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Summary
Introduction Cardiovascular diseases are the leading cause of death worldwide. It can be
defined as a group of interrelated diseases of the heart and blood vessels, including
atherosclerotic cardiovascular diseases. Acute myocardial infarction (AMI) may be the first
manifestation of coronary heart disease (CHD) or it may develop during more chronic stages
of CHD. The major risk factors for CHD are tobacco use, unhealthy diet, obesity, physical
inactivity, hypertension, diabetes, and hyperlipidemia. Thus, life style changes affecting these
risk factors are important in primary and secondary prevention of CHD.
A high CHD risk diet comprises high intakes of fat, refined sugar, meat and low intake of
fruits and vegetables. The essential nutrient choline, which is the focus of the current study, is
found in virtually all foods, but meat and other animal products are the main sources of
dietary choline among omnivorous populations. These are food items that, in accordance with
current dietary guidelines, should be limited in our diet. Intak of choline has been linked to
increased AMI risk. However, few studies have investigated the association between choline
intake and risk of AMI in patients with established CHD.
Objective To analyse a possible association between choline intake and risk of AMI in
patients with suspected stable angina pectoris.
Methods We used data from 2019 patients from the Western Norway B-Vitamin Intervention
Trial who underwent coronary angiography at baseline. Average food consumption for the
previous year was collected via a 169-item food frequency questionnaire at baseline. Total
intakes of choline and choline species were adjusted by total energy intake by using the
residual method. For continuous variables, we used Students T-test to analyze differences
between patients who developed AMI and those who did not, and linear regression to explore
trends across quartiles of total choline intake. For dichotomous and categorical variables
logistic regression and Fisher’s exact test were used, respectvely.
For estimating the risk of AMI, Cox proportional hazards regression models were used.
Hazard ratios and confidence intervals are presented per 100 mg increase in total choline
intake and for each 10 mg increase in free choline, phosphatidylcholine, phosphocholine,
sphingomyelin and glycerophosphocholine. Three models were tested to control for
confounders on the effect of dietary choline on risk of AMI. Finally, potential non-linear
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associations between choline intake and risk of AMI were explored using general additive
models.
Results Mean (SD) daily total choline intake among the 2019 participants was 294 (65.1) mg
(79.7% were men, mean age was 61.8 (9.7) years). No significant association between
choline intake and sex, age, prior CVD or extent of coronary artery disease (CAD) at
baseline. Higher choline intake was however positively associated with several established
CVD risk factors including smoking (p <0.001), BMI (p <0.001), hypertension (p <0.005),
diabetes (p < 0.001), serum glucose (p <0.001), but inversely associated with plasma total
homocysteine (Hcy) (p <0.001). No association was observed with lipid related parameters.
During a median follow up of 7.2 (2.4) years, 297 patients experienced an AMI. In the crude
model, adjusted for total energy intake, the risk of AMI increased with 28% (CI 1.09-1.49)
for each 100 mg increase in choline intake. Model 2 was also adjusted for sex, age, smoking,
previous AMI, previous coronary artery bypass grafting (CABG) and extension of CAD at
baseline. Model 3 was further adjusted for BMI and diabetes. In the multivariate models the
risk was slightly attenuated. Intake of phosphatidylcholine and sphingomyelin was positively
associated with risk of AMI, whereas intake of free choline, phosphocholine and
glycerophosphocholine showed no association with AMI risk.
Conclusion In patients with SAP, a higher intake of choline is associated with a number of
established risk factors for CVD but with independent excess risk of AMI.
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1. Introduction
1.1 Cardiovascular Disease
1.1.1 Background
Cardiovascular disease (CVD) is a group of diseases of the heart and blood vessels that are
interrelated. Within this group, we find atherosclerotic CVDs that include coronary heart
disease (CHD), diseases of the aorta, cerebrovascular disease and diseases of the peripheral
arteries.
CVD is a noncommunicable disease responsible for over 4 million deaths each year
among Europeans, an estimated 45% of all deaths. Seventy percent of those CVD deaths are
due to CHD (1.8 million) and cerebrovascular disease (1.0 million). In addition, more women
than men die of CVD, 2.2 million (49% of all deaths) against 1.8 million (40% of all deaths),
respectively (Townsend et al, 2016). CVD is still the number one death cause in Europe
(Townsend et al., 2016), and worldwide (Rajaie and Esmaillzadeh, 2011), having caused 17.3
million deaths or 31.5% of all deaths globally in 2013 (Townsend et al., 2016). Despite
constant and significant efforts to combat disease, CVD grows in importance globally,
especially in low- and middle-income countries (Mendis et al., 2011).

1.1.2 Acute Myocardial Infarction
CHD may manifest as stable angina pectoris (SAP), unstable angina pectoris, acute
myocardial infarction (AMI), heart failure and sudden death (Hinchliffe and Green, 2014;
Mendis et al., 2011). AMI may be the first manifestation of CHD or it may develop in
patients already treated for established CHD (Thygesen et al., 2012). An incident AMI is
usually defined as the first AMI in a subject, but in this study it will be defined as the first
AMI developed during follow-up of the patients.
An AMI usually develops secondary to progression atherosclerosis (Mendis et al.,
2011; Fox et al., 2006) and after an individual experiences the first AMI event, there is a
higher risk to experience AMI in the future (Mendis et al., 2011; Thygesen et al., 2012).
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1.1.3 Stable Angina Pectoris
According to the European Society of Cardiology guidelines (Fox et al., 2006), SAP affects
around 0.1 – 1% of women between 45 and 54 years old, and 10 – 15% of women between
65 and 74 years old. Among 45 to 54-year-old men, the prevalence is around 2 – 5%, and in
men aged 65 to 74 years old, prevalence is 10 – 20%.
SAP is a clinical syndrome characterized by chest pain or shortness of breath (Fox et
al., 2006). When these symptoms are caused by myocardial ischemia is usually due to
underlying obstructive atherosclerotic disease in the coronary arteries. The diagnosis is
usually referred to as suspected SAP if the status of the coronary arteries is unknown.

1.1.4 Established Risk Factors
The established risk factors for CHDs inlcude tobacco use, unhealthy diet, physical inactivity,
obesity, hypertension, diabetes and hyperlipidaemia (Liu et al., 2000; Mendis et. al., 2011;
Hames, 2014), and excessive use of alcohol (Raymond and Couch, 2012). Although most
studies use total cholesterol, low density lipoprotein cholesterol (LDL-C) and high-density
lipoprotein cholesterol (HDL-C) together with triglycerides (TG) as parameters of lipid
status, measuring the concentrations of the main apolipoproteins of the LDL-C particle
(apoliprotein B – ApoB) and HDL-C particle (Apolipoprotein A1 – ApA1) is used in many
studies in order to get an estimate of pro-atherosclerotic LDL-C particles and
antiatherosclerotic HDL-C particles. Notably, the ApoB/ApA1 ratio has been shown to be a
particular strong predictor of CHD for different age groups, both sexes and also for ethnic
groups (Yusuf et al., 2004).
To prevent CVDs, the current available guidelines have prioritized some lifestyle
aspects to change these established risk factors: cessation of tobacco use, reduction of salt in
the diet and control of blood pressure, consuming fruits and vegetables or healthy food
choices, regular physical activity, management of blood lipids and diabetes, weight control
and restricting central obesity, and avoiding harmful use of alcohol (Hames, 2014).

1.1.5 Diet and Cardiovascular Disease
For many years now, it has been well known that an unhealthy diet is an important risk factor
for CVD. In fact, poor diet together with smoking and poor or no physical activity form the
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base for the development of CVDs, as well as the pillar or target for prevention and treatment
(Mozaffarian, 2012; Yusuf et al., 2004; Hu and Willett, 2002).
The nutrient that historically has caused most concern with regard to CVD is dietary
fat, the culprit in the classic diet-heart hypothesis (Weinberg, 2004). The essence of this
hypothesis is that amount of fat in the diet has a negative impact on blood lipids, increasing
the level of serum cholesterol, which leads to the development of atheromatous plaques, and
then obstructive CHD, ischemia and AMI (Willett and Stampfer, 2013). As a consequence of
this campaign, guidelines recommending low fat diets were launched, subsequently
increasing the total intake of carbohydrates in populations (Willett and Stampfer, 2013;
Weinberg, 2004). Nonetheless, substitution of fat with carbohydrate, especially refined or
with high glycemic load, may have contributed to weight gain and obesity, dyslipidemia,
diabetes and metabolic syndrome that prevail today (Weinberg, 2004). Based on results from
more recent studies, it has been concluded that the types of fat are more imperative for CVD
than its amount (Lockheart et al., 2007; Hu et al., 2001). Increasing intake of polyunsaturated
fatty acids (PUFA) (Jakobsen et al., 2009), monounsaturated fatty acids (MUFA), fiber, and
complex carbohydrates are associated with a healthy cardiovascular status, while refined
carbohydrate (Hu et al., 2001; Liu et al., 2000), trans fatty acids (TFA), some types of
saturated fatty acids (SFA) (longer-chain saturated FA, i.e., 12:0 – 18:0) and cholesterol have
been positively associated with CVD (Hu et al., 2001).
In addition to nutrients, certain food groups have also been recommended for
prevention of CVD or to counteract its progression. The food groups that have shown to have
a preventive effect on CVD development are: fruit and vegetables, nonhydrogenated plant
oils, nuts, whole grains and fish (Lockheart et al., 2007; Hu and Willett, 2002), and also
protein from plants compared to animal proteins (Chalvon-Demersay et al., 2016).
Many dietary guidelines have made their recommendations to combat CVDs based on
the Mediterranean diet (Hames, 2014). Those recommendations comprehend reducing SFA
intake, TFA and cholesterol, to include omega-3 fatty acids (eicosapentaenoic acid and
docosahexaenoic acid) in the diet, limiting salt intake, eating plant sources of stanols and
sterols to reduce cholesterol, to consume fruits and vegetables daily, include nuts in the diet
and fiber, substitute some animal protein by soya protein, refined carbohydrates are to be
avoided,

folic acid should exceed 400µg/day, and foods rich in vitamins B12, B6 and

riboflavin should be encouraged too (Hames, 2014). A modest amount of alcohol would have
some protective effects on CVDs for those at increased risk (Hames, 2014). Available
evidence suggest that the Mediterranean diet can be an effective tool to prevent CVD
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(Martinez-Gonzalez and Bes-Rastrollo, 2014), it has been inversely associated with
inflammation (Chrysohoou et al., 2004) and with reduced risk of CVD (Martinez-Gonzalez
and Bes-Rastrollo, 2014).
Finally, in addition to nutrients and food groups, authors have identified overall
dietary patterns to be linked with CVD risk. A so-called prudent diet has been linked with a
preventive effect and is characterized by a high intake of vegetables, fruit, legumes, whole
grains, fish and poultry. In contrast, a Western pattern is associated with an increased CVD
risk, and is characterized by a high intake of processed meat, red meat, butter, high-fat dairy
products, eggs, and refined grains (Lopez-Garcia et al., 2004; Fung et al., 2001). A prudent
pattern has also been associated with reduced plasma levels of inflammation markers and
with less endothelial dysfunction (Basu et al., 2006; Lopez-Garcia et al., 2004). This may be
so because it is usually accompanied by health promoting behaviors, as taking supplements
(Hu et al., 2000), exercising and not smoking, which is in opposition to the Western pattern
(Lockheart et al., 2007; Hu et al., 2000). Some of the positive effects on disease may be a
consequence of the healthy behaviors connected to fruit and vegetable ingestion or even to
the reduced intake of deleterious foods (Ness and Powles, 1997).

1.2 Choline
1.2.1 Diet
Choline is a quaternary amine (2-hydroxyethyl-N,N,N-trimethylammonium) (EFSA, 2016),
and choline is an essential nutrient for humans (Zeisel and Corbin, 2012; Buchman et al.,
2001; Blusztajn, 1998), although choline can be synthesized by the human body (McDowell,
2008). Choline is, via its metabolite betaine, a source of dietary methyl-groups.

Figure 1. Choline chemical structure. Reprinted with permission of the author Ueland, 2011

Choline in the diet can be found as free choline (Figure 1) and it comes from the most
common choline-containing compounds in the diet that are phosphatidylcholine,
glycerophosphocholine, phosphocholine, and sphingomyelin (Zeisel and Corbin, 2012). In
smaller concentrations, choline can also be found in cytidine-5-diphosphate-choline and
acetylcholine (EFSA, 2016). Although many foods contribute to total choline intake (Table
13

1), eggs, liver, peanuts and a variety of meats are especially rich in this nutrient (Blusztajn,
1998). In Europe, the main sources of choline are meat and meat products, milk and dairy,
grain and its products, egg and egg products, composite dishes and fish and seafood for all
age groups (Vennemann et al., 2015).
Table 1. Total choline and choline species content in different foods (mg/ 100 g)
Food item
TC
FC
GPC
Pcho
Beef liver, cooked, pan fried
420
57
78
12
Egg, whole, cooked, hard boiled
230
0.7
0.5
0.5
Soybean, mature seeds, raw
120
47
2.9
1.1
Pistachio nuts, dry roasted, with salt added
71
11
1.7
8.5
Fish, salmon, sockeye, cooked, dry heat
66
8.6
5.9
1,1
Peanuts, all types, raw
53
18
1.3
1.8
Cereals ready-to-eat, Kellogg’s ALL-BRAN Original
49
26
4.3
1.7
Bread, whole-wheat, commercially prepared
27
18
4.9
0.3
Potato, white, flesh and skin, baked
14
6.8
2.7
0.9
Milk, 1% milkfat, with added vitamin A
18
4
9.8
1.9
Banana, raw
9.8
3.2
5.6
0.5
Spinach, frozen, chopped, cooked, boiled, drained, 9.4
0.5
0.7
2.4
without salt
Rice, brown, long-grain. Cooked
9.2
4.7
1.2
0
Orange, raw, navel
8.4
4.7
1.1
0.5
Spaghetti, cooked, enriched, without added salt
6.4
3.5
0.8
0

Ptdcho
250
210
65
51
48
32
18
3.3
4.1
1.2
0.4
5.7

SM
24
14
0
0
1.8
0
0
0
0
0.7
0
0

3.4
2.1
2.2

0
0
0

FC: Free choline; GP: Glicerophosphocholine; PC: Phosphoshcoline; Ptdcho: Phosphatidylcholine; SM: Sphingomyelin; TC:
Total choline
Source: USDA Database, 2008, Release Two.

