-9) showed even stronger direct
associations with T2D risk than those of LA. Further, circulating LA was inversely
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associated with liver function markers, especially serum gamma-glutamyl
transferase levels, whereas a weaker inverse association between dietary LA and
serum gamma-glutamyl transferase levels was observed in the South African men
and women (Chapter 5).

Odd-chain FAs

In Dutch post-MI patients, the average intake of dairy products was in the range of
300-350 g/d and fiber intake was ~22 g/d (Chapter 3). Main contributors to total
dairy intake were milk (47%) and yogurt (22%), whereas major sources for fiber
intake were grain products (43%), followed by fruits and vegetables (27%),
potatoes (17%), and small amounts from beans and legumes (<7%). Circulating
15:0 and 17:0 in cholesteryl esters and phospholipids were very low (<0.5% of total
FAs), with a higher proportion of 17:0 in phospholipids (as compared to 15:0), whilst
in cholesteryl esters the proportion of 15:0 was higher.

In Dutch post-MI patients, circulating 15:0 and 17:0 in cholesteryl esters and
phospholipids showed only weak correlations with dairy and dairy fat intakes (0.17-
0.26 for 15:0 and 0.10-0.14 for 17:0) (Chapter 3). Interestingly, circulating 17:0 was
also correlated with fiber intakes (0.09-0.19), whereas circulating 15:0 was not (r <
0.05). Patients with high intakes of both dairy and fiber had the highest circulating
17:0. Elevated circulating 15:0 levels were observed in patients with high dairy
intake irrespective of their fiber intake.
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INTERPRETATION OF FINDINGS

Circulating levels of FAs that cannot be produced endogenously have been
considered to be closely related to dietary FAs intake.® In observational studies, the
identification of biomarkers for habitual FAs intake tends to be based on simple
correlations between self-reported intakes and plasma concentrations, using single
measurements. Several factors influence these correlations and need to be
considered in the interpretation of associations of these FAs with cardiometabolic
diseases. An overview of these considerations and how they impact the utility of FA
biomarkers in epidemiological studies is given in Table 2, at the end of this section.

n-3 FA: EPA and DHA

Although EPA and DHA can be endogenously produced from ALA, they are mainly
derived from the diet because of the limited conversion from ALA to EPA and DHA
in the human body.* Despite low intake of fish (around 14 g/d) and EPA+DHA intake
in the Dutch post-MI patients, the correlations between dietary and circulating EPA
and DHA were similar to correlations of 0.4-0.5 previously reported in cohorts of
generally healthy populations with varying intakes of EPA and DHA.% Furthermore,
this Thesis shows that correlations between dietary and circulating EPA and DHA
in post-MI patients are unlikely to be modified by factors that affect metabolism,
including statin use, presence of diabetes, obesity and alcohol use.

In Chapter 6, higher dietary and circulating EPA+DHA were associated with ~30%
lower long-term CHD mortality risk, respectively. Consistent inverse associations
were found in the Alpha Omega Cohort for habitual dietary and circulating EPA and
DHA and fish intake, in relation to CHD mortality. These findings suggest that in
epidemiological studies in CHD patients, circulating EPA+DHA levels are reliable
biomarkers of dietary intake of these FAs. Research on habitual EPA+DHA intake
and mortality risk in CHD patients is limited and available studies are difficult to
compare because of variations in range of intake, length of follow-up, type of CVD
and clinical endpoints.8® A cohort study in Norwegian CHD patients (~90% on
statins) did not find an association between intakes of EPA+DHA from diet and/or
supplements and CHD mortality.’® However, the Norwegian patients had an
EPA+DHA intake that was much higher (0.6 to 2.6 g/d) than Dutch post-MI patients
in Chapter 6. An earlier review of cohort studies and randomized controlled trials
(RCTs) suggested that dietary EPA+DHA up to 250 mg/d provide most of the
reduction in cardiovascular risk in populations varying in CHD risk, with no
substantial reduction above this range.”” Two cohorts of patients with acute
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coronary syndrome in Norway'? and Argentina™ reported no associations of
circulating EPA and/or DHA with cardiac or sudden death. These studies had
shorter follow-up (<5 y) and less events (<200 cases) than the Alpha Omega Cohort
described in Chapter 6. Two cohort studies of 400-1000 patients with stable CHD
with at least 5 y of follow-up showed a reduction of all-cause mortality risk ranging
from 25% to 70%, comparing extreme categories of circulating EPA+DHA,™15
similar to our observations in a larger sample of post-MI patients. Evidence from the
most recent meta-analysis of RCTs in those at high risk of CVD including CHD
patients has shown that increasing EPA+DHA intake reduced CHD mortality risk by
10%, while not affecting CVD or all-cause mortality,'® in agreement with our findings
described in Chapter 6.

The inverse association of dietary EPA+DHA with CHD mortality in the Alpha Omega
Cohort differs from findings of the Alpha Omega Trial which showed no effect of
EPA+DHA supplementation on cardiovascular events for post-Ml patients."
Because the associations in the Alpha Omega Cohort concern the habitual
EPA+DHA intakes, which reflect a lifetime exposure to dietary EPA+DHA, a possible
interpretation for the null findings in the Alpha Omega Trial is that there was no
additional benefit of n-3 FAs supplementation above the habitual levels of
EPA+DHA intake in these patients. The length of follow-up period might also be an
explanation since Alpha Omega Cohort had a longer follow-up period than the
Alpha Omega Trial (40 months). Other potential explanations are related to fish
intake because most EPA+DHA intakes in post-MI patients were derived from fish.
The inverse associations of EPA+DHA with CHD mortality might have reflected a
higher consumption of other beneficial nutrients associated with fish consumption
or a lower intake of other foods such as meat, and not necessarily EPA+DHA. The
inverse associations in the Alpha Omega Cohort might also be due to the residual
confounding associated with EPA+DHA or fish intake. EPA+DHA intake was higher
in alcohol users and correlated with socioeconomic status in the Alpha Omega
Cohort, as well as other studies.®
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Dietary EPA and DHA assessed as self-reported intake and circulating levels
are consistently correlated (0.4-0.5) in CHD patients, irrespective of blood lipid
pool (plasma cholesteryl esters, phospholipids or total plasma). Thus, in
epidemiological studies of CHD patients circulating EPA+DHA may be
considered as a good biomarker of dietary EPA+DHA. Furthermore, in CHD
patients of the Alpha Omega Cohort, both higher habitual dietary and
circulating EPA+DHA (as well as fish intake) showed similar associations with
a lower CHD mortality risk.