In 1998, the Food and Nutrition Board of the Institute of Medicine (IOM) published
recommendations for adequate intakes (AI) for choline. At that time, there was not enough
data to establish the Estimated Adequate Requirement (IOM, 1998). The recommendations
were based on reported association between low dietary choline intake and liver damage
(IOM, 1998). For other age groups than adults, the AI values were extrapolated from the AIs
for adults. The IOM has also given tolerable upper intake levels (UL). The UL is 3.5g/ d of
choline after observation of hypotension at an ingestion of 7.5g/ d. A very high intake of
choline can cause hypotension, sweating, diarrhea, fishy body odor (IOM, 1998; Li and
Vance, 2008), and vomiting (Li and Vance, 2008).
In 2016, the European Food Safety Authority (EFSA) established AIs based on
average intake of choline by healthy adults in nine countries in the EU in an assessment done
by Vennemann and colleagues, 2015 (EFSA, 2016). In addition to the average choline intake
in nine EU countries, EFSA also considered some studies that showed that depleted
individuals who presented organ dysfunction, in general, needed an intake of around 400 mg
of choline/ 70 kg of body weight per day to become replete (da Costa et al., 2014; da Costa et
al., 2011; Spencer et al., 2011; Fischer et al., 2010; Sha et al., 2010; Fischer et al., 2007;
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Niculescu et al., 2007; da Costa et al., 2006; da Costa et al., 2005; Kohlmeier et al., 2005;
Zeisel et al., 1991). Alike IOM, in the lack of proper data from younger groups, the EFSA
stablished AI for some age groups through extrapolation from adult’s needs. To estimate the
AI for children, body weight and growth factors were accounted for. These estimated values
are somewhat lower than the AIs given by IOM (Table 2).
Tabel 2. Choline intake recommendations by IOM, 1998 and EFSA, 2016
IOM

AI
(mg/d)

UL

EFSA

AI
(mg/d)

Male

Female

≥ 19 y

550

425

3.5

All adults

400

14 – 18y

500

400

3.0

15 – 17y

400

9 – 13y

375

375

2.0

4 – 8y

250

250

1.0

1 – 3y

200

200

1.0

1 – 3y

140

6 – 12 m

150

150

-

7 – 11 m

160

0–6m

125

125

-

Pregnant

-

450

-

Pregnant

480

Lactating

-

550

-

Lactating

520

Adequate intake; UL: Upper level of intake

Like most other nutrients, choline requirement seems to be influenced by gestation,
lactation (as breastmilk is a source of choline for the infant), stage of development, and sex
(EFSA, 2006; IOM, 1998). Requirements for choline in men, premenopausal and
postmenopausal women have been evaluated and the choline requirements varied greatly
between individuals (Fischer et al., 2007; Kohlmeier et al., 2005). Subjects showed
deficiency at different levels of choline supply, and required different amounts of it to replete.
Furthermore, it took less or more time for the different individuals to become choline
depleted. Both studies reported also that premenopausal women were more resistant to
choline deficiency than men and postmenopausal women (Fischer et al., 2007; Kohlmeier et
al., 2005). Estrogen seems to promote the activity of one of the enzymes involved in the
endogenous synthesis of choline (Zeisel and Corbin, 2012). So, endogenous production of
choline alone does not cover the biological needs for choline of human beings (Rajaie and
Esmaillzadeh, 2011; Cho et al., 2006), but estrogen may decrease the dietary requirements of
choline in women (Zeisel and Corbin, 2012).
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Additionally, an unknown number of individuals present one or more single
nucleotide polymorphisms (SNP), a mutation in one or more genes involved in choline and
folate metabolism that alter dietary choline requirements in men and women (Zeisel and
Corbin, 2012; Zeisel, 2011; Kohlmeier et al., 2005). Current recommendation of choline
intake may change when knowledge of genetic variations is better understood (Zeisel, 2012;
Zeisel and da Costa, 2009).
In almost all men and postmenopausal women (Zeisel, 2013), a very low intake of
choline (< 50 mg/d) is associated with muscle damage and fatty liver, and further liver
damage (Zeisel et al., 1991; Zeisel and Corbin, 2012) with release of liver enzymes into the
blood (Fischer et al, 2007). Deficiency of choline cause hepatic steatosis in individuals
receiving total parenteral nutrition (Buchman et al., 2001). However, choline deficiency due
to very low intake is rare in healthy populations (Cho et al, 2006; Fischer et al., 2005;
Buchman et al., 2001).

1.2.2 Digestion, Absorption and Transport of Choline
Choline is rapidly absorbed in the intestines via transporters or carriers depending on choline
concentration gradient and on the electrical potential of the membrane of enterocytes, and on
the capacity of the transporters (EFSA, 2016). Hydrosoluble choline forms – free choline,
phosphocholine and glycerophosphocholine – enter the portal circulation of the liver after
digestion by pancreatic and mucosal enzymes (Zeisel and Corbin, 2012), while liposoluble
forms – phosphatidylcholine and sphingomyelin – will be hydrolyzed by phospholipases or
incorporated by chylomicrons and enter the lymph and distributed to liver and other organs
(Zeisel and Corbin, 2012; McDowell, 2008). Free choline is transported in the aqueous phase
of plasma, while phosphatidylcholine, phosphocholine, glycerophosphocholine and
sphingomyelin

are

bound

to

lipoproteins.

Dietary

phosphatidylcholine

and

glycerophosphocholine appear in plasma mainly as free choline (EFSA, 2016).
Choline is mainly depleted via oxidation or excretion of phosphatidylcholine in bile
(Li and Vance, 2008).
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1.2.3 Metabolism

1.2.3.1 Choline Metabolism
Choline

is

supplied

via

the

diet

and

is

also

endogenously

produced

from

phosphatidylethanolamine via phosphatidylethanolamine-N-transferase (PEMT) (Li and
Vance, 2008) primary in the liver (Zeisel and Corbin, 2012). The phosphatidylcholine
resulting from the de novo pathway can, then, generate choline by action of phospholipases
(Li and Vance, 2008).

Figure 2: Choline Metabolism and synthesis of phosphatidylcholine via the CDP-choline pathway and
PEMT. Left shows the endogenous synthesis of Phosphatidylcholine (PC) (PEMT pathway); right the synthesis of PC from
(dietary) choline (CDP pathway). BADH: betaine aldehyde dehydrogenase; BHMT: betaine homocysteine
methyltransferase; CCT: phosphocholine cytidyltransferase; CDP-choline, cytidine diphosphocholine; CHK: choline kinase;
CHDH: choline oxidase (or dehydrogenase); CPT: CDP-choline diacylglycerol choline phosphotransferase; DMG:
dimethylglycine; Hcy: homocysteine; methyl-THF: methyltetrahydrofolate; MS: methionine synthase; PChol:
phosphocholine; PE: phosphatidylethanolamine; PEMT: phosphatidylethanolamine N-methyltransferase; PC:
phosphatidylcholine; SAH: S-adenosylhomocysteine; SAH-H: S-adenosylhomocysteine hydrolase; SAM: Sadenosylmethionine; THF: tetrahydrofolate. Source: EFSA, 2016.

Synthesis of phosphatidylcholine occurs via cytidine diphosphocholine pathway
(CDP-choline) (Obeid, 2013; DeLong et al., 1999), which is one of the two branches of the
Kennedy Pathway. This pathway is ubiquitous and present in all body cells (Zeisel and
Corbin, 2012). But, in hepatic cells, CDP-choline is responsible for 70% of
phosphatidylcholine synthesis, while the other 30% result from the PEMT pathway (Obeid,
2013; Zeisel and da Costa, 2009). (Figure 2).

1.2.3.2 Choline Oxidation
Choline has a major role in the methionine (MET) cycle, which is crucial for normal growth
and development (Hollenbeck, 2010). In this process, MET, an essential amino acid
(Brustolin et al. 2010), is recycled in the cell when homocysteine (Hcy) receives a methyl17

group from choline (via betaine) or from 5-methyltetraenehydrofolate (5-MTHF) (Obeid,
2013; Blom and Smulders, 2011; Brustolin et al., 2010). At this point, i.e. where Hcy is
converted to MET, the metabolisms of choline (betaine), folate and MET are interconnected
(Niculescu and Zeisel, 2002; Zeisel and Blusztajn, 1994). Abnormalities in this cycle have
been associated with CVD (Ueland et al., 2000) among, other diseases (Hollenbeck, 2010) as,
for example, hepatosteatosis (Mato et al., 2008).

Mytochondria

MET

DMG

Sarcosine

DMGDH

BHMT

Glycine

Serine

SARDH

Betaine

Hcy

Choline
Figure

3.

Choline

Oxidation

Pathway.

BHMT:

Betaine

homocysteine

methyltransferase; DMG: Dimethylglycine; DMGDH: Dimethylglycine dehydrogenase; Hcy:
Homocysteine; MET: Methionine; SARDH: Sarcosine dehydrogenase

Before choline can remethylate Hcy, it needs to be metabolized to betaine (also
known as trimethylglycine), via action of the enzyme betaine-aldehyde. Betaine, from diet or
from choline, donates a methyl group to Hcy, via betaine homocysteine methyltransferase
(BHMT), turning it into MET. In this process, dimethylglycine (DMG) is produced (Obeid,
2013). DMG can be eliminated in the urine in small quantities, and most of it will be
dehydrogenated producing sarcosine (Obeid, 2013). When sarcosine is produced, a methylgroup is donated to tetrahydrofolate, regenerating 5-MTHF. Sarcosine will make glycine by
action of sarcosine dehydrogenase.
Choline is also important in the production of S-adenosylmethionine (SAM) (Figure
2). As a universal methyl donor, SAM is of major importance for numerous reactions,
including genetic and epigenetic regulation through methylation (Obeid, 2013). SAM results
of the transfer of an adenosyl molecule to MET by a tissue specific methionine
adenosyltransferase (Obeid, 2013; Blom and Smulders, 2011; Halsted et al., 2002).
Accumulation of SAM decreases the use of betaine and of 5-MTHF (Obeid, 2013;
Halsted et al., 2002), as sources of methyl-group (Obeid, 2013). In addition, high
concentration of SAM activates the initial enzyme of the transsulphuration pathway,
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cystathionine β-synthase, which requires vitamin B6 as cofactor (Blom and Smulders, 2011).
This pathway irreversibly removes Hcy from the cell (Obeid, 2013) and produces cysteine,
which will be used in other reactions.
When SAM donates a methyl-group by action of a methyltransferase (Blom and
Smulders, 2011), S-adenosylhomocysteine (SAH), a potent methylation inhibitor (Dong et
al., 2002), is formed (Obeid, 2013). SAH is sequentially fragmented into Hcy. In the
sequence, low concentrations of SAM allow remethylation of Hcy to happen again (Blom and
Smulders, 2011).
Increased levels of SAM trigger the transsulfuration pathway, whereas under low
levels of SAM, as in fasting conditions, the remethylation of Hcy is active (Obeid, 2013).

1.2.3.3 Trimethylamine N-Oxide
Choline not absorbed by the enterocytes will be used by the intestinal microbiota (McDowell,
2008). Dietary free choline, betaine (although ~100 times less efficiently than choline) (Wang
et al., 2014; Wang et al., 2011), carnitine (Koeth et al., 2013), and phosphatidylcholine (Tang
et al., 2013) are metabolized in the gut to trimethylamine (TMA). The production of TMA is
dependent on interindividual variations of gut microflora composition (Tang and Hazen,
2014; Wang et al., 2014; Koeth et al., 2013; Wang et al., 2011). TMA is, then, converted into
trimethylamine N-oxide (TMAO) in the liver by a family of flavin monooxygenase enzymes
called FMO, of which flavin monooxygenase 3 (FMO3) seems to be the most relevant for
TMAO synthesis. The hepatic FMO3 genotype of an individual is another determinant factor
for TMAO production (Cho et al., 2016). Individuals presenting a defect on FMO3 present
trimethylaminuria (fish malodor syndrome), which is the accumulation of the gas TMA that
smells like rotting fish (Wang et al., 2011).
TMAO functions in human beings remain uncertain so far (Wang et al., 2011).
Nonetheless, high plasma levels of TMAO have been associated with AMI (Wang et al.,
2011) and with cardiometabolic disorders (Tang and Hazen, 2014; Koeth et al., 2013) that
need to be explored further.