n-3 FA: ALA

The finding of no correlation between dietary and circulating ALA (Chapter 2)
agrees with most observational studies, largely conducted in apparently healthy
populations.®” There are several possible explanations for the absence of
correlation between dietary and circulating ALA. Results from isotope tracer studies
have shown that a large proportion of dietary ALA (>75%) is directed towards
oxidation for energy*?° and that only a small amount is incorporated in plasma
phospholipids, which also explains its low conversion to longer-chain EPA and
DHA.2%22 |n this Thesis, dietary ALA at habitual level was also not related to
circulating EPA in the Dutch post-MI patients (Chapter 2 and 6). Additionally,
incomplete or imprecise data of ALA content in the Dutch food composition table
(NEVO)?® may affect the validity of dietary ALA estimation.?* The main food sources
of ALA in these post-M| patients were (plant-derived) cooking oils (26%),
margarines (14%), and grain products (19%) such as baked goods, which might
include plant oils or seeds and walnuts as ingredients (Chapter 2). Any change in
types and amount of plant oils used by the food industry affects ALA content in
these foods of which data may not be quickly adopted into the food composition
tables, thereby contributing to errors in dietary ALA intake estimation. Cohort
studies of ALA intakes should pay attention to completeness and accuracy of ALA
data in food composition tables, and enrich these tables with recent data from the
literature and/or perform additional measurements of ALA content in foods, which
was not done in this Thesis. Poor data on ALA intake will lead to misclassification of
subjects, which impacts the associations with cardiometabolic disease endpoints
(if present), likely resulting in an attenuation of relative risks (i.e. bias towards the
null).

Generally, there is a lack of cohort studies on the associations of dietary and
circulating ALA with mortality, and even less in CHD patients. Considering that
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dietary ALA was not correlated with circulating ALA in this Thesis, the associations
with mortality are discussed separately because the interpretation for dietary ALA
associations may be different to those of circulating ALA. Dietary ALA was not
significantly associated with risk of CHD mortality in Dutch post-MI patients
(Chapter 6), in line with a recent meta-analysis of RCTs in patients at high risk of
CVD."® However, in the small group of women (n=846) of the Alpha Omega Cohort,
a HR of 0.69 (0.40-1.21) per 1 g/d higher ALA intake was observed. Previously, in
the Alpha Omega Trial that took place during the first 40 months of follow-up, low-
dose ALA supplementation (1 g/d) was related to a lower risk of CVD events
specifically in women, a finding that approached significance (HR of 0.73; 95% CI
0.51-1.03)."” Based on these findings, we cannot rule out the possibility that dietary
ALA plays a role in the prevention of recurrent CVD in women. A recent meta-
analysis of nine healthy cohorts indicated dietary ALA to be inversely associated
with CHD mortality in younger populations (<60 y), in studies with 250% women and
in Asian but not in European or North American cohorts.?® However, for those with
history of CVD in the Asian cohort, no association was observed between dietary
ALA and CVD mortality which included deaths from CHD and stroke.? A study in
667 healthy older Dutch population showed that a higher intake of food sources of
ALA that also contained trans FAs, such as margarine, cooking fat and baked
goods, was associated with a higher risk of CHD, which disappeared after
adjustment of trans FA intake.?” This result suggests that ALA intake might be
related to frans FAs. ALA intake was also associated with trans FAs in the post-MI
patients (Chapter 6) and adjusted for in the analyses. Overall, the limited evidence
including findings presented in this Thesis indicates that dietary ALA is not
associated with mortality risk in CHD patients.

No significant associations with CHD, CVD and all-cause mortality were observed
for circulating ALA in the Alpha Omega Cohort, although there was some evidence
for a lower risk of fatal CHD specifically in women (HR of 0.90 per 1-SD; 95% CI
0.74-1.10), for which the study was underpowered (Chapter 6). To the best of our
knowledge, there is one other study on the relation between circulating ALA and
mortality risk in CHD patients. Kleber et al. studied 3259 German men and women
referred for coronary angiography (78% with CHD) and showed that a higher
circulating ALA in erythrocytes was associated with a lower all-cause mortality risk
in women but not in men.?® In the study of Kleber et al., the women were younger,
had less CHD and used less lipid-lowering drugs compared to the men,?® which
may explain the different associations in women than in men in that study. In the
Alpha Omega Trial (described above), supplemental ALA intake of 1 g/d was well
reflected in plasma ALA levels, resulting in a borderline significantly lower risk of
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recurrent CVD in women."” Based on the totality of evidence, it may be possible that
cardiovascular benefits of ALA in women are only achieved at higher levels of ALA
intake (e.g. >2 g/d). Whether higher circulating ALA through dietary or
supplemental intake could play a role in secondary prevention of CVD warrants
confirmation in statin-treated CHD patient cohorts with a larger number of women.

ALA intake in the range commonly consumed in Western populations (around
1 g/d) was not correlated with circulating ALA in Dutch post-MI patients. This
hampers the use of circulating ALA as a biomarker of intake in cohort studies
of CHD patients. In this Thesis, dietary and circulating ALA were not
significantly associated with mortality risk, which supports the overall (limited)
evidence that habitual ALA intake plays no major role in secondary CVD
prevention. However, cardioprotective effects of ALA in female CHD patients,
for which the study was underpowered, cannot be ruled out. Neutral results for
dietary ALA may also be due to misclassification of exposure, resulting from
inaccurate and incomplete dietary assessment and food composition tables.

n-6 FA: LA

Only weak correlations (<0.2) between dietary and circulating LA were observed in
CHD patients (Chapter 2), despite the fact that LA is an essential FA that is
exclusively obtained from the diet. The main contributors of dietary LA were similar
to ALA in the Dutch post-MI patients, namely margarines (32%) and cooking oils
(21%) (unpublished data). As discussed for ALA, errors may have occurred in
dietary LA assessment, but the Dutch food composition table (NEVO 2006) used in
Chapters 2 and 4 in this Thesis showed more accuracy and completeness for LA
than for ALA. Dietary LA is the major PUFA in the Western diet (4-6 en%),? and
common cooking oils, e.g. sunflower and corn oil, contain much more LA (~60% of
total fat) than ALA (~1.0%),* making estimations of LA intake less prone to error.
Although not very likely, inaccuracies in LA intake assessment may have
contributed to the weak correlation between dietary and circulating LA in post-Ml
patients (Chapter 2). The intake of LA of 5.7 en% estimated by FFQ in the Alpha
Omega Cohort (Chapters 2 and 4) matches that of a general older population of
Dutch men (5.6 en%) and women (5.5 en%), who completed two non-consecutive
24h dietary recalls in the Dutch Food Consumption Survey ! Furthermore, LA intake

210 GENERAL DISCUSSION



of the post-MI patients was comparable to other large cohorts in the generally
younger and healthy Western populations (4.4-5.5 en%) which reported stronger
correlations (0.20 to 0.34) between dietary and circulating LA.32-6

For a given dietary LA intake, post-MI patients using statins or reporting high alcohol
(>30 g/d for men or >20 g/d for women) had lower circulating LA than those without
these characteristics (Chapter 2). Statin use and high alcohol intake in post-Ml
patients might affect circulating LA through influencing desaturase enzymes, in
various ways.

First, an increased activity of the desaturase enzymes in the n-6 FA pathway results
in a lower circulating LA and higher circulating levels of its desaturation products.
Statin was shown to increase desaturation of LA in an in vitro study using human
THP-1 cell line.®” Additionally, some trials in hyperlipidemic individuals have shown
a lower circulating LA and higher 18:3 n-6,% 20:3 n-6%° and 20:4 n-6%%4 after
statin treatment, suggesting that statin causes an overall increase in the conversion
of LA to 20:4 n-6. A lower circulating LA in statin users compared to non-users were
also shown in a more recent analysis of two British and two Finnish cohorts,*' which
further confirmed their findings in Mendelian randomization analyses of eight
cohorts using the rs12916 in HMGCR gene, used as a proxy of life-long influence
of statin.*" The lower circulating LA in those using statins compared to non-users in
post-MI patients might therefore be due to an increased delta-6-desaturase activity.
Furthermore, statin use might also explain the weak correlation for LA in post-Ml
patients of whom the majority (~90%) were on statins (Chapter 2), while other
cohorts reporting stronger correlations were performed in mainly healthy
populations without users of lipid-lowering drugs333%3¢ or with only small
proportion (2-3%) using lipid-lowering drugs.*

Second, alcohol may induce changes in other major circulating FAs in the lipid pool,
which in turn also affect circulating LA since circulating FAs in cohort studies are
often measured relative to total FAs. A review on alcohol and PUFA has postulated
a direct effect of ethanol, the main component of alcoholic drinks, on circulating
PUFAs.*2 Ethanol metabolism in the liver causes an increase in lipid peroxidation,
with chronic high intake of ethanol resulting in lower circulating PUFAs.*? However
results from later studies in different cohorts**“* indicated that the stearoyl-coA-
desaturase-1 may also be involved. Similar to the post-MI patients in Chapter 2,
cross-sectional and longitudinal analyses of three Finnish cohorts which comprised
~9800 adults aged 24-45 y showed that a higher ethanol intake was associated with
not only a lower circulating LA but also a higher circulating total MUFAs, both
relative to total FAs in serum.* Interestingly, ethanol intake was also directly
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associated with the absolute concentration of total serum MUFAs, but not with
absolute concentration of circulating LA.“® A mechanism that could explain the
observations in this Finnish study,* in the post-MI patients (Chapter 2) and South
Africans reporting alcohol use (Chapter 5) is related to the effect of ethanol on the
modulation of de novo lipogenesis by increasing activity of sterol regulatory element
binding protein-1c (SREBP-1c) which regulates stearoyl-coA-desaturase-1, the
enzyme converting SFAs to MUFAs.“¢ It is therefore possible that the low circulating
LA associated with (high) alcohol intake observed in this Thesis is a consequence
of increased plasma circulating MUFAs.

Results presented in Chapter 4 showed that dietary LA, theoretically modelled to
replace similar energy from SFAs, was not associated with T2D risk in Dutch post-
MI patients. This was found also in some,*=*® but not all*®%? population-based
cohorts. For circulating LA and T2D risk, findings in this Thesis were in line with the
pooled analysis of 20 cohorts in mostly healthy populations.®® Apart from possible
errors in dietary assessment of LA, the discrepancy between dietary and circulating
LA associations with T2D risk in post-MI| patients may be explained by an impaired
liver metabolism affecting circulating LA. In post-MI patients circulating LA
associations with T2D risk were attenuated after adjustments for 16:0, 16:1 n-7/16:0
and 18:1 n-9 (Chapter 4). These FAs and estimated delta-6-desaturase activity
(18:3 n-6/LA) were also strongly associated with T2D risk in post-MI patients
(Chapter 4). A lower circulating LA accompanied by higher LA desaturation
products (18:3 n-6, 20:3 n-6), 16:1 n-7 and 18:1 n-9 characterizes the circulating
FAs composition in individuals with non-alcoholic fatty liver disease.>* In another
cohort of slightly overweight but healthy elderly, circulating LA was inversely
associated with liver fat while 16:0 was directly associated with liver fat.® Excess
liver fat may also be caused by high alcohol intake,* which relationship with low
circulating LA has been discussed in the previous paragraph. To verify the possible
relation with an impaired liver function, the associations between circulating LA and
liver enzymes were further examined (Chapter 5). A lower circulating LA was
associated with higher levels of liver enzymes, particularly gamma-glutamyl
transferase indicating worse liver function, but not with fasting glucose or glycated
hemoglobin (HbA1c) in black South Africans. As liver fat accumulation is related to
insulin resistance,®® the associations of a low circulating LA with an impaired liver
function may reflect insulin resistance in those with low circulating LA, which would
explain the relation to a higher risk of T2D. However, this could not be confirmed in
this Thesis due to lack of insulin data.

RCTs can provide more insight in whether dietary LA affects T2D risk. A meta-
analysis of 13 RCTs (duration €16 weeks) in individuals without diabetes showed
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that increasing dietary PUFAs (mainly LA) to replace SFAs and carbohydrates was
associated with a decrease in fasting insulin and insulin resistance, but not with
fasting glucose.® However, another meta-analysis including 11 RCTs of longer
duration (=24 weeks) concluded that the effect of n-6 FAs on plasma glucose,
insulin resistance and the incidence of T2D is not yet clear because there was only
a limited number of RCTs and these RCTs were considered to have a high risk of
bias.®® Experimental evidence in CHD patients is lacking. RCTs with a sufficiently
large study sample and of longer duration (e.g. >24 weeks) of isocaloric
replacement of dietary SFAs by LA or PUFAs on T2D risk are needed, specifically
in statin-treated post-MI patients.