1.2.4 Biological Functions of Choline
The major fates of choline are to donate methyl groups via betaine (Corbin and Zeisel, 2012)
and to produce phosphatidylcholine (Corbin and Zeisel, 2012; Zeisel and Corbin, 2012;
Gibellini and Smith, 2010; Li and Vance, 2008). Phosphatidylcholine is the most abundant
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(95%) choline-containing molecule in mammalian tissues (Ueland, 2011). Choline
phospholipids contribute to structural integrity (Zeisel et al., 1991) and signaling functions of
cell membranes (Zeisel and Canty, 1993; Zeisel and Corbin, 2012), as 1,2-sn-diacylglycerol,
sphingosine, and ceramide, which are three important intracellular messengers (Zeisel and
Canty, 1993).
Choline is essential for hepatic lipid homeostasis (Zeisel and Corbin, 2012; Vance et
al., 2007). Packaging and transportation of TG in the liver are dependent on the supply of
phosphatidylcholine (Yao and Vance, 1988), via hepatic PEMT, for the formation of VLDLC (Yao and Vance, 1988; Zeisel et al., 1991), in a way that other phospholipids cannot
substitute (Yao and Vance, 1988; Zeisel et al., 1991). Choline phospholipids are also
constituents of bile (Tang and Hazen, 2014).
Choline affect the concentration of SAM through its capacity of donating methylgroups via its metabolite betaine (EFSA, 2016). SAM in altered concentrations may modify
DNA methylation, and then influence gene transcription, genomic imprinting, and genomic
stability (Ueland, 2011). Choline is also a nutrient of evidenced importance for the formation
of the human brain (Zeisel and Corbin, 2012).
Betaine serves as an osmolyte (Obeid, 2013; Craig, 2004) in the kidney to support
water reabsorption (Zeisel and Corbin, 2012). In addition, betaine works also stabilizing the
structure of proteins in denaturing conditions and cell volume (Obeid, 2013). Betaine has an
important methionine-sparing effect, making MET more available for protein synthesis, and
it spares choline as well, which can be used for lipid metabolism (Obeid, 2013).

1.2.5 Choline Intake and Acute Myocardial Infarction
Considering the importance of choline, dietary intake of choline (and betaine) has been
assessed in some epidemiological studies together with important CVD risk factors. Choline
intake has predicted plasma total homocysteine (tHcy) concentrations (Cho et al., 2006). And
through a number of different mechanisms choline has been positively linked with increased
risk of CVD mortality (Zheng et al., 2016), negatively linked (Millard et al., 2016), and not
linked with CVD risk (Nagata et al., 2015; Dalmeijer et al., 2008; Bidulescu et al., 2007).
There is, therefore, contradictory evidence around choline effects on cardiovascular health,
and more studies are necessary to elucidate this topic.
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2. Aim of the Study
The aim of this project is to investigate the association between dietary choline intake and
risk of AMI in patients with established SAP.
The null-hypothesis is that choline intake is not associated with the subsequent risk of AMI in
these patients.
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3. Methods
3.1 Study Population and Design
The current study population is a subpopulation from the prospective, randomized, doubleblind controlled trial The Western Norway B Vitamin Intervention Trial (WENBIT), with a
total of 3090 participants, conducted in two university hospitals in Bergen and Stavanger
between 1999 and 2005 (main recruitment period between 2000 and 2004) (Ebbing et al.,
2008). The WENBIT trial was terminated in 2005 and the mean follow-up of intervention
was four years. For the original WENBIT population the exclusion criteria were
unavailability for follow-up, participation in other trials, known alcohol abuse, serious mental
illness, or cancer. Dietary data were collected at baseline by using a food frequency
questionnaire (FFQ). For the current study exclusion criteria were not answered FFQ (n =
606) or FFQ with more than 1 blank page (n = 96), reported energy intake under 3000 kJ or
3300 kJ for women and men, respectively, or above 15000 kJ or 17500 for women and men,
respectively (n = 37), and a diagnose of acute coronary syndrome (ACS) at baseline (n =
332), which left 2019 individuals for the current study (Figure 3). Mean follow-up time for
this study was 7.2 (2.4) years.

WENBIT
n = 3090
Patients with missing FFQ,
n = 606
n = 2484
Patients with incomplete
FFQ, n = 96
n = 2388
Patients with very low or
very high total energy intake,
n = 37
n = 2351
Patients with ACS, n = 332
Eligible patients for final analyses, n = 2019
Figure 4. Flowchart over study population
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3.2 Ethical Statement
Written informed consent was obtained from the subjects on the day of randomization. The
study protocol was in accordance with the principles of the Declaration of Helsinki and the
trial was approved by the Regional Committee for Medical and Health Research Ethics, the
Norwegian Medicines Agency, and the Data Inspectorate (Ebbing et al., 2008).

3.3 Baseline Characteristics
Demographic and clinical data were obtained at baseline. Anthropometrical measurement
such as weight and height were obtained, and BMI was calculated by weight in kilograms
divided by the square of the height in meter. Participants were defined as current smokers
based on self-reported smoking habits or on serum cotinine (predominant metabolite of
nicotine). Individuals with serum cotinine ≥85 nmol/L were included in the definition of
current smokers regardless of their self-report on smoking. Diabetes mellitus, including both
types 1 and 2, was defined by preexisting diagnosis, and hypertension was defined according
to current use of antihypertensive medications. Left ventricular ejection fraction (LVEF) was
obtained either by ecocardiography or by ventriculography performed during cardiac
catheterization. The extent of coronary artery disease (CAD) was scored by aggregating the
number of significantly stenotic arteries (significant stenosis was defined by luminal
narrowing ≥ 50% of any epicardial coronary artery) to a maximum of three.

3.4 Laboratory Analyses
Blood samples were collected at baseline. Some patients fasted before the blood samples
were collected, and some others did not. Plasma choline, betaine, tHcy, TMAO, DMG, and
serum cotinine, blood lipids, glucose and C-reactive protein (CRP) were analyzed. Serum
lipids and glucose were measured using fresh samples at the hospital laboratories at
Stavanger University Hospital, Stavanger, or Haukeland University Hospital, Bergen,
Norway. Cotinine, choline, TMAO, betaine and DMG were measured using gas
chromatography coupled to tandem mass spectrometry, while tHcy was measured using
matrix assisted laser desorption ionization-time of flight mass spectrometry. Cotinine was
measured using liquid chromatography combined with mass spectrometry. The measurements
were performed at Bevital AS, Bergen, Norway. Estimated glomerular filtration rates (eGFR)
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were obtained using the Chronic Kidney Disease Epidemiology Collaboration equation
(Levey et al., 2009).

3.5 Dietary Assessment
At baseline, the study participants were asked to fill out a FFQ (Appendix) developed at the
Department of Nutrition, Institute of Basic Medical Sciences of the University of Oslo in the
Norwegian language. The FFQ was self-administered and it was returned by mail or at the
one-month follow-up appointment. On the first page a short instruction on how to answer the
FFQ was presented. The answers were read through optical mark reading (Nes et al., 1992).
The applied FFQ was an adaptation from a 180-item FFQ, designed in 1992, which
targeted to assess the habitual food intake of Norwegian adults and intended for use in
epidemiological studies of diet and health. The adaptation resulted in a 169-item FFQ with
the purpose to measure the average diet over the past year. It contained daily meals and their
frequency of intake. The dietary pattern was according to the Norwegian dietetic habits where
bread-based meals are important. Questions on the use of vitamin and mineral supplements
were included. There were no questions on choline supplement. The portion sizes were
assessed using household measures (such as slices, glasses, cups, pieces, spoons), units (dl,
hg or g) for each food. Frequency of ingestion was possible for the period of a day, week, or a
month depending on the food item or never consumed (Nes et al, 1992).
For estimation of nutrient and food intake, a software system developed at the
Department of Nutrition, University of Oslo (Kostberegningssystem, version 3.2) was used.
The food database is mainly based on the official Norwegian food composition table
(National Nutrition Council, 1995), with some additional foods.
Intake of choline and the individual choline species and betaine was quantified using
the U.S. Department of Agriculture (USDA) Database for the Choline Content of Common
Foods, release 2 (Patterson et al., 2008). The total dietary intake of choline was estimated as
the sum of free choline, phosphatidylcholine, phosphocholine, glycerophosphocholine and
sphingomyelin. For food items that occurred in both the current FFQ and in the USDA
database, the available contents of choline and betaine were used. For food items in the
current FFQ not corresponding to the ones found in the USDA database, choline and betaine
contents were estimated using nutritionally equivalent foods. For dishes or items which
differentiated from the ones in the USDA database, contents of choline and betaine were
calculated for each ingredient in the FFQ recipe.
24

Alcohol intake was also used in our analysis. According to the Nordic Nutrition
Recommendations (NNR, 2012), the consumption of alcohol should not exceed 10 g per day
for women and no more than 20 g per day for men. Partly based on this, alcohol consumption
was divided into four categories: no intake (0 g of alcohol); low-moderate (under 10 g of
alcohol per day for women and 20 g per day for men); moderate (between 10 and 20 g of
alcohol per day for women and between 20 and 30 g of alcohol per day for men); and highmoderate (above 20 g of alcohol per day for women and 30 g of alcohol per day for men).

3.6 Clinical End Points
The primary end point of the current study was incident AMI, included fatal and nonfatal
events and were defined according to the International Classification on Diseases (ICD) 10th
edition, I21-22. Information on endpoints was obtained from the Cardiovascular Disease in
Norway project (CVDNOR, http://cvdnor.b.uib.no/), which provided information on
discharge diagnoses from most Norwegian public hospitals and from the Cause of Death
during 1994 – 2009, and linked to each patient’s unique 11-digit personal number.

3.7 Statistical Analyses
Because the effect of nutrients may be confounded by total energy intake, total intake of
choline and choline species was adjusted for total energy intake by using the residual method
(Willett et al., 1997). Energy-giving components and foods were adjusted using the nutrient
density method and presented as percent of total energy intake (carbohydrate, protein, fat, and
alcohol) or as g per 1000 kcal (fiber, vegetables, fruits and berries).
Baseline characteristics by quartiles of total choline intake and by incident AMI are
presented. Continuous variables are presented as means (SD) and categorical variables as
counts (%). Linear trend (p for trend) was estimated using linear regression for continuous
variables and logistic regression for categorical variables. Fisher’s exact test for
multicategorical variables (for alcohol specifically Pearson´s chi-square test was used). The
calculated p values are 2-sided and considered statistical significant if less than 0.05.
For estimating the hazard risk of experiencing an AMI during the study period, Cox
proportional hazards regression model was used. Hazard ratios were calculated for each 100
mg raise of total choline intake and, in sequence, for each 10 mg raise of free choline,
phosphatidylcholine, glycerophosphocholine, phosphocholine and sphingomyelin intake.
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Model 1 was adjusted for total caloric intake. Model 2 was also adjusted for sex, age,
smoking, previous AMI, previous coronary artery bypass grafting (CABG) and extension of
CAD at baseline. Intervention allocation group was added to model 2, but it did not
materially alter the results so it was not included in the model. Moreover, adjustment for
intake of SFA, carbohydrate, fiber, protein, alcohol consumption, intake of vegetables, fruits
and berries, plasma TMAO, use of aspirin and serum lipids did not affect the model
materially and was not included in the final model. Model 3 was similar to model 2 plus
adjustment for BMI and diabetes.
To explore potential non-linear relationships between choline intake and incidence of
AMI a general additive model (GAM) was plotted.
For statistical analyses, IBM SPSS Statistics versions 23 and 24 for Windows were
used. For GAM, R version 3.3.1 (The R Foundation for Statistical Computing, Vienna,
Austria) was used. The calculated p-values are 2-sided and considered statistical if less than
0.05.
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4. Results
4.1 Baseline characteristics
The mean follow-up time was 7.2 (2.4) years. Baseline characteristics of the study population
across quartiles of total choline intake are presented in table 3.
Table 3. Baseline characteristics in 2019 patients with stable angina pectoris by quartiles of total
choline intake
Total
Total choline intake, mg/d
294 (65.1)
Men, n (%)
1610 (79.7)
Age, y
61.8 (9.72)
BMI, kg/m2
26.3 (3.73)
Current smokers, n (%)
593 (29.4)
Hypertension, n (%)
958 (47.4)
Diabetes mellitus, n (%)
226 (11.2)
LVEF, %
63.9 (11.1)
Previous MI n (%)
867 (42.9)
Previous CABG n (%)
290 (14.4)
Previous PCI n (%)
452 (22.4)
Extent of CAD n (%)
No stenotic vesselsc
248 (12.3)
1-vessel diseasec
568 (28.2)
2-vessel diseasec
549 (27.2)
3-vessel diseasec
653 (32.4)
Serum glucose, mmol/L
6.28 (2.14)
S-CRP, mg/L
3.26 (6.26)
eGFR, mL/min/1,73m2 a
89.7 (15.4)
Plasma levels of 1-carbon metabolites
Choline, μmol/La
9.84 (2.53)
TMAO, μmol/Ld
8.70 (9.94)
Betaine, μmol/La
41.0 (13.0)
DMG, μmol/La
4.26 (1.64)
tHcy, μmol/La
10.9 (3.83)
Serum Lipids and Apolipoproteins
TC, mmol/Lc
5.05 (1.19)
LDL-C, mmol/Lb
3.06 (1.02)
HDL-C, mmol/Lc
1.27 (0.35)
TG, mmol/Lc
1.79 (1.15)
ApoB-100, g/L
0.88 (0.23)
ApA1, g/L
1.28 (0.25)
ApoB-100/ApA1
0.71 (0.23)
3.47 (0.65)
LDL-C/ApoBb
HDL-C/ApA1c
0.99 (0.19)
Medications, n (%)
β-Blocker
1547 (76.6)
ACEI and/or ARBc
630 (31.2)
Statinc
1781(88.3)
Aspirin
1801 (89.2)

Q1
n = 504
223 (27.7)
432 (85.7)
61.4 (10.3)
25.8 (3.71)
132 (26.2)
220 (43.7)
38 (7.5)
64.4 (10.5)
209 (41.5)
74 (14.7)
129 (25.6)

Q2
n = 505
272 (9.58)
381 (75.4)
62.6 (9.29)
26.2 (3.76)
136 (26.9)
240 (47.5)
48 (9.5)
64.1 (11.7)
216 (42.8)
71 (14.1)
94 (18.6)

Q3
n = 505
306 (10.8)
388 (76.8)
62.2 (9.99)
26.3 (3.64)
143 (28.3)
240 (47.5)
55 (10.9)
63.8 (10.9)
207 (41.0)
67 (13.3)
112 (22.2)