In post-M| patients, circulating LA was inversely associated with T2D risk
whereas dietary LA was not. The correlation between dietary and circulating LA
in these patients was weak (r <0.2). This weak correlation might partly be due
to an increased delta-6-desaturase activity in statin users and/or increased
circulating MUFAs due to high alcohol intake in these patients. Furthermore,
impaired liver metabolism might also be associated with lower circulating LA.
This suggests that the higher T2D risk in post-MI patients with low levels of
circulating LA could reflect the (preclinical) metabolic disease process, rather
than low dietary LA intake.

Odd-chain FAs

Odd-chain FAs (15:0 and 17:0) have been proposed as biomarkers of dairy intake
because these FAs are only produced by gut microbiota in ruminants,®®° which
therefore meets the assumption that these FAs originate from exogenous sources.
Indeed, in this Thesis, circulating odd-chain FAs 15:0 and 17:0 were correlated with
dairy intakes in post-MI patients (Chapter 3), similar to previous cohorts of healthy
individuals.®' Interestingly, circulating 17:0 was also correlated with fiber intakes in
post-MI patients, and those with both high dairy and high fiber intakes had the
highest circulating 17:0. This supported an earlier finding of an RCT in healthy
individuals which reported increased circulating odd-chain FAs particularly 17:0
after a 7-day supplementation of inulin, a fermentable fiber,? and a limited number
of cohort studies in healthy populations reporting correlations of 17:0 with dietary
fiber or fiber-rich foods .63

GENERAL DISCUSSION 213




Increased production of short-chain FAs by the gut microbiota from fiber
fermentation, especially the three-carbon propionate that can be used as substrate
for FA synthesis, may explain the relationship between dietary fiber and circulating
odd-chain FAs.®2 However, this is not the only proposed mechanism for explaining
variation in circulating odd-chain FAs levels in the human body. Another possible
explanation is the biosynthesis of 17:0 through alpha-oxidation of 18:0,%567 although
a direct relationship between fat from ruminant sources (including dairy) and
circulating 15:0 was also confirmed in the trials.®® Possible biosynthesis of odd-
chain FAs from valine, a branched-chain amino acid which can be derived from
dairy intake, has also been proposed.®® In experiments involving in vitro and mouse
(in vivo) models, valine has been shown to enhance production of 15:0 and 17:0 by
activating PPARa-dependent alpha-oxidation and increasing availability of
propionyl-coA as the precursor for de novo FA synthesis.®® Controlled dose-
response feeding studies in humans are warranted to assess and compare the
effects of different fibers and dairy foods on circulating odd-chain FAs.

Although it remains to be confirmed, the relation between circulating 17:0 and fiber
intake could have major implications for the interpretation of results from
observational cohort studies. Higher levels of circulating odd-chain FAs were
associated with a reduced risk of T2D in an analysis involving 16 prospective
cohorts of non-diabetic individuals,®® and mortality from CVD in a cohort of older
adults.” In most studies, inverse associations with circulating odd-chain FAs were
linked to dairy intake because of previously known associations of dairy intake and
circulating odd-chain FAs.**%° However, the associations between 17:0 and fiber
intake observed in our study and others®% suggest that fiber intake (partly)
accounts for the inverse associations of circulating 17:0 with cardiometabolic
diseases. Potential pathways that could link circulating odd-chain FAs to a lower
cardiometabolic disease risk may be elucidated through fundamental, (animal)
experimental research, which was beyond the scope of the present Thesis.

Circulating odd-chain FAs 15:0 and 17:0 were related to dairy intake in post-MI
patients, but circulating 17:0 was also related to fiber intake. Therefore,
circulating odd-chain FAs may not be exclusive biomarkers of dairy intake. This
has major implications for research in the field of nutritional epidemiology, when
studying dietary intakes and cardiometabolic risk. Inverse associations of
circulating odd-chain FAs, especially 17:0, with T2D risk in recent cohort
studies may (partly) be attributable to dietary fiber, rather than dairy.
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METHODOLOGICAL CONSIDERATIONS

Methodological choices related to exposures and endpoints, study design, and
analytic models could impact the validity of findings in this Thesis. In this section,
several methodological aspects related to internal and external validity of the
findings are discussed.

Measurement of dietary FAs

Most large cohort studies, including Alpha Omega Cohort and the South African
PURE cohort, use the FFQ for estimating habitual intake, a dietary assessment
method that is relatively easy to administer and process. The 203-item FFQ used in
the Alpha Omega Cohort was an extended version from an original 104-item FFQ
developed to specifically estimate intakes of FAs and cholesterol.”'7? Separate
questions were asked for foods with different fat content and a list of brand names
for products was provided, which support its validity to accurately discriminate
intake of foods with different fat content. For each food item, patients were asked to
indicate the usual portion sizes and the frequency of consumption. When patients
indicated consumption of a prepared food, such as cooked fish, additional
questions were asked on the preparation method (e.g. fried, oven-baked, boiled, or
steamed), and if during preparation fats/oils were used, the type of fats/oils was
also asked, for which a list of brand names of fats and oils was provided to the
patients.

The FFQ has been previously validated against dietary history and had high
reproducibility for assessing the intake of most food groups, including edible fats
and oils, with Spearman correlations up to 0.9.72 The reported intakes were less
likely affected by recall bias because the FFQ covered the intake of past month and
not a longer time period, and patients in the Alpha Omega Cohort were less likely
to have cognitive impairment, which was an exclusion criteria of the study.” The
reported intakes of FAs (Chapter 2), dairy and fiber (Chapter 3) by post-MI patients
in this Thesis were comparable with results from detailed food records obtained
from the general elderly Dutch population.®’

In PURE South Africa study, assessment of dietary intake was performed using a
145-item quantitative FFQ. This quantitative FFQ was a culture-sensitive FFQ
covering the past month,’* and was developed and validated in a similar
population.”®’® To facilitate better estimation of portion sizes, a food-portion
photograph book that was specifically developed for this population was also

GENERAL DISCUSSION 217




provided.”” Preparation methods were asked in detail in the FFQ, which for example
could include 13 additional questions related to preparation methods of carrots in
different communities.” Recipes for traditional dishes used in the local communities
were also collected during the study and used to complete information from the
South African food composition table.”

In the cohort studies described in this Thesis, single measurements of dietary FAs
obtained at baseline were examined in relation to cardiometabolic outcomes.
Dietary FAs were assumed to be relatively stable over time. The Alpha Omega
Cohort comprised post-MI patients aged 60-80 y consuming a traditional Dutch diet,
and modification of dietary habits is not likely to occur at older age.®® However, even
when patients maintained their habitual diets during follow-up, the nutritional
content of foods, particularly the commercial products, could have changed over
time due to reformulation by the food industry. This may have caused
misclassification of exposure and attenuated the associations of dietary FAs with
type 2 diabetes and long-term risk of mortality, although this is less likely for
associations of EPA+DHA that which almost exclusively obtained from fish (Chapter
6). Baseline measurements of dietary FAs were also used from PURE South Africa
data, however, cross-sectional analyses were performed for associations of LA with
serum liver enzymes and glucose metabolism markers (Chapter 5). Therefore, the
misclassification of exposure due to changes in nutritional content of foods is not
likely to affect the associations, because exposures and outcomes were measured
at the same time point.

In studies of relation between dietary and circulating FAs, variations exist in units of
dietary FAs, which may be expressed as percentage of total fat, percentage of
energy intake or absolute intake. Several investigators argued that dietary FAs
should be expressed as percentage of total fat to facilitate comparison with
circulating FAs, often expressed as percentage of total FAs in lipid pools.®*3* In this
Thesis, dietary LA was expressed as percentage of energy, while EPA, DHA and
ALA were presented as absolute intake (in grams or milligrams per day). LA
substantially contributes to total daily energy intake, and therefore intake is
expressed relative to energy intake. EPA+DHA, however, hardly contribute to
energy intake and show no correlation with total energy intake. The use of these
units facilitates comparison of this Thesis with those of other studies and with dietary
recommendations. Furthermore, weaker correlations were observed when
expressing the dietary FAs as percent of total fat (Chapter 2), which further support
the choice of units used in this Thesis.
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Measurement of circulating FAs

Circulating FAs are frequently measured as FA composition of a lipid pool and
expressed in relative concentrations (% of total FAs) in cohort studies. Figure 1
depicts circulating levels of selected FAs in cholesteryl esters and phospholipids in
the Alpha Omega Cohort. The use of relative rather than absolute concentrations is
preferred because of better correlations between dietary and circulating FAs 8"
as confirmed in Chapter 2 for LA and DHA. However, expressing circulating FAs
relative to total FAs also implies that the circulating levels of different FAs in a
plasma fraction are interrelated. Therefore, circulating FA cannot be studied in
isolation, because as the levels of one FA increase, the levels of one or more FAs
decrease by default. It is therefore difficult to conclude whether associations
between circulating FAs and cardiometabolic diseases are causal, and fully
attributable to that specific FA. The interrelation of circulating FAs was recently
illustrated in a Mendelian randomization study, showing that the variations in the
circulating levels of most FAs related to type 2 diabetes risk were explained by
variants in FADS1/2 gene cluster encoding enzymes in n-3 and n-6 pathways® even
though some of those FAs (e.g. 18:1 n-9 and 18:0) are not in the n-3 and n-6
pathways and therefore are not directly influenced by the enzymes.

In epidemiological studies of circulating FAs, it is recommended to also consider
correlations with other major FA(s) in the studied lipid pool, and to consider
associations of the different FAs with cardiometabolic diseases in a broader context.
Different lipid pools have specific FAs composition, as shown in Figure 1. The
relative influence of other FAs in lipid pools on risk estimates for LA in relation to
type 2 diabetes have been examined in this Thesis, for example by examining the
effect of additionally adjusting for 18:1 n-9 (oleic acid) on the risk estimate in the
association of circulating LA in cholesteryl esters and type 2 diabetes, and by
analyzing the association of 18:1 n-9 with type 2 diabetes (Chapter 4).
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Cholesteryl esters Phospholipids =16:0
=16:1 n-7

= 18:0

18:1 n-9
= 18:2 n-6 (LA)
= 20:4 n-6

25

= ALA + EPA + DHA
= other SFAs

= other MUFAs

= other PUFAs

Figure 1 Fatty acid composition in plasma cholesteryl esters and phospholipids.*

*All values are expressed as percentage of total FAs. 16:0 indicates palmitic acid, 16:1 n-7, palmitoleic
acid; 18:0, stearic acid; 18:1 n-9, oleic acid; 20:4 n-6, arachidonic acid.

In this Thesis only single measurements for circulating FAs at baseline were used,
similar to most other cohort studies. It has been shown in a study of Ma et al.#* using
repeated measurements of circulating FAs in post-menopausal women that
circulating levels of major FAs in cholesteryl esters and phospholipids, which are
LA, 16:0 and 20:4 n-6, had a high reliability coefficient (R>0.65, with R being the
proportion of total variance from between-person component). The short (2-weeks)
and long-term (3-year) reliability for these FAs were comparable, with slightly better
reliability for cholesteryl esters than phospholipids. As FA composition of plasma
fractions are generally considered to reflect intake of past weeks, results of study
by Ma et al. provided an evidence that circulating levels of FA in these fractions are
relatively stable and may be used to reflect intake over a longer period, which also
support the use of single baseline measurement of circulating FAs in cholesteryl
esters and phospholipids in Alpha Omega Cohort and PURE South Africa study.

Bias and confounding

In prospective cohort studies, selection bias may occur, especially in case of
differential loss to follow up. In the Alpha Omega Cohort, follow up was almost
complete because only one patient was lost to follow up, making selection bias
unlikely. In South African PURE study, of 3750 adults completing the screening
questionnaire, only 2010 (54%) attended baseline measurement, of whom 633
participants with available circulating FAs data were analyzed. Compared to the
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total cohort, more healthy participants may have been selected for the analytic
sample, since the prevalence of HIV-infected individuals was very low (<1%)
(Chapter 4) compared to the prevalent HIV in total cohort of PURE South Africa
(16%).85 Compared to the participants without HIV, those with HIV had a lower high-
density lipoprotein cholesterol and a higher ratio of triglycerides to high-density
lipoprotein cholesterol, although their serum concentration of liver enzymes and
glucose (the outcomes of interest in Chapter 5), were similar.®

Observational studies may also suffer from information bias, related to differential
misclassification of dietary and lifestyle exposures. To illustrate, in the present
Thesis, alcohol consumption was an important confounder and effect modifier in
associations of FAs with cardiometabolic endpoints. In the Alpha Omega Cohort,
patients who were classified as non-drinkers may have deliberately underreported
their alcohol intakes, or stopped drinking for health reasons (“sick quitters”). Alcohol
use was inversely associated with circulating LA, and positively with dietary
EPA+DHA in the Alpha Omega Cohort. Misclassification of patients for alcohol use,
which is known to have a J-shaped relationship with fatal CHD, may have impacted
our risk estimates in either direction. Underreporting and errors in alcohol intake
assessment may also have occurred in the PURE South Africa cohort.® This could
potentially have weakened the inverse association between dietary LA and serum
gamma-glutamyl! transferase in South-African individuals (Chapter 5). Likewise,
misclassification may have occurred for other dietary and lifestyle factors. Patients
wanting to give socially desirable answers may have underreported foods that are
rich in calories, added sugars and salt, and overreported healthy foods, such
whole-grains, fruit and vegetables. This could potentially have affected associations
between dietary FAs and cardiometabolic endpoints, but is unlikely to have affected
those for circulating FAs.