Q4
n = 505
377 (58.4)
409 (81.0)
61.0 (9.24)
27.0 (3.75)
182 (36.0)
258 (51.1)
85 (16.8)
63.3 (11.5)
235 (46.5)
78 (15.4)
117 (23.2)

70 (13.9)
130 (25.8)
141 (28.0)
162 (32.2)
6.14 (2.03)
3.18 (4.99)
90.6 (14.9)

50 (9.9)
163 (32.3)
127 (25.1)
165 (32.7)
6.09 (1.89)
3.38 (8.04)
88.4 (14.9)

66 (13.1)
129 (25.5)
143 (28.3)
167 (33.1)
6.25 (2.04)
3.21 (5.95)
89.1 (16.2)

62 (12.3)
146 (28.9)
138 (27.3)
159 (31.5)
6.64 (2.52)
3.26 (5.67)
90.8 (15.4)

< 0.001
0.96
0.70

9.88 (2.39)
7.87 (8.44)
42.1 (13.6)
4.36 (1.68)
11.3 (3.80)

9.76 (2.40)
7.79 (8.40)
39.9 (12.3)
4.15 (1.49)
11.0 (4.20)

9.86 (2.62)
9.22 (10.9)
41.5 (12.9)
4.43 (1.99)
10.9 (3.98)

9.88 (2.69)
9.92 (11.5)
40.4 (13.1)
4.10 (1.31)
10.4 (3.25)

0.83
< 0.001
0.17
0.13
< 0.001

5.01 (1.13)
3.06 (1.01)
1.25 (0.34)
1.77 (0.92)
0.88 (0.23)
1.28 (0.25)
0.71 (0.24)
3.49 (0.72)
0.97 (0.17)

5.05 (1.09)
3.05 (0.97)
1.29 (0.36)
1.76 (0.94)
0.88 (0.23)
1.28 (0.25)
0.71 (0.23)
3.47 (0.59)
1.00 (0.20)

5.07 (1.44)
3.06 (1.08)
1.28 (0.35)
1.77 (1.53)
0.88 (0.27)
1.28 (0.26)
0.71 (0.25)
3.48 (0.60)
1.00 (0.21)

5.09 (1.10)
3.09 (1.02)
1.26 (0.34)
1.85 (1.09)
0.89 (0.23)
1.28 (0.24)
0.72 (0.23)
3.45 (0.67)
0.99 (0.18)

0.27
0.62
0.60
0.30
0.29
0.95
0.48
0.4
0.26

393 (78.0)
130 (25.8)
437 (86.9)
464 (92.1)

381 (75.4)
157 (31.1)
440 (87.1)
451 (89.3)

390 (77.2)
166 (32.9)
452 (89.5)
439 (86.9)

383 (75.8)
177 (35.0)
452 (89.5)
447 (88.5)

0.58
0.001
0.11
0.036

Ptrend
0.11
0.41
< 0.001
0.001
0.025
< 0.001
0.09
0.17
0.83
0.66
< 0.001

a

n = 2016;
n = 2017;
n = 2018;
d
n = 2006. All other variables have a n = 2019
Variables are reported as mean (SD) unless otherwise noted. Diabetes mellitus include both type 1 and type 2. ACEI, angiotensin-converting enzyme inhibitor and ARB,
angiotensin receptor blocker; ApoB-100/ApA1, ApoB-100/ApA1 ratio; CABG, coronary artery bypass grafting; CAD, coronary artery disease; CRP, C-reactive protein; DMG,
dimethylglycine; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HDL-C/ApA1, HDL-C/ApA1 ratio; LDL-C, low-density lipoprotein
cholesterol; LDL-C/ApoB, LDL-C/ApoB ratio; LVEF, left ventricular ejection fraction; AMI, acute myocardial infarction; PCI, percutaneous coronary intervention; TC, total
cholesterol; TG, triglycerides; tHcy, total homocysteine; TMAO, trimethylamine N-oxide. P for trend was estimated using linear regression analysis for continuous variables, logistic
regression for dichotomous variables and p value was estimated using Fisher’s exact test, for multicategorical variables.
b
c
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There was a statistically significant positive association between increasing choline intake
and BMI (p <0.001), hypertension (p = 0.025), diabetes (p <0.001), smoking (p = 0.001),
serum glucose (p <0.001), use of ACEI/ARB (angiotensin-converting enzyme inhibitor and
angiotensin receptor blocker) (p = 0.001) and aspirin medications (p = 0.036). Higher intake
of total energy-adjusted choline was inversely associated with plasma tHcy (p <0.001), and
positively associated with plasma TMAO (p < 0.001). It was not observed any association
between total choline intake and age, gender, extent of CAD, LVEF, previous AMI, previous
coronary intervention, CRP, eGFR, serum lipids and apolipoproteins, plasma choline, plasma
betaine, plasma DMG or use of β-blocker and statin (Table 3).

4.2 Dietary Intake
Dietary intake by quartiles of total choline intake is shown in table 4. The mean total energy
intake (SD) was 2095 (633) kcal/d, the mean total energy-adjusted choline intake was 294
(65.1) mg/d. Forty-three percent of the total choline came from phosphatidylcholine, 127
(36.9) mg/d, followed by free choline, 75.6 (17.3) mg/d. Mean energy-adjusted choline intake
for quartiles 1, 2, 3 and 4 was 223 (27.7) mg/d, 272 (9.58) mg/d, 306 (10.8) mg/d, 377 (58.4)
mg/d.
Table 4. Daily dietary intake by quartiles of total choline intake
Total choline, mg
Energy, kcal
Carbohydrate, E%
Fiber, g/1000 kcal
Protein, E%
Fat, E%
SFA, E%
MUFA, E%
PUFA, E%
Alcohol, E%
Alcohol intake, n (%)1
No intake
Low-moderate
Moderate
High
Betaine, mg
Free choline, mg
Phosphatidylcholine, mg
Sphingomyelin, mg
Phosphocholine, mg
Glycerophosphocholine, mg
Fruit and berries, g/ 1000 kcal*
Vegetables, g/ 1000 kcal

Total
n = 2019
294 (65.1)
2095 (633)
49.7 (6.38)
12.2 (3.21)
16.9 (2.56)
31.3 (5.41)
11.7 (2.61)
10.3 (1.96)
7.19 (1.96)
2.00 (3.08)

Q1
n = 504
223 (27.7)
2236 (637)
51.2 (6.42)
11.5 (2.74)
15.3 (2.18)
31.8 (5.47)
12.2 (2.72)
10.3 (1.99)
7.33 (2.05)
1.62 (2.72)

Q2
n = 505
272 (9.57)
1962 (607)
50.7 (5.53)
12.3 (2.78)
16.6 (2.12)
30.9 (5.06)
11.7 (2.58)
10.1 (1.86)
6.96 (1.84)
1.76 (3.16)

Q3
n = 505
305 (10.8)
2020 (614)
49.5 (6.29)
12.3 (3.08)
17.2 (2.14)
31.3 (5.57)
11.6 (2.64)
10.3 (1.99)
7.22 (1.94)
1.93 (2.39)

Q4
n = 505
377 (58.3)
2163 (638)
47.4 (6.56)
12.6 (3.99)
18.6 (2.60)
31.2 (5.49)
11.4 (2.45)
10.3 (2.00)
7.27 (1.98)
2.70 (3.76)

508 (25.2)
1352 (67.0)
93 (4.6)
66 (3.3)
139 (38.0)
75.6 (17.3)
127 (36.9)
9.49 (4.04)
11.5 (5.34)
62.5 (26.7)
125 (85.3)
105 (74.1)

164 (32.5)
307 (60.9)
19 (3.8)
14 (2.8)
141 (39.5)
62.3 (11.1)
96.4 (21.2)
6.27 (2.38)
7.65 (3.18)
42.3 (15.4)
113 (85.1)
75.2 (43.3)

146 (28.9)
333 (65.9)
16 (3.2)
10 (2.0)
137 (32.5)
71.5 (10.3)
117 (20.3)
8.50 (2.01)
10.2 (3.06)
56.9 (14.8)
128 (80.8)
95.6 (52.5)

112 (22.2)
362 (71.7)
19 (3.8)
12 (2.4)
140 (39.1)
76.9 (11.8)
133 (25.5)
10.1 (2.59)
12.2 (3.87)
65.6 (18.2)
130 (86.9)
111 (66.6)

86 (17.0)
350 (69.3)
39 (7.7)
30 (5.9)
136 (40.3)
91.6 (19.3)
162 (40.6)
13.0 (4.96)
16.1 (6.43)
85.9 (32.8)
128 (87.3)
140 (103)

Ptrend
0.21
<0.001
<0.001
<0.001
0.20
<0.001
0.43
0.79
<0.001
< 0.001

0.16
<0.001
<0.001
<0.001
<0.001
<0.001
0.004
<0.001

Variables are reported as mean (SD) unless otherwise noted.
MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.
1
No intake: 0 g/day; Low-moderate: women 0.1-10 g/day, men 0.1-20 g/day; Moderate: women 10-20 g/d, men 20-30 g/d; High: women >20 g/day, men >30 g/day.
Choline and betaine intake was adjusted for total energy intake using the residual method. Intake of macronutrients and foods were adjusted for total energy intake using the
nutrient density method presented as either E% or g/1000 kcal.
*
Fruit includes canned and fresh fruits as well as juice.
P for trend was estimated using linear regression analysis for continuous variables and Fisher’s exact test for categorical variables.

28

Higher intake of energy-adjusted choline was inversely associated with intake of
carbohydrates (p <0.001), SFA (p <0.001), and positively correlated with intake of fiber (p
<0.001), protein (p <0.001), alcohol (p <0.001), fruits and berries (p < 0.05) and vegetables
(p <0.001) (Table 4). There was no association between intake of betaine and choline.

4.3 Baseline Characteristics by Incidence of Acute Myocardial Infarction
A total of 297 (14.7%) participants experienced an AMI episode. In table 5, baseline
characteristics of patients who did or did not experience AMI during the study period are
presented. Overall, patients who experienced AMI were older (p = 0.006), and a larger
proportion of them had already had an AMI episode earlier (p < 0.001). They also tended to
be sicker compared to the group who did not experience AMI. Risk factors like previous
surgeries (CABG, p < 0.001, and percutaneous coronary intervention – PCI, p < 0.05),
extensive CAD (3-vessel CAD, p = 0.004), elevated serum glucose (p = 0.024), hypertension
(p = 0.024), diabetes (p < 0.001), higher tHcy (p = 0.036), higher LDL-C (p = 0.04), lower
HDL-C (p = 0.003), higher ApoB100 (p = 0.003), lower ApA1 (p = 0.039) and use of
ACEI/ARB medication (p = 0.03) were more spread among those who had AMI. A higher
percentage of people who developed AMI were current smokers (p = 0.007).
Table 5. Baseline characteristics by incidence of acute myocardial infarction
Acute myocardial infarction during
follow-up
Yes
No
n = 297
n = 1722
236 (79.5)
1374 (79.8)
63.4 (10.6)
61.5 (9.54)
26.6 (4.54)
26.3 (3.58)
107 (36.0)
486 (28.2)
159 (53.5)
799 (46.4)
53 (17.8)
173 (10.0)
60.6 (13.0)
64.4 (10.7)
180 (60.6)
687 (39.9)
69 (23.2)
221 (12.8)
84 (28.3)
368 (21.4)

Men, n (%)
Age, y
BMI, kg/m2
Current smokers, n (%)
Hypertension, n (%)
Diabetes mellitus, n (%)
LVEF, n
Previous MI, n (%)
Previous CABG, n (%)
Previous PCI, n (%)
Extent of CAD, n (%)
No stenotic vesselsc
21 (7.1)
1-vessel diseasec
78 (26.3)
2-vessel diseasc
80 (26.9)
3-vessel diseasec
118 (39.7)
Serum glucose mmol/L
6.57 (2.42)
S-CRP, (mg/L)
3.55 (4.81)
eGFR, mL/min/1,73m2 a
87.4 (18.5)
Plasma levels of 1-carbon metabolites
10.1 (2.70)
Choline, μmol/La
Betaine, μmol/La
40.4 (11.8)
11.4 (4.54)
tHcy, μmol/La
TMAO, μmol/Le
9.53 (11.4)

P
0.88
0.006
0.26
0.007
0.02
<0.001
<0.001
<0.001
<0.001
0.01
0.002

227 (13.2)
490 (28.5)
469 (27.3)
535 (31.1)
6.23 (2.09)
3.21 (6.48)
90.1 (14.7)

0.024
0.39
0.02

9.80 (2.49)
41.0 (13.2)
10.8 (3.69)
8.56 (9.66)

0.057
0.46
0.036
0.17
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DMG, μmol/La
Serum lipids and apolipoproteins
TC, mmol/Lc
LDL-C, mmol/Lb
HDL-C, mmol/Lc
TG, mmol/Lc
ApoB-100, g/L
ApA1, g/L
ApoB-100/ApA1
LDL-C/ApoBb
HDL-C/ApA1c
Medications n (%)
β-blockers
ACEI and/or ARBc
Statinc
Aspirin

4.42 (1.66)

4.24 (1.64)

0.08

5.13 (1.24)
3.18 (1.11)
1.21 (0.32)
1.83 (0.93)
0.92 (0.27)
1.25 (0.25)
0.76 (0.25)
3.44 (0.58)
0.97 (0.18)

5.04 (1.19)
3.05 (1.00)
1.28 (0.36)
1.78 (1.18)
0.87 (0.23)
1.29 (0.25)
0.70 (0.23)
3.48 (0.66)
1.00 (0.20)

0.21
0.04
0.003
0.47
0.003
0.039
<0.001
0.33
0.037

225 (75.8)
109 (36.7)
254 (85.5)
255 (85.9)

1322 (76.8)
521 (30.3)
1527 (88.7)
1546 (89.8)

0.71
0.03
0.12
0.05

a

n = 2016;
n = 2017;
n = 2018;
d
n = 2006. All other variables have a n = 2019
Variables are reported as mean (standard deviation) unless otherwise noted. Diabetes mellitus include both type 1
and type 2.
ACEI, agiotensin-converting enzyme inhibitor and ARB, angiotensin receptor blocker; ApoB-100/ApA1, ApoB100/ApA1 ratio; CABG, coronary artery bypass grafting; CAD, coronary artery disease; CRP, C-reactive protein;
DMG, dimethylglycine; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HDLC/ApA1, HDL-C/ApA1 ratio; LDL-C, low-density lipoprotein cholesterol; LDL-C/ApoB, LDL-C/ApoB ratio; LVEF, left
ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary
intervention; TC, total cholesterol; TG, triglycerides; tHcy, total homocysteine; TMAO, trimethylamine N-oxide.
P value was calculated using independent samples t-test for continuous variables, and Fisher’s Exact test for
categorical variables.
b
c

4.4 Dietary Intake and Acute Myocardial Infarction Events
With regard to their habitual diet and AMI incidence (Table 6), analyses show that the group
of patients who experienced AMI reported a higher intake of total choline 304 (62.8) mg/d vs.
293 (65.4) mg/d (p = 0.005). Almost 50% of total choline came from phosphatidylcholine
133 (37.9) mg/d, and phosphatidylcholine intake was higher in the AMI group as well (p =
0.003). The AMI patients reported lower total energy intake 2010 (645) kcal/d vs. 2110 (630)
kcal/d (p = 0.012). More people in the group who experienced an AMI stated no intake of
alcohol (31% vs. 24%, p = 0.014).
Table 6. Daily dietary intake in groups with or without acute myocardial infarction
Acute myocardial infarction during follow-up
Yes
No
(n = 297)
(n = 1722)
Total choline, mg
Energy, kcal
Carbohydrate, E%
Fiber, g/1000 kcal
Protein, E%
Fat, E%
SFA, E%
MUFA, E%
PUFA, E%
Alcohol, E%
Alcohol intake, n (%)1
No intake

304 (62.8)
2010 (645)
49.7 (6.68)
12.5 (3.42)
17.2 (2.51)
31.2 (5.64)
11.7 (2.77)
10.3 (2.05)
7.13 (1.96)
1.89 (3.00)

293 (65.4)
2110 (630)
49.7 (6.33)
12.2 (3.17)
16.9 (2.57)
31.3 (5.37)
11.7 (2.59)
10.3 (1.95)
7.21 (1.96)
2.02 (3.09)

92 (31.0)

416 (24.2)

P
0.005
0.012
0.87
0.16
0.07
0.78
0.85
0.81
0.51
0.51
0.09
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Low-moderate
Moderate
High
Betaine, mg
Free choline, mg
Phosphatidylcholine, mg
Sphingomyelin, mg
Phosphocholine, mg
Glycerophosphocholine, mg
Fruit, g/ 1000 kcal2
Vegetables, g/ 1000 kcal

183 (61.6)
12 (4.0)
10 (3.4)
141 (39.1)
76.5 (17.6)
133 (37.9)
10.0 (3.97)
11.8 (5.31)
64.7 (26.6)
124 (90.2)
110 (86.2)

1169 (67.9)
81 (4.7)
56 (3.3)
138 (37.9)
75.4 (17.2)
126 (36.7)
9.39 (4.05)
11.5 (5.35)
62.1 (26.8)
125 (84.5)
105 (71.8)

0.19
0.32
0.003
0.01
0.31
0.12
0.87
0.30

Variables are reported as mean (SD) unless otherwise noted.
GCP, glycerophosphocholine; MUFA, monounsaturated fatty acid; PC, phosphatidylcholine; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.
1
No intake: 0 g/day; Low-moderate: women 0.1-10 g/day, men 0.1-20 g/day; Moderate: women 10-20 g/d, men 20-30 g/d; High: women >20 g/day, men >30
g/day.
Choline and betaine intake was adjusted for total energy intake using the residual method. Intake of macronutrients and foods were adjusted for total energy
intake using the nutrient density method presented as either E% or g/1000 kcal.
2
Fruit includes canned and fresh fruits as well as juice and berries.
P value was estimated using independent samples t-test for continuous variables, and Fisher’s exact test, for categorical variables.

4.5 Dietary Choline Intake and Risk of Acute Myocardial Infarction
Three Cox proportional hazards regression models, were created to control for confounding
factors on the effect of dietary choline on risk of AMI. In the crude model, adjusting only for
energy intake, the risk of AMI increased with 28% (CI 9 - 49) for each 100 mg increase in
total choline intake. Adjusting for sex, age, smoking, extent of CAD at baseline, previous
AMI and previous CABG slightly attenuated the risk estimate to 22% (CI 4 - 42). Adding
BMI and diabetes mellitus to the model further attenuated the excess AMI risk to 17% (CI -1
- 38) (Table 7).
To test the independent effect of the various choline species, each choline specie was
individually added to model 2. Compared to model 2 without the choline species,
phosphocholine did not materially change the risk estimate. Free choline and
glycerophosphocholine tended to increase it, whereas it was attenuated after adding
phosphatidylcholine and sphingomyelin (data not shown).
The same models were thereafter constructed when analyzing the effect of 10 mg
increase in each choline specie intake on incidence of AMI, now excluding total choline from
the models. Free choline, phosphocholine and glycerophosphocholine had no statistically
significant effect on incidence of AMI in any of the models. Intake of phosphatidylcholine
and sphingomyelin was positively associated with risk of AMI, although it was attenuated in
the multivariate models.
In figure 4 the linearity between total choline intake and AMI was analyzed after
adjustment as for model 3. Increasing intake of total choline up to 300 mg/d seemed to be
associated with a higher risk of AMI with no excess risk at higher levels of choline intake.
However, a clearer linear relationship was observed primarily for phosphatidylcholine and, to
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a lesser degree, for sphingomyelin. Intakes of free choline, glycerophosphocholine and
phosphocholine do not seem to be associated with risk of AMI.
Table 7. Hazard ratios for incident acute myocardial infarction according to total choline and
choline species intake
Hazard ratio (95% cofidence interval)
Model 2b
P

Model 1a

P

Total choline intaked

1.28 (1.09-1.49)

0.002

1.22 (1.04-1.42)

Free cholinee

1.04 (0.97-1.11)

0.22

1.05 (1.02-1.08)

Phosphatidylcholinee
Phosphocholine

e

Sphingomyeline
Glycerophosphocholine

e

Model 3c

P

0.013

1.17 (0.99-1.38)

0.051

1.03 (0.96-1.10)

0.39

1.02 (0.95-1.09)

0.57

0.001

1.05 (1.02-1.08)

0.001

1.04 (1.01-1.07)

0.005

1.15 (0.93-1.42)

0.19

1.11 (0.89-1.39)

0.33

1.09 (0.88-1.35)

0.44

1.41 (1.11-1.80)

0.004

1.33 (1.05-1.68)

0.02

1.27 (0.99-1.62)

0.053

1.03 (0.99-1.07)

0.15

1.01 (0.97-1.05)

0.64

1.01 (0.96-1.05)

0.74

HR, hazard ratio; CI, confidence interval.
a
Adjusted for energy intake.
b
Adjusted for model 1 plus age, sex, previous AMI, previous CABG, smoking and extent of CAD at baseline.
c
Adjusted for model 2 plus body mass index and diabetes.
d
per 100 mg/day increase
e
per 10 mg/day increase

Figure 4. Association between intake of choline and acute myocardial infarction

The model GAM was adjusted for energy intake, age, sex, previous AMI, previous CABG, smoking and extent of CAD at baseline, BMI
and diabetes. The x axis represents choline intake in a population of 2019 patients with SAP.
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5. Discussion
In this large cohort of patients with SAP, having a higher choline intake was associated with
increased risk of AMI. The intake of different choline-containing species had varying effects
on AMI risk. Free choline, phosphocholine and glycerophosphocholine intake was not
associated with AMI. But intake of phosphatidylcholine and sphingomyelin was positively
associated with risk of AMI.
Total intake of choline was independent of age, gender, prior AMI, coronary
vascularization or extent of CAD at baseline. A high intake was however with several
established CVD risk factors including, hypertension and diabetes, whereas no association
was observed with lipid levels or plasma choline. A high intake was associated with lower
tHcy and higher TMAO concentrations. Higher intake of choline was positively associated
with intake of fiber, protein, vegetables, fruits and berries, and alcohol, and negatively
associated with carbohydrate and SFA.

5.1 Methodological Discussion
5.1.1 Dietary Assessment
In this study, the aim was to measure dietary choline in patients with SAP. For that purpose,
it was applied an FFQ created for epidemiological studies of diet and health, whose goal was
to measure average food intake of individual Norwegian adults (Nes et al., 1992). Indeed, the
purpose of FFQs is generally to estimate intake of food over longer periods (Willett, 2013).
In case of diseases that require a significant amount of time to progress, measuring habitual
intake of food is more relevant than food intake for one or few days. Besides that, it can be
very useful when measuring population-wise dietetic ingestion for using as a basis for
nutritional policy (Andersen et al., 1999). It is also possible to reduce costs when they are
self-administered (Willett, 2013).
Another important goal with an FFQ is to rank subjects in their absolute intake. Food
items must be chosen firstly, based on their consumption by a considerable number of
individuals, secondly, they must have a significant amount of the nutrient of interest, and
thirdly, its consumption must vary from person to person to allow ranking among the study
participants. A sum of the three aspects named above will contribute for the variance between
persons in the nutrient intake (Willett. 2013). Importantly, the present FFQ contains the foods
that usually have been reported to be the main sources of choline in the diet as bread, meat,
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fish, egg, milk and dairy. Still, changes in this FFQ, as including other choline-rich food
items (as cottage cheese, cream cheese, pork products and soya beans), having exclusive
questions for food items as spinach and shrimp, locating peanuts in another food group than
“dessert, cakes and candies” are examples of alterations that could have yielded other results
regarding total choline intake in this population. Nevertheless, the estimates of daily intakes
among our patients are aligned with the estimates obtained in other studies in western
population.
Another important aspect of a FFQ is that the chosen food items it contains must
match the cultural background of the population of study (Willett, 2013), which was the case
of the applied FFQ. Also, when assessing nutrient intake, it is decisive to consider
characteristics of the food such as physical state (powder, purée, liquid for instance),
preparation method (baking, frying, boiling) or vitamin fortification since these aspects are
important determinants of nutrient content in the investigated food items, and not considering
them is unfit for the purpose of nutrient intake assessment (Vennemann et al., 2015).
Regarding choline content in food items some points must be considered. Firstly, total
choline content may remain the same when comparing raw or treated food, but the choline
species may change. Free choline or phosphatidylcholine content may increase, for instance,
while others decrease in proportion, depending on the preparation method (Zeisel et al.,
2003). Secondly, choline may have different bioavailability from foods (Emmert and Baker,
1997). Thirdly, hydrosoluble and liposoluble choline species have different absorption
mechanisms and metabolism (Zeisel et al., 2003). These aspects may be important for the
final effect choline intake has on health as the different choline species are differently
associated with AMI as showed in the present study.
Moreover, the fact that our subjects were patients with a clinical diagnose, and
occasionally knew the severity of their respective diseases, may have influenced their eating
habits prior to the study. Overestimation or underestimation of nutrient intake may be a
source of bias in FFQs, and it affects nutrient intake estimation (Mirmiran et al., 2006).
Underreporting of choline intake at the individual level may have impaired the risk estimates
of choline-disease relation, and adding the fact that the FFQ was not built for measuring
choline, may have given attenuated results. To help controlling for these factors in the group
as a whole, nutrient intake was adjusted for energy intake. Adjusting nutrient intake for
energy is important when energy intake and disease are associated as they are in the case of
CVDs (Mirmiran et al. 2006). This adjustment of nutrient intake allows for control of the
confounding effect total energy intake may have on disease risk, and it also controls for
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extraneous variations in nutrient intake due to very high and/or very low energy intake
(Willett et al, 1997)
To estimate choline in food items, it was primarily used the American food database
issued by USDA. It cannot be dismissed that this may have accounted for some estimate
differences, and that it may have represented a source of estimation error. This source of error
can affect the estimated mean intake of the dietary variable at the individual and population
level (Slimani et al., 2007). This would, however, have a bigger impact on absolute intake
rather than on the ranking of individuals from low to high intake which is more important for
the current study. Choline supplements were not included in the FFQ. There was little
knowledge about choline in supplements consumed by the population then.
In other words, the role that dietary choline may play in AMI risk depends on the
capability of the study to account for all probable confounding by associated dietetic and nondietetic risk factors (Kritchevisky and Kritchevisky, 2000).