Misclassification of outcomes might have happened for type 2 diabetes (Chapter 4)
and cause-specific mortality (Chapter 6), which could have caused imprecision in
risk estimates for FAs with wider confidence intervals. Type 2 diabetes incidence
was based on a physician diagnosis and/or start of anti-diabetes medication, which
were both self-reported in the Alpha Omega Cohort. Missing data on plasma
glucose during follow-up for the Alpha Omega Cohort will have led to
underdiagnosis of incident T2D cases. In relation to mortality outcomes, since
patients had prevalent CHD, it is possible that their disease status influenced the
ascertainment of death causes. However, for both incidence of type 2 diabetes and
mortality, the outcome misclassification is likely not affected by exposure status
(non-differential) since the exposure (dietary or circulating FA) is not known by the
physicians who ascertained the diagnosis of T2D or mortality causes.
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Finally, residual confounding cannot be ruled out in observational studies. Fish
intake, for example, tends to be part of a more healthy lifestyle in the Netherlands,
as also shown by its positive association with education level, which may be a proxy
for socioeconomic status (Chapter 6). Incomplete adjustment for factors related to
fish intake may have led to overestimation for dietary EPA+DHA in relation to fatal
CHD. In both cohorts presented in this Thesis, an FFQ was used for dietary
assessment. The FFQ may not be optimal for some dietary exposures, for example
salt consumption. High salt (sodium) intake is a risk factor for CVD, and salt intake
may be associated with dietary FAs. Salt added to fish, for example, may have
confounded associations of EPA+DHA with fatal CVD. Because salt increases CVD
risk through an adverse effect on blood pressure, lack of adjustment may have
masked some of cardioprotective associations for EPA+DHA. Risk estimates
presented in this Thesis were adjusted for a wide variety of dietary and lifestyle
factors, socioeconomic status, cardiovascular medication, and cardiovascular risk
factors, where appropriate. Adjustment of overall dietary quality was additionally
performed, by adding the 2015 Dutch Health Diet score (DHD15) to the
multivariable models (Chapter 6).

External validity

Findings in this Thesis are mainly from the Alpha Omega Cohort in post-MI patients
whose characteristics are rather different from general populations. Although they
were stable, free-living patients who had similar dietary intakes as the general
elderly Dutch population,®' ~90% of the patients were treated with cardiovascular
medication. As shown in this Thesis, associations between FAs and
cardiometabolic endpoints may be influenced by the presence of disease and
medical treatment. Therefore, the findings may not be generalizable to healthy
individuals. However, our findings may be applicable to populations at high risk of
developing CVD, for example those with metabolic syndrome. In line with results
from the Alpha Omega Cohort, weak correlations between dietary and circulating
LA were found in the South Africa PURE study, where approximately half of the
cohort had dyslipidemia and/or hypertension. The Alpha Omega Cohort includes
mainly patients of Dutch origin (94%) and findings may not be generalizable to non-
Caucasian populations. Also, around 80% was male, and subgroup analyses in
female patients lacked statistical power. Therefore, data on FAs and
cardiometabolic endpoints in women and extrapolation of findings to female CHD
patients in general should be done with caution.
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FUTURE RESEARCH DIRECTIONS AND IMPLICATIONS

The Thesis indicates and highlights various research needs, which include studies
that provide more insight in the role of particular FAs and the underlying biological
pathways, as well as methodological studies in this field. Several suggestions for
further research are given below.

1. Elucidating the role of dietary FAs and modulating factors in the pathogenesis
of cardiometabolic diseases.

This Thesis showed that circulating LA was inversely associated with type 2
diabetes risk. It is important to investigate the mechanistic pathways for the relation
of LA with type 2 diabetes risk, particularly the role of liver for LA. Whether statins
and alcohol intake also affect type 2 diabetes risk through modification of circulating
LA levels should be further investigated.

Odd-chain FAs have also been shown to be inversely related to type 2 diabetes in
several cohort studies,®® and in this Thesis it was shown that circulating 17:0 is also
associated with fiber intake, which may be related to fiber fermentation by the gut
microbiota. Future studies should investigate the mechanistic pathway for the
relation of odd-chain FAs, including the role of gut microbiota.

2. Improving the quality of FA data in food composition tables, particularly for ALA.

Food composition tables may be incomplete and/or lack accurate data on ALA
content of foods, especially for industrially processed products (e.g. margarines
and cooking fats) for which product formulations tend to change over time. This
Thesis showed a poor correlation between circulating ALA and dietary ALA intake,
which may partly be due to inaccurate dietary assessment.

3. Further study into the potential cardioprotective effects of ALA, specifically in
female CHD patients.

Although the studies in this Thesis lacked power for subgroup analyses in women,
data suggested that higher intake of ALA could play a role in the prevention of
recurrent events in female CHD patients. This finding needs to be confirmed in other
secondary prevention studies, and asks for exploration of possible gender-related
mechanisms related to ALA and CHD.
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4. Understanding differences in the relation of EPA+DHA with CHD mortality
between Alpha Omega Cohort and Trial

In the Alpha Omega Trial, post-MI patients who received supplemental EPA+DHA
(400 mg/d) through margarines for 40 months experienced no reduction in risk of
recurrent CVD events, including fatal CHD. In the Alpha Omega Cohort that
included the same patients, baseline dietary and circulating EPA+DHA and fish
consumption were associated with a ~30% lower risk of fatal CHD during >12 y of
follow-up. Further research into these discrepant results could provide insight in the
role of n-3 FAs and fish in CVD prevention and treatment.