5.1.2 Study Population and Design
Participants of the present study comprehend a homogeneous cohort of patients with
angiographically established CAD originally taken from a larger population recruited for the
WENBIT study. The current study uses dietary information collected prior to any possible
AMI event, and participants are followed-up for the end-points, so this is a prospective
cohort. Although prospective cohort studies may be more expensive than other designs and
also be time-consuming, this design is considered an efficient tool to study the relation
between exposure (dietary choline) and outcome (AMI) (Setia, 2016). In a prospective cohort
study it is possible to study a potential causative relation between exposure variable and
outcome as their chronologic order is known and the study population is free of the outcome
at baseline (Mann, 2003). For the present study, there were collected an extensive amount of
variables, which allows for control of many confounding variables.
After the exclusion criteria (extreme caloric intake, and ACS), the study population
was composed by a homogeneous group of individuals with diagnose of CVD. For this
reason, our results limit to this type of group and cannot be generalized to the rest of the
population.
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5.1.3 Epidemiological Statistics
Total caloric intake has been inversely associated with CVD (Willett et al., 1997). In this
case, nearly all nutrients will be associated with disease risk in the same manner (Willett et
al., 1997). This is because lower energy intake is associated with lower food intake, which,
by its turn, leads to lower nutrient intake. Overreporting food intake and factors that influence
energy intake, and consequently nutrient intake, as physical activity for instance (Willett et
al., 1997) may work as a confounder (Rhee et al., 2014). For control of the confounding
effect of energy intake, nutrient residual model was applied before all statistical analyses took
place. Regression analyses generated residuals of nutrient intake, which were used to estimate
intake of dietary choline independent of energy intake. This fact may be due to chance, but
dietary patterns and demographic variation in a population may also generate different
degrees of correlation between nutrient intake and energy intake (Rhee et al., 2014), which
reinforces the importance of adjusting for total energy intake.
Total energy-adjusted choline intake was categorized in quartiles. This allowed
estimation of association between baseline categories for different exposure categories, which
is positive when, in a real situation, higher or lower intakes affect health negatively (Willett
et al., 1997).
Some variables present missing values. There were though a low number of missing
values, and they are not likely to have substantially influenced results.

5.2 Discussion of Results
5.2.1 Choline Intake and Baseline Dietary Intake
The presented FFQ issued choline intake estimates similar to what other studies have
observed (Detopoulou et al., 2008; Dalmejer et al., 2008; Bidulescu et al., 2007; Cho et al.,
2006). While some other studies have estimated higher total choline intake for men (Millard
et al., 2016) or for both sexes (Nagata et al., 2015; Fischer et al., 2007; Fischer et al., 2005).
These found differences can in part be explained by high consumption of seafood in one
study (Nagata et al., 2015), and of eggs among African-Americans men (Millard et al., 2016),
which could probably be explained by another eating pattern in their North-American cohort.
And in the other two studies (Fischer et al. 2007 and Fischer et al., 2005), the difference
could be explained by the fact that subjects were housed at the local University Clinical
Research Center and their food intake was observed during the study period. This may have
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influenced their ad libitum food intake (Robinson et al, 2015). Improved measurement tools
and techniques may have been applied in their estimation of choline intake. In addition,
choline intake may vary according to other determinants such as ethnicity and country
(Slimani et al., 2002).
In the current study population, mean energy-adjusted total choline intake was within
what the EFSA estimated to be the average intake of choline (269 to 468 mg/day) among
adults after analyses of 12 surveys in 9 countries of the European Union (EFSA, 2016).
However, the mean energy-adjusted choline intake in the highest quartile in the present study
was below the estimated AI recommended by the EFSA (440 mg/d for adults). Choline intake
was neither associated with age or gender in the present study, as observed in another
population (Millard et al., 2016).
So far, overall dietary intake of choline in most studied populations has been lower
than current established AIs, with some exceptions (Nagata et al, 2015; Fischer et al., 2007;
Fischer et al., 2005). Still, the estimated “low” average intake among free-living individuals
seems to satisfy the human body’s daily requirements for choline (Cho et al, 2006), in spite of
conceivable presence of SNPs that might alter (increase or decrease) choline requirements.
Further, among energy-giving nutrients, higher intake of choline was negatively
associated with intake of SFA and total carbohydrates, and positively associated with higher
intake of total fiber, protein, vegetables, fruits and berries, and alcohol. This could suggest
that choline intake in this population was associated with a healthier eating pattern, and food
choices are of substantial importance for the quantity of choline one eats. However,
adjustment for dietary intake did not materially affect the results.

5.2.2 Choline Intake and Acute Myocardial Infarction
A higher intake of energy-adjusted total choline was associated with higher risk of AMI in
patients with SAP. Increased intake of energy-adjusted phosphatidylcholine was associated
with risk of AMI, and increased intake of energy-adjusted sphingomyelin was associated with
increased risk of AMI in the crude model, and was borderline statistically significant in the
fully adjusted. Energy-adjusted free choline, phosphocholine and glycerophosphocholine had
no statistically significant effect on risk of AMI in any of the models. Similarly, Zheng and
colleagues also found a higher intake of phosphatidylcholine intake to be associated with
increased risk of all-cause mortality, especially CVD-specific mortality in healthy individuals
(Zheng et al., 2016). Those associations were stronger in diabetic patients (Zheng et al,
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2016). Their study had a large study population, and a long follow-up with biennially dietary
assessment. Remarkably, the richest sources of both phosphatidylcholine and sphingomyelin
are animal products, according to the table content issued by USDA (Patterson et al., 2008).
Perhaps intakes of both choline species are correlated via dietary sources, and this could
explain the association between sphingomyelin and AMI found in the present study.
Millard and colleagues, (2016) analyzed association between dietary choline and
betaine using a FFQ, and incident CHD, ischemic stroke and CVD in African-Americans.
They found a decreased risk of incident ischemic stroke with higher choline intake (Millard et
al., 2016).
Other studies did not find the same association (Nagata et al., 2015; Dalmejer et al.,
2008; Bidulescu et al., 2007). In a healthy Japanese population, higher intakes of choline and
betaine were not associated with cardiovascular mortality risk (Nagata et al., 2015). Seafood
was a good source of choline and betaine, among PUFAs and other nutrients that may exert
protective effect in the cardiovascular health. Although the authors adjusted their analyses for
seafoods, they remarked that they could not disregard the protective effect of PUFA or other
nutrients in seafoods on CVD mortality risk. In addition, they found that higher
sphingomyelin intake increased the risk of mortality from CHD in men, and an inversed
association between phosphocholine intake and risk of mortality from hemorrhagic stroke in
women (Nagata et al., 2015).
Dalmejer et al., 2008, found no association between regular intake of choline among
Dutch postmenopausal women and CVD risks after adjusting for confounders. The authors
suggest that the narrow intervals of choline intake used could explain their results (Dalmeijer
et al, 2008), but they are not considerably different from the intervals of choline intake used
in the present study.
Bidulescu et al. assessed intakes of choline or betaine at baseline with a 66-item FFQ
in a large biracial cohort of men and women with no previous CHD. After controlling for
multiple risk factors, individuals at highest intake levels had 22% higher risk of experiencing
CHD, and 14% higher risk considering the highest choline and betaine intakes together but
those estimates were not statistically significant.
Rajaie and Esmaillzadeh, 2011, conclude in their review of 7 cross-sectional and
prospective studies on choline and betaine and CVD risk on healthy subjects, that the intake
of these nutrients is not associated with CVD incidence, but the long-term consumption has
been shown to prevent CVD mortality by decreasing inflammation and other risk factors.
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Lastly, total energy-adjusted choline intake was not related to baseline plasma lipid
profile, as observed in another study (Dalmeijer et al., 2008). But any possible association
between total choline and blood lipids could have been masked by the broad use of statins
among our subjects (88.3%). Nevertheless, LDL-C and ApoB-100/ApA1 were significantly
higher and HDL-C significantly lower in individuals with AMI compared to those without
AMI. There were no differences in TC and in TG. The ApoB/ApA1 ratio is a strong predictor
of fatal AMI irrespective of TC and TG as ApoB is present in all atherogenic lipid particles
(McQueen et al., 2008; Walldius et al., 2001). But adding blood lipids to our regression
model 2 did not materially affect the association between choline intake and the risk of AMI.
Some studies used in this discussion included only subjects with established CVD
whereas others included only those who, at baseline, did not have CVD. Participants in the
current study had comorbidities that were important risk factors, but our analyses were
adjusted for them.

5.2.3 Plasma levels of Metabolites and AMI
The mean plasma of choline measured in the present study is in harmony with the estimates
given by IOM, 1998, that is, 7 to 20 µmol/L in adults, most having a concentration of 10
µmol/L. It was not observed any association between choline intake and concentration of
choline, betaine, or DMG in the plasma. Lack of association might be explained by the rapid
absorption of choline and its distribution to the different body tissues, as well as interactions
with other dietary nutrients, intestinal conditions, and health and physiologic status, like
pregnancy and lactation (Cho et al., 2016).
Plasma choline was higher in patients who had an AMI episode but, the difference
was only borderline statistically significant. In another study, plasma choline level, which
was similar to the average plasma choline in the present study, was associated with an
unfavorable CVD risk profile and plasma betaine was associated with a favorable CVD risk
profile (Konstantinova et al., 2008). Choline and betaine plasma could be a reflection of last
dietary intake, and changes in diet at a later point of time may attenuate associations between
plasma choline and AMI risk.
In this study, mean tHcy was within the normal range of tHcy in the blood (5 15µmol/L) (Robinson, 2000). Higher intake of choline was associated with lower tHcy, as
observed in other studies (Dalmeijer et al., 2008; Cho et al., 2006). Patients who developed
AMI under the study period had significantly higher tHcy than those who did not. But,
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adding intervention allocation to model 2 in the analyses risk, did not change risk of AMI.
Elevations in tHcy seem to be related to only 10% of CAD risk in the population (Weiss et
al., 2002). Moreover, a meta-analysis showed no effect on risk of AMI among individuals
with established CVD or renal disease who took B-vitamins and had their Hcy levels lowered
(Clarke et al., 2010).

5.2.4 Possible Mechanisms
Choline has been related to cardiovascular (Tang et al, 2013; Wang et al., 2011) and more
specifically, atherosclerotic diseases (Wang et al., 2011; Muller et al., 2010) through several
mechanisms.
Hcy serves solely as an intermediate in the metabolism of MET, and it must be
remethylated (remethylation pathway) or it must be catabolized (transsulphuration pathway)
(Blom and Smulders, 2011). Choline deficiency, through scarce betaine, could lead to
accumulation of Hcy (Dalmeijer et al., 2008; Bidulescu et al., 2007). While supplementation
with choline and betaine (Lee at al., 2010) or phosphatidylcholine (Olthof et al., 2005a) is
capable of lowering Hcy concentrations. It is well established that B vitamins have the
capacity to reduce levels of Hcy (Weiss et al., 2002) by promoting remethylation or cleavage
of Hcy (Bertoia et al., 2015). Increased plasma Hcy would disturb the vascular endothelium,
elevating atherogenesis (Weiss et al., 2002). Elevated levels of Hcy in the plasma are
associated with higher risks of developing vascular disease (Robinson, 2000) independent of
other risk factors (Clarke et al., 1991).
Higher intake of choline has been associated with decreased circulating levels of
inflammatory markers, such as CRP, interleukin-6 (Il-6), and tumor necrosis factor alpha
(TNF-α) (Detopoulou et al., 2008). Rajaie and Esmaillzadeh, 2011, conclude in their review
of 7 cross-sectional and prospective studies on choline and betaine and CVD risk on healthy
subjects, that the intake of these nutrients is not associated with CVD incidence, but the longterm consumption has been shown to prevent CVD mortality by decreasing inflammation and
other risk factors. However, it was not found association between total energy-adjusted
choline intake and CRP, and adding CRP to hazard risk analyses did not affect the effect of
choline intake on risk of AMI.
Choline is also hypothesized to affect CVD via the action of TMAO. TMAO
augments macrophage cholesterol content and foam cell formation in mouse models (Wang
et al., 2011). Foam cells play a major role in the progress of atherosclerosis (Valledor et al.,
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2015). TMAO also diminishes reverse cholesterol transportation (Koeth et al., 2013), and
alters the metabolism of bile acid and sterol transporters in the liver and intestine (Velasquez
et al., 2016). Wang and colleagues observed a dose-response relationship between TMAO
and angiographic measures of atherosclerotic plaque in humans (Wang et al., 2011). High
plasma choline (Wang et al., 2014; Koeth et al., 2013; Wang et al., 2011), high plasma
betaine (Wang et al., 2014; Wang et al., 2011), high plasma carnitine (Koeth et al., 2013)
have been found to be associated with higher CVD risk only when TMAO concentration was
high. In the present population, plasma concentration of TMAO was higher across quartiles
of choline intake, but there was no significant difference in TMAO serum levels between
patients with AMI and patients who did not have AMI. Importantly, TMAO is excreted via
urine effectively (Tang et al., 2013; Wang et al., 2011). In such way, TMAO clearance may
protect against CVD (Tang et al., 2013). Velasquez and colleagues in their review article
suggest that TMAO could instead be a marker of stress rather than a mediator of disease
though (Velasquez et al., 2016). The literature about TMAO and CVDs remains controversial
still (Velasquez et al., 2016).
Elevated intakes of choline and betaine have also been associated with altered blood
lipids (Olthof et al., 2005b), what may elevate risk of CVD. Olthof and colleagues
administered choline and betaine to healthy subjects, and showed that choline
supplementation may increase TG, and that betaine may increase LDL-C and, consequently,
TC (Olthof et al., 2005b). The participants received though 6g of betaine and 2.6 g of choline
per day, that is far above the estimated average choline intake in epidemiological studies so
far. They propose that the export of lipids from the liver via VLDL-C increase, as its
precursors (choline and betaine) are found abundant intracellularly due to elevated intake
(Olthof et al., 2005b). Although there were observed some differences in blood lipids
between those who had AMI and those who did not, especially Apob/Apa1 ratio, blood lipids
did not modify the estimated risk association between dietary choline and AMI when added
to model 2.
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6. Conclusion
In our study, we found that there was an increased risk of experiencing AMI for each 100 mg
increase in choline intake among Norwegian patients with SAP.
The exact mechanism through which higher choline intake is associated with AMI
events in the present population is uncertain, and it may be multifaceted due to the ubiquitous
use of choline in the human body. Nevertheless, due to the prospective nature of the present
study, we could observe a potential causal effect between high choline intake and incidence
of AMI. Although no conclusion can be made, the present results add valuable knowledge to
future research.
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7. Future Perspectives
Creating a Norwegian and a European database for choline content in foods is necessary for
more accurate assessment of choline content in foods purchased and consumed in Europe. In
addition, divergencies in choline requirement may obscure any possible consistency among
studies, and it must be considered in the future. A broader knowledge about how estrogen
(and possibly hormonal replacement therapy) and SNPs affect choline necessities will add
precious understanding to the varied impact this nutrient have on health.
Additionally, choline metabolism is interrelated with other important pathways that play an
important positive or negative role on the development of CVD. In this way, controlling for
those variables are of great importance when exploring the effect of choline intake in
different populations.
Controlled trials are warranted in order to better comprehend the effects of choline intake in
the development of CVDs. Control and intervention groups with choline intakes within or
above the current AIs will cooperate defining what higher intakes are in different groups.
Moreover, exploring the different effects of free choline and choline species on health and
disease is valuable, especially because most of animal foods rich in this nutrient are
recommended to be consumed in modest amounts.

43

Literature
Andersen, L.F., Solvoll, K., Johansson, L.R.K, Salminen, I., Aro, A., and Drevon, C.A.
(1999). Evaluation of a Food Frequency Questionnaire with Weighed Records, Fatty
Acids, and Alpha-Tocopherol in Adipose Tissue and Serum. American Journal of
Epidemiology, 150:75-87.
Basu, A., Devaraj, S., and Jialal, I. (2006). Dietary Factors that Promote or Retard
Inflammation.

Arterioscler

Thromb

Vasc

Biol,

26:995-1001.

doi:

10.1161/01.ATV.0000214295.86079.d1
Bertoia, M.L., Pai, J.K., Cooke, J.P., Joosten, M.M., Mittleman, M.A., Rimm, E.B., and
Mukamal, K.J. (2015). Plasma Homocysteine, Dietary B Vitamins, Betaine and Choline
and

Risk

of

Peripheral

Artery

Disease.

Atherosclerosis,

235(1):94-101.

doi:

10.1016/j.atherosclerosis.2014.04.010.
Bidulescu, A., Chambless L.E., Siega-Riz, A.M., Zeisel, S.H., and Heiss, G. (2007). Usual
Choline and Betaine Dietary Intake and Incident Coronary Heart Disease: The
Atherosclerosis Risk in Communities (ARIC) Study. BMC Cardiovascular Disorders,
7:20.
Blom, H. J., and Smulders, Y. (2011) Overview of Homocysteine and Folate Metabolism.
With Special References to Cardiovascular Disease and Neural Tube Defects. J Inherit
Metab Dis, 34:75-81. doi: 10.1007/s10545-010-9177-4
Blusztajn, J.K. (1998). Choline, a Vital Amine. Science, 281:794-795.
Brustolin, S., Giugliani, R., and Félix, M.T. (2010) Genetics of Homocysteine Metabolism
and Associated Disorders. Braz J Med Bio Res, 43(1):1-7.
Buchman, A.L., Ament, M.E., Sohel, M., Dubin, M., Jenden, D.J., Roch, M., Pownall, H.,
Farley, W., Awal, M., and Ahn, C. (2001) Choline Deficiency Causes Reversible Hepatic
Abnormalities in Patients Receiving Parenteral Nutrition: Proof of Human Choline
44

Requirement: A Placebo-Controlled Trial. Journal of Parenteral and Enteral Nutrition,
25(5):260-268.
Chalvon-Demersay, T., Azzout-Marniche, D., Arfsten, J., Egli, L., Gaudichon, C.,
Karagounis, L.G., amd Tomé, D. (2016). A Systematic Review of the Effects of Plant
Compared with Animal Protein Sources on Features of Metabolic Syndrome. Jounal of
Nutrition. doi: 10.3945/jn.116.239574.
Cho, C.E., Taesuwan, S., Malysheva, O.V., Bender, E., Yan, J., and Caudill, M.A. (2016).
Choline and One-Carbon Metabolite Response to Egg, Beef and Fish among Healthy
Young Men: A Short-Term Randomized Clinical Study. Clinical Nutrition Experimental,
10:1-11.
Cho, E., Zeisel, S.H., Jacques, P., Selhub, J., Dougherty, L., Colditz, G.A., and Willett, W.C.
(2006) Dietary Choline and Betaine Assessed by Food-Frequency Questionnaire in
Relation to Plasma Total Homocysteine Concentration in the Framingham Offspring
Study. Am J Clin Nutr, 83:905-911.
Chrysohoou, C., Panagiotakos, D.B., Pitsavos, C., Das, U.N., and Stefanadis, C. (2004)
Adherence to the Mediterranean Diet Attenuates Inflammation and Coagulation
Process in Healthy Adults – The ATTICA Study. Journal of the American College of
Cardiology, 44(1):152-158. doi: 10.1016/j.jacc.2004.03.039
Clarke, R., Daly, L., Robinson, K., Naughten, E., Cahalane, S., Fowler, B., and Graham I.
(1991). Hyperhomocysteinemia: An Independent Risk Factor for Vascular Disease. The
New England Journal of Medicine, 324(17):1149-1155.
Clarke, R., Halsey, J., Lewington, S., Lonn, E., Armitage, J., Manson, J.E., Bønaa, K.H.,
Spence, D., Nygård, O., Jamison. R., Gaziano, J.M., Guarino, P., Bennett, D., Mir, F., Peto,
R., Collins, R., for the B-Vitamin Treatment Trialist’s Collaboration. (2010) Effects of
Lowering Homocysteine Levels with B-Vitamins on Cardiovascular Disease, Cancer,
and Cause-Specific Mortality. Arch Intern Med., 170(18):1622-1631

45

Corbin, K., and Zeisel, S.H. (2012) Choline Metabolism Provides Novel Insights into Nonalcoholic Fatty Liver Disease and its Progression. Curr Opin Gastroenterol, 28(2):159-165.
doi: 10.1097/MOG.0b013e32834e7b4b
Craig, S.A.S. (2004) Betaine in Human Nutrition. Am J Clin Nutr, 80:539-549.
da Costa, K.A., Gaffney, C.E., Fischer, L.M., and Zeisel, S.H. (2005) Choline Deficiency in
Mice and Humans is Associated with Increased Plasma Homocysteine Concentration
After a Methionine Load. American Journal of Clinical Nutrition, 81:440–444.
da Costa, K.A., Kozyreva, O.G., Song J, Galanko, J.A., Fischer, L.M., and Zeisel, S.H.
(2006) Common Genetic Polymorphisms Affect the Human Requirement for the
Nutrient Choline. FASEB Journal, 20:1336–1344.
da Costa, K.A., Sanders, L.M., Fischer, L.M., and Zeisel, S.H. (2011). Docosahexaenoic
acid in plasma phosphatidylcholine may be a potential marker for in vivo
phosphatidylethanolamine N-methyltransferase activity in humans. American Journal of
Clinical Nutrition, 93:968–974.
da Costa, K.A., Corbin, K.D., Niculescu, M.D., Galanko, J.A., and Zeisel, S.H. (2014)
Identification of New Genetic Polymorphisms that Alter the Dietary Requirement for
Choline and Vary in their Distribution across Ethnic and Racial Groups. FASEB
Journal, 28:2970–2978.
Dalmeijer, G.W., Olthof, M.R., Verhoef, P., Bots, M.L., and van der Schow, Y.T. (2008).
Prospective Study on Dietary Intakes of Folate, Betaine, and Choline and
Cardiovascular Disease Risk in Women. European Journal of Clinical Nutrition, 62:386394. doi: 10.1038/sj.ejcn.1602725
DeLong, C.J., Shen, Y., Thomas, M.J., and Cui, Z. (1999). Molecular Distinction of
Phosphatidylcholine

Synthesis

between

the

CDP-Choline

Pathway

and

Phosphatidylethanolamine Methylation Pathway. The Journal of Biological Chemistry,
274(42):29683-29688.

46

Detopoulou, P., Panagiotakos, D.B., Antonopoulou, S., Pitsavos, C., and Stefanadis, C.
(2008) Dietary Choline and Betaine Intakes in Relation to Concentrations of
Inflammatory Markers in Healthy Adults: the ATTICA Study. Am J Clin Nutr, 87:42430.
Dong, C., Yoon, W., and Goldschmidt-Clermont, P.J. (2002). DNA Methylation and
Atherosclerosis. J. Nutr., 132:2406-2409.
Ebbing, M., Bleie, Ø., Ueland, P.M., Nordrehaug, J.E., Nilsen, D.W., Vollset, S.E., Refsum,
H., Pedersen, E.K.R., and Nygård, O. (2008). Mortality and Cardiovascular Events in
Patients Treated with Homocysteine-Lowering B Vitamins after Coronary Angiography
– A Randomized Controlled Trial. The Journal of American Medical Association, 30(7).
EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies. (2016).
Scientific opinion on Dietary Reference Values for choline. EFSA Journal, 14(8):4484, 70
pp. doi:10.2903/j.efsa.2016.4484
Emmert, J.L., and Baker, D.H. (1997) A Chick Bioassay Approach for Determining the
Bioavailable Choline Concentration in Normal and Overheated Soybean Meal, Canola
Meal and Peanut Meal. J. Nutr., 127:745-752.
Fischer, L.M., da Costa, K.A., Kwock, L., Galanko, J., and Zeisel, S.H. (2010) Dietary
Choline Requirements of Women: Effects of Estrogen and Genetic Variation. American
Journal of Clinical Nutrition, 92:1113–1119.
Fischer, L.M., da Costa, K.A., Kwock. L., Stewart, P.W., Lu, T., Stabler, S.P., Allen, R.H.,
and Zeisel, S.H. (2007). Sex and Menopausal Status Influence Human Dietary
Requirements for the Nutrient Choline. Am J Clin Nutr, 85:1275-85.
Fischer, L.M., Scearce, J.A., Mar, M., Patel, J.R., Blanchard, R.T., Macintosh, B.A., Busby,
M.G., and Zeisel, S.H. (2005). Ad Libitum Choline Intake in Healthy Individuals Meets
or Exceeds the Proposed Adequate Intake Level. J. Nutr., 135:826-829.

47

Food Composition Table 2015. Norwegian Food Safety Authority, Directorate of Health
and the University of Oslo. Available at: www.matvaretabellen.no
Fox, K., Garcia, M.A.A., Ardissino, D., Buszman, P., Camici, P.G., Crea, F., Daly, C., De
Backer, G., Hjemdahl, P., Lopez-Sendon, J., Marco, J., Morais, J., Pepper, J., Sechtem, U.,
Simoons, M., Thygesen, K., ESC Committee for Practice Guidelines (CPG), Priori, S.G.,
Blanc, J., Budaj, A., Camm, J., Dean, V., Deckers, J., Dickstein, K., Lekakis, J., McGregor,
K., Metra, M., Morais, J., Osterspey, A., Tamargo, J., Zamorano, J.L., Document Reviewers,
Zamorano, J.L., Andreotti, F., Becher, H., Dietz, R., Fraser, A., Gray, H., Antolin, R.A.H.,
Huber, K., Kremastinos, D.T., Maseri, A., Nesser, H., Pasierski, T., Sigwart, U., Tubaro, M.,
Weis, M. (2006). Guidelines on the Management of Stable Angina Pectoris: Executive
Summary: The Task Force on the Management of Stable Angina Pectoris of the
European

Society

of

Cardiology.

Eur

Heart

J,

27(11):

1341-1381.

doi:

10.1093/eurheartj/ehl001
Fung, T.T., Rimm, E.B., Spiegelman, D., Rifai, N., Tofler, G.H., Willett, W.C., Hu, F.B.
(2001) Association between Dietary Patterns and Plasma Biomarkers of Obesity and
Cardiovascular Disease Risk. Am J Clin Nutr, 73:61-67.
Gibellini, F., and Smith, T.K. (2010) The Kennedy Pathway – De Novo Synthesis of
Phosphatidylethanolamine

and

Phosphatidylcholine.