5. Exploring new methodologies to account for the intercorrelation of various
circulating FAs in the lipid pool.

Due to interrelationship of various circulating FAs, it is difficult to establish
independent causal associations of circulating FAs with cardiometabolic disease,
even when Mendelian randomization analysis was employed.® To take into account
the correlations among circulating FAs, some studies®”® have used data-driven
techniques such as principal component analysis and cluster analysis to derive FA
patterns. However, the current practice of these data-driven techniques has been
criticized, for example due to subjective or arbitrary methodological choices during
the analysis that may affect the resulting pattern.®® As these techniques can also be
useful to discover new pathways, a guideline or good practice in performing these
data-driven techniques needs to be established.

6. Clarifying the role of dietary and non-dietary factors influencing circulating FAs
in CHD patients.

This Thesis showed that statin and (high) alcohol intake was also associated with
circulating LA, and circulating 17:0 was associated with both dairy and fiber intake.
However, the relative influence of statin use or alcohol intake compared to dietary
LA for circulating LA, or influence of fiber compared to dairy intake for circulating
17:0 were not studied in this Thesis. To clarify the relative influences of various
factors affecting circulating FAs, a controlled feeding study using a subsample of
cohort study could be performed, such as done by Song et al. in the Women’s
Health Initiative cohort.82 Unlike the approach used in most cohort studies which
only collect information about participants’ habitual diet, measure their circulating
FAs and calculate the correlations between the two measures, the investigators of
the study designed a two-week dietary intervention which maintained the variation
in the habitual intakes of their participants.®? This was done to mimic the dietary
variation in cohort studies while reducing measurement error due to reporting of
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intakes by the participants. The utility of circulating FAs was assessed by how much
variation explained by dietary intake, which can be compared with the explained
variation by other factors.®2 The information from such a study will also aid
interpretation of the associations of circulating FAs when used as biomarker of
dietary FAs in relation to cardiometabolic health.

7. Exploring the use of combined measures of dietary and circulating FAs in
relation to cardiometabolic outcomes.

A combined measure of reported intake and biomarkers potentially increases the
statistical power to detect diet-disease association,® but only few studies have
used this, including an investigation on the relation of EPA, DHA and fish intake with
incident atrial fibrillation.®! Several important challenges for this approach are in
determining the study design in which the use of combined measure is most cost-
effective, in selecting which confounders to adjust for in the association of
combined measure with disease, and the interpretation of results for public health
implication.

8. Examining of genetic variations in circulating FAs in relation to cardiometabolic
outcomes.

Possible influence of genetic variations is not yet accounted for and not studied in
this Thesis although it may be relevant in post-MI patients. Circulating levels of n-3
and n-6 FAs are modified by the desaturase enzymes which are affected by the
genetic variations in the FADS gene cluster.®>% Genetic variations may also
influence the associations of dietary and circulating FAs® or associations of dietary
or circulating FAs with cardiometabolic outcomes in cohort studies.®?% Statin use
was not associated with higher circulating erythrocytes 20:3 n-6 (dihomo-gamma-
linolenic acid) and 20:4 n-6 (arachidonic acid) in persons with TT genotype of
rs174546 in the EPIC-Potsdam study.®® In healthy populations, associations of
circulating n-3 FAs with CHD mortality were not modified by variations in the FADS
genotypes.® More investigations in populations with a different genetic background
and distinct dietary patterns such as Africans and Asians are needed. Insight in
genetic modifiers of FA metabolism could be important for personalized dietary
advice to CHD patients.
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Implications

This Thesis yields several new insights, which may have implications for the field of
nutritional epidemiology, in particular research of FAs and cardiometabolic disease.
These implications have been discussed in detail in the various Chapters and in the
General Discussion, and are briefly summarized below.

226

Plasma cholesteryl esters and phospholipids measured by gas chromatography
are equally useful as lipid pools to measure circulating FAs in a cohort study,
but measurement by 'H-NMR may be less useful because of limited number of
FAs that can be measured, although laboratory assessment is more cost-
effective and relatively fast. Specifically for LA and DHA, total plasma
measurements using 'H-NMR seem to be as useful and reliable as other plasma
fractions measured by gas chromatography.

Not all circulating FAs are useful as biomarkers of habitual diet, which may even
be true for FAs that are exclusively obtained from the diet. Circulating EPA and
DHA were the most useful biomarkers among the FAs studied in this Thesis,
while circulating ALA was not, and results for odd-chain FAs were mixed.
Carefully interpreting the results from epidemiological studies using circulating
ALA, and odd-chain FAs seems prudent.

Results on circulating LA in cohorts of CHD patients or individuals with features
of the metabolic syndrome warrant careful interpretation, since circulating LA
may not reflect dietary LA intake in these populations.

A low circulating LA may indicate metabolic impairment that involves the liver,
which appears to be related to T2D. Therefore, low levels of circulating LA may
be useful in clinical practice to identify CHD patients at risk of T2D. Its predictive
value compared to other biomarkers of cardiometabolic health should be further
studied.

Higher intake of EPA and DHA from fish, reflected in circulating EPA+DHA levels,
is associated with a markedly lower long-term risk of CHD mortality after MI. This
information is important for the construction of dietary guidelines for CHD
patients.
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English Summary




Fatty acids (FAs) are considered important dietary components for the prevention
of cardiometabolic diseases. Epidemiological studies have been performed on
dietary FAs, as well as circulating FAs in blood lipid pools, such as plasma
cholesteryl esters. The role of omega-3 (n-3) FAs, which include eicosapentaenoic
acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) from fish and
alpha-linolenic acid (ALA, 18:3 n-3) from plant sources, is extensively studied in
relation to cardiovascular disease (CVD). More recently, omega-6 (n-6) linoleic acid
(LA, 18:2 n-6) has received increased attention in relation to type 2 diabetes (T2D).
In addition, circulating odd-chain FAs pentadecanocic acid (15.0) and
heptadecanoic acid (17:0) in blood are increasingly used as biomarkers of dairy
intake in cardiometabolic research.

Self-reported dietary FAs intake, often based on food frequency questionnaires, is
a subjective measure and may be prone to measurement errors. Circulating FAs
have been proposed as objective indicators of dietary intake of essential FAs, which
need to be obtained from the human diet (“biomarkers of dietary FAs”). However,
circulating FAs are also subject to metabolic processes. Patients with coronary
heart disease (CHD), such as myocardial infarction (Ml), and T2D patients likely
have an altered metabolism due to the presence of disease and drug treatment,
which may affect circulating FAs.

The main objective of this Thesis was to investigate the mutual relationships of
dietary and circulating FAs and their associations with cardiometabolic outcomes.
We first examined correlations between dietary and circulating FAs in post-M|
patients (Chapter 2 and 3). Then, we obtained associations of both dietary and
circulating FAs with risk of cardiometabolic outcomes, specifically T2D and
mortality from CHD, CVD and all causes in these patients (Chapter 4, 5 and 6).
Findings are largely based on the Alpha Omega Cohort of >4000 Dutch patients
aged of 60-80 y (~80% men) with an Ml up to 10 y before study enrolment, who
received state-of-the-art cardiovascular drug treatment. Additionally, data from the
Prospective Urban Rural Epidemiology (PURE) South Africa study among 633 black
men and women over 30 y of age were analyzed.

In Chapter 2, circulating FAs were measured in plasma cholesteryl esters and
phospholipids using gas chromatography, and in total plasma by proton-nuclear
magnetic resonance ('H-NMR). Dietary and circulating levels of EPA and DHA in
the Alpha Omega Cohort were significantly correlated (r ~0.4), indicating that
circulating EPA and DHA can be considered as biomarkers of intake in post-Ml
patients. For ALA, dietary and circulating levels were not correlated. For LA,
correlations between dietary and circulating were weak (r <0.2). Patients using
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statins and those reporting high alcohol intake (>20 g/d for women and >30 g/d for
men) had consistently lower circulating LA levels, despite having similar dietary LA
intake. This suggests that statins and alcohol impact the utility of plasma LA as a
biomarker of dietary intake in post-MI patients.

Circulating odd-chain FAs (15:0 and 17:0), which comprise <1% of total FAs in
blood, are increasingly used as biomarkers of dairy intake in epidemiological
studies. Recent data, however, suggests that dietary fiber may also affect plasma
odd-chain FAs, especially 17:0. Chapter 3 presents correlations of dairy and dairy
fat intakes with circulating 15:0 and 17:0 both in plasma cholesteryl esters and
phospholipids in 869 post-MI patients. Correlations with dairy intake were 0.2-0.3
for 15:0 and ~0.1 for 17:0, similar to those found in healthy populations. Correlations
of circulating 15:0 with dairy intake were not modified by fiber intake. Circulating
17:0, however, was associated with dietary fiber to the same extent as dairy.
Highest 17:0 levels were found in patients who were in the upper categories of both
fiber and dairy intake.

In Chapter 4 we performed a prospective analysis of dietary and circulating LA in
plasma CE (50% of total FAs) with incident T2D during 40 months of follow-up in
3257 post-MI patients without T2D at baseline. Dietary LA was not associated with
T2D when replacing saturated FAs in a theoretical substitution model. However,
higher circulating LA was significantly associated with a 27% lower T2D risk (per 5%
increase). This discrepancy in findings for dietary and circulating LA may be related
to their weak correlations, reported in Chapter 2, possibly due to impaired
metabolism. Weaker associations were observed after adjusting for circulating 16:0
and 18:1 n-9 (FAs in de novo lipogenesis pathway), of which higher levels were also
positively associated with T2D risk. This pattern of FAs (lower LA along with higher
16:0, 18:1 n-9, and downstream products of LA metabolism) is known to be
associated with liver fat accumulation. These findings suggest that impaired liver
function may partly explain the associations of circulating LA with T2D in post-MI
patients, as further described in Chapter 5.

Chapter 5 describes the cross-sectional associations of dietary and circulating LA
with markers of glucose metabolism and liver function in 633 black South Africans
who took part in the PURE study. In South Africans men and women (~50% with
dyslipidemia and/or hypertension), dietary and circulating LA were not associated
with plasma glucose or glycated hemoglobin (HbA1c). Those with higher dietary
LA had a non-significant better liver function, indicated by lower serum gamma-
glutamyl transferase (GGT), although this association was only weak (8% lower
serum GGT per 1-standard deviation increase (SD)). Higher circulating LA was
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markedly associated with lower serum liver enzyme levels, in particular GGT (22%
lower per 1-SD), which is associated with insulin resistance and liver fat
accumulation. This association seemed to be stronger in alcohol users vs. non-
users. These results further indicate the involvement of liver in circulating LA
associations, which may partly be related to alcohol use.

Chapter 6 presents results for baseline dietary and circulating EPA+DHA and ALA,
as well as fish intake, in relation to long-term mortality from CHD, CVD or any cause
in the Alpha Omega Cohort. Patients consumed around 14 g/d of fish, and ~80%
consumed less than 200 mg/d of EPA and DHA. During a median follow-up period
of 12y, 1877 patients died of whom 515 from CHD. Higher dietary EPA+DHA (>200
mg/d) was associated with a ~30% lower risk of CHD mortality, while weaker non-
significant associations were observed for CVD and all-cause mortality. Circulating
EPA+DHA showed a similar inverse association with CHD mortality, and also with
CVD and all-cause mortality. These findings were corroborated by inverse
associations with habitual fish intake, the main source of EPA and DHA. In contrast,
dietary and circulating ALA were not significantly related to mortality endpoints,
although there was some evidence for a lower risk of fatal CHD with dietary ALA
specifically in women.

Chapter 7 provides an overall discussion of findings presented in this Thesis, with
an overview of FAs biomarkers and their usefulness in epidemiological studies. This
is followed by methodological considerations and suggestions for future research.
As described in the different chapters, plasma cholesteryl esters and phospholipids
can be considered as useful lipid pools for the assessment of circulating FAs in
CHD patients. Total plasma measurement using '"H-NMR may be a useful alternative
for LA, but this technique also has limitations, including lack of information on EPA.
Circulating LA, ALA and odd-chain FAs (particularly 17:0) may not reflect dietary
intakes of these FAs or their dietary sources in CHD patients. With regard to
cardiometabolic outcomes, lower plasma LA may be an indicator of a higher T2D
risk. More research is needed to understand the role of LA in the pathogenesis of
cardiometabolic diseases, possibly involving the liver. Circulating EPA and DHA are
valid biomarkers of n-3 FAs from fish. This Thesis suggests that a higher intake of
EPA and DHA may lower the long-term risk of CHD mortality after MI. The findings
presented in this Thesis have implications for research in the field of nutritional
epidemiology, and for the prevention and treatment of cardiometabolic diseases.
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