Life,

62(6):414-428.

doi:

10.1002/iub.337
Halsted. C.H., Villanueva, J.A., Devlin, A.M., and Chandler, C.J. (2002) Metabolic
Interactions of Alcohol and Folate. J. Nutr., 132:2367-2372.
Hames, C. (2014) Cardiovascular Disease In Gandy, J. (Ed.), Manual of Dietetic Practice
(pp. 756-764). Wiley Blackwell:UK, 5th edition
Hinchliffe, J., and Green, J. (2014) Cardiovascular Disease In: Manual of Dietetic Practice
(pp. 765-777). Wiley Blackwell:UK, 5th edition
Hollenbeck, C.B. (2010) The Importance of Being Choline. Journal of the American
Dietetic Association, 110(8):1162-1165. doi: 10.1016/j.jada.2010.05.012
48

Hu, F.B., Manson, J.E., and Willett, W.C. (2001) Types of Dietary Fat and Risk of
Coronary Heart Disease: A Critical Review. Journal of the American College of Nutrition,
20(1):5-19.
Hu, F.B., Rimm, E.B., Stampfer, M.J., Ascherio, A., Spiegelman, D., and Willett, W.C.
(2000). Prospective Study of Major Dietary Patterns and Risk of Coronary Heart
Disease in Men. A, J Clin Nutr, 72:912-21.
Hu, F.B., and Willett, W.C. (2002) Optimal Diets for Prevention of Coronary Heart
Disease. JAMA, 288(20):2569-2578.
Institute of Medicine (1998). Choline In: Dietary Reference Intakes for Thiamin, Riboflavin,
Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline.
Washington, DC: National Academies Press.
Jakobsen, M.U., O’Reilly, E.J., Heitmann, B.L., Pereira, M.A., Bälter, K., Fraser, G.E.,
Goldbourt, U., Hallmans G., Knekt, P., Liu, S., Pietinen, P., Spiegelman, D., Stevens, J.,
Virtamo, J., Willett, W.C., and Ascherio, A. (2009). Major Types of Dietary Fat and Risk
of Coronary Heart Disease: A Pooled Analysis of 11 Cohort Studies. Am J Clin Nutr,
89:1425-32. doi: 10.3945/ajcn.2008.27124
Koeth, R.A., Wang, Z., Levison, B.S., Buffa, J.A., Org, E., Sheehy, B.T., Britt, E.B., Fu, X.,
Wu, Y., Smith, J.D., DiDonato, J.A., Chen, J., Li, H., Wu, G.D., Lewis, J.D., Warrier, M.,
Brown, J.M., Krauss, R.M., Tang, W.H.W., Bushman, F.D., Lusis, A.J., and Hazens, S.L.
(2013) Intestinal Microbiota Metabolism of L-Carnitine, A Nutrient in Red Meat,
Promotes Atherosclerosis. Nature Medicine, 19(5):576-585.
Kohlmeier, M., da Costa, K., Fischer, L.M., and Zeisel, S.H. (2005) Genetic Variation of
Folate-Mediated One-Carbon Transfer Pathway Predicts Susceptibility to Choline
Deficiency in Humans. PNAS, 102(44):16025-16030. doi: 10.1073/pnas.0504285102
Konstantinova, S.V., Tell, G.S., Vollset, S.E., Nygård, O., Bleie, Ø., and Ueland, P.M. (2008)
Divergent Associations of Plasma Choline and Betaine with Components of Metabolic

49

Syndrome in Middle Age and Elderly Men and Women. The Journal of Nutrition,
138:914-920.
Kritchevsky, S.B., and Kritchevsky, D. (2000). Egg Consumption and Coronary Heart
Disease: An Epidemiologic Overview. Journal of the American College of Nutrition,
19(5):549-555. doi: 10.1080/07315724.200010718979
Lee, J.E., Jacques, P.F., Dougherty, L., Selhub, J., Giovannucci, E., Zeisel, S.H., and Cho, E.
(2010) Are Dietary Choline and Betaine Intakes Determinants of Total Homocysteine
Concentration? Am J Clin Nutr, 91:1303-1310. doi: 10.3945/ajcn.2009.28456
Levey, A.S., Stevens, L.A., Schmid, C.H., Shang, Y., Castro, A.F., Feldman, H.I., Kusek,
J.W., Eggers, P., Van Lente, F., Greene, T., and Coresh, J. (2009) A New Equation to
Estimate Glomerular Filtration Rate. Annals of Internal Medicine, 150:604-612.
Li, Z., and Vance, D.E. (2008). Phosphatidylcholine and Choline Homeostasis. Journal of
Lipid Research, 49:1187-1194.
Liu, S., Manson, J.E., Lee, I., Cole, S.R., Hennekens, C.H., Willett. W.C., and Buring, J.E.
(2000) Fruit and Vegetable Intake and Risk of Cardiovascular Disease: The Women´s
Health Study. Am J Clin Nutr, 72:922-8.
Lockheart, M.S.K., Steffen, L.M., Rebnord, H.M., Fimreite, R.L., Ringstad, J., Thelle, D.S.,
Pedersen, D.S., and Jacobs, D.R.J. (2007) Dietary Patterns, Food Groups and Myocardial
Infarction: A Case-Control Study.

British Journal of Nutrition, 98:380-387. doi:

10.1017/S0007114507701654
Lopez-Garcia, E., Schulze, M.B., Fung, T.T., Meigs, J.B., Rifai, N., Manson, J.E., and Hu,
F.B. (2004) Major Dietary Patterns are Related to Plasma Concentrations of Markers of
Inflammation and Endothelial Dysfunction. Am J Clin Nutr, 80:1029-1035
Mann, C.J. (2003) Observational Research Methods. Research Design II: Cohort, Cross
Sectional, and Case-Control Studies. Emerg Med J, 20:54-60.

50

Martinez-Gonzalez, M.A., and Bes-Rastrollo, M. (2014) Dietary Patterns, Mediterranean
Diet, and Cardiovascular Disease. Current Opinion in Lipidology, 25(1):20-26.
Mato, J.M., Martínez-Chantar, M.L., and Lu, S.C. (2008) Methionine Metabolism and
Liver Disease. Annu. Rev. Nutr., 28:273-293. doi: 10.1146/annurev.nutr.28.061807.155438
McDowell, L.R. (2008) Choline In: Vitamins in Animal and Human Nutrition. Wiley:Iowa,
2nd edition.
McQueen, M.J., Hawken, S., Wang, X., Ôunpuu, S., Sniderman, A., Probstfield, J., and
Steyn, K. (2008). Lipids, Lipoproteins, and Apolipoproteins as Risk Markers of
Myocardial Infarction in 52 Countries (The INTEHEART Study): A Case-Control
Study. The Lancet, 372(9634):224-233.
Mendis, S., Thygesen, K, Kuulasmaa, K, Giampaoli, S, Mähönen, M., Blackett, K.N.,
Lisheng, L. and Writing group on behalf of the participating experts of the WHO consultation
for revision of WHO definition of myocardial infarction. (2011) World Health
Organization Definition of Myocardial Infarction: 2008–09 Revision. International
Journal of Epidemiology, 40(1):139-146. doi: 10.1093/ije/dyq165
Millard, H.R., Musani, S.K., Dibaba, D.T., Talegawkar, S.A., Taylor, H.A., Tucker, K.L. and
Bidulescu A. (2016) Dietary Choline and Betaine; Asssociations wih Subclinical Markers
of Cardiovascular Disease Risk and Incidence of CVD, Coronary Heart Disease and
Stroke: The Jackson Hear Study. Eur J Nutr. doi: 10.1007/s00394-016-1296-8
Mirmiran, P., Esmaillzadeh, A., and Azizi, F. (2006) Under-reporting of Energy Intake
Affects Estimates of Nutrient Intakes. Asa Pac J Clin Nutr, 15(4):459-464.
Mozaffarian, D., Pischon, T., Hankinson, S.E., Rifai, N., Joshipura, K., Willett, W.C., and
Rimm, E.B. (2004) Dietary Intake of Trans Fatty Acids and Systemic Inflammation in
Women. Am J Clin Nutr, 79:606-612.
Muller, O., Barbato, E., De Bruyne, B., and Bartunek, J. (2010) Biomarkers of Vulnerable
Plaque: The Missing Link with Ischemia. Biomarkers Med., 4(3):375-383.
51

Nagata, C., Wada, K., Tamura, T., Konishi, K., Kawachi, T., Tsuji, M., and Nakamura, K.
(2015) Choline and Betaine Intakes Are Not Associated with Cardiovascular Disease
Mortality Risk in Japanese Men and Women. The Journal of Nutrition, 145:1787-1792.
doi: 10.3945/jn.114.209296
National Nutrition Council, (1995) The Food Control Authority: The Norwegian Food
Composition Table 1995 (in Norwegian). Oslo: Universitetsforslaget.
Nes, M., Andersen, F., Solvoll, K., Sandstad, B., Hustvedt, B.E., Løvø, A. and Drevon, C.A.
(1992). Accuracy of a Quantitative Food Frequency Questionnaire Applied in Elderly
Norwegian Women. European Journal of Clinical Nutrition, 46:809-821.
Ness, A.R., and Powles, J.W. (1997). Fruit and Vegetables, and Cardiovascular Disease:
A Review. International Journal of Epidemiology, 26(1):1-13.
Niculescu, M.D., da Costa, K.A., Fischer, L.M., and Zeisel, S.H. (2007) Lymphocyte Gene
Expression in Subjects Fed a Low Choline Diet Differs between Those Who Develop
Organ Dysfunction and Those Who Do Not. American Journal of Clinical Nutrition,
86:230–239.
Niculescu, M.D., and Zeisel, S.H. (2002). Diet, Methyl Donors and DNA Methylation:
Interactions between Dietary Folate, Methionine and Choline. The Journal of Nutrition,
132:2333-2335.
Nordic Council of Ministers. (2012) Alcohol in Nordic Nutrition Recommendations Integrating Nutrition

and

Physical

Activity.

Norden,

5th

edition.

Available at:

http://dx.doi.org/10.6027/Nord2014-002
Obeid, R. (2013). The Metabolic Burden of Methyl Donor Deficiency with Focus on the
Betaine Homocysteine Methyltransferase Pathway. Nutrients, 5:3481-3495. doi:
10.3390/nu5093481.

52

Olthof, M.R., Brink, E.J., Katan, M.B., and Verhoef, P. (2005a) Choline Supplemented as
Phosphatidylcholine

Decreases

Fasting

and

Postmethionine-Loading

Plasma

Homocysteine Concentrations in Healthy Men. Am J Clin, 82:111-117.
Olthof, M.R., van Vliet, T., Verhoef, P., Zock, P.L., and Katan, M.B. (2005b) Effect of
Homocysteine-Lowering Nutrients on Blood Lipids: Results from Four Randomised,
Placebo-Controlled Studies in Healthy Humans. PLoS Medicine, 2(5):446-456. doi:
10.1371/journal.pmed.0020135
Patterson K.Y., Bhagwat S.A., Williams J.R., Howe J.C. (2008). USDA Database for the
Choline Content of Common Foods. Beltsville (MD):USDA. Available from:
https://www.ars.usda.gov/ARSUserFiles/80400525/Data/Choline/Choln02.pdf.
Rajaie, S., and Esmaillzadeh, A. (2011). Dietary Choline and Betaine Intakes and Risk of
Cardiovascular Diseases: Review of Epidemiological Evidence. ARYA Atherosclerosis,
7(2):78-86.
Raymond, J.L., and Couch, S.C. (2012). Medical Nutrition Therapy for Cardiovascular
Disease in Krause´s Food and the Nutrition Care Process. Elsevier: Missouri, 13th edition.
Rhee, J.J., Cho, E., and Willett, W.C. (2014). Energy-Adjustment of Nutrient Intakes is
Preferable to Adjustment Using Body Weight and Physical Activity in Epudemiologic
Analyses. Public Health Nutr., 17(5):1054-1060. doi: 10.1017/S1368980013001390
Rippe. J.M., and Angelopoulos, T.J. (2016). Relationship between Added Sugars
Consumption and Chronic Disease Risk Factors: Current Understanding. Nutrients, 8,
697. doi: 10.3390/nu8110697.
Robinson, K. (2000). Homocysteine, B Vitamins, and Risk of Cardiovascular Disease.
Heart, 83:127-130.
Robinson, E., Hardman, C.A., Halford, J.C.G. and Jones, A. (2015) Eating under
Observation: A Systematic Review and Meta-Analysis of the Effect that Heightened
Awareness of Observation has on Laboratory Measured Energy Intake. Am J Clin Nutr,
102:324-337. doi: 10.3945/ajcn.115.111195
53

Sha, W., da Costa, K.A., Fischer, L.M., Milburn, M.V., Lawton, K.A., Berger, A., Jia, W.,
and Zeisel, S.H. (2010) Metabolomic Profiling Can Predict which Humans will Develop
Liver Dysfunction when Deprived of Dietary Choline. FASEB Journal, 24:2962–2975.
Setia, M.S. (2016) Methodology Series Module 1: Cohort Studies. Indian J Dermatol.,
61(1):21-24. doi: 10.4103/0019-5154.174011
Slimani, N., Deharveng, G., Unwin, I., Southgate, D.A.T., Vignat, J., Skeie, G., Salvini, S.,
Parpinel, M., Møller, A., Ireland, J., Becker, W., Farran, A., Westenbrink, S., Vasipoulou, E.,
Unwin, J., Borgerjordet, Å., Rohrmann, S., Church, S., Gnagnarella, P., Casagrande, C., van
Backel, M., Niravong, M., Boutron-Ruault, C., Stripp, C., Tjønneland, A., Trichopoulou, A.,
Georga, K., Nilsson, S., Mattisson, I., Ray, J., Boeing, H., Ocké, M., Peeters, O.H.M.,
Jakszyn, P., Amiano, P., Engeset, D., Lund, E., de Magistris, M.S., Sacerdote, C., Welch, A.,
Bingham, S., Subar, A.F., and Riboli, E. (2007). The EPIC Nutrient Database Project
(ENDB): A First Attempt to Standardize Nutrient Databases across the 10 European
Countries Participating in the EPIC Study. European Journal of Clinical Nutrition, 61(9):
1037-1056.
Slimani, N., Fahey, M., Welch, A., Wirfält, E., Stripp, C., Bergström, E., Linseisen, J.,
Schulze, M.B., Bamia, C., Cholptsios, Y., Veglia, F., Panico, S., Bueno-de-Mesquita, H.B.,
Ocké, M.C., Brustad, M., Lund, E, González, C.A., Barcos, A., Berglund, G., Winkvist, A.,
Mulligan, A., Appleby, P., Overvad, K., Tjønneland, A., Clavel-Chapelon, F., Kesse, E.,
Ferrari, P., van Staveren, W.A., and Riboli, E. (2002). Diversity of dietary patterns
observed in the European Prospective Investigation into Cancer and Nutrition (EPIC)
project. Public Health Nutrition, 5(6b):1311-1328.
Spencer, M.D., Hamp, T.J., Reid, R.W., Fischer, L.M., Zeisel, S.H., and Fodor, A.A. (2011)
Association between Composition of the Human Gastrointestinal Microbiome and
Development of Fatty Liver with Choline Deficiency. Gastroenterology, 140:976–986.
Tang, W.H.W., and Hazen, S.L. (2014). The Contributory Role of Gut Microbiota in
Cardiovascular Disease. The Journal of Clinical Investigation, 124(10):4204-4211.

54

Tang, W.H.W., Wang, Z., Levison, B.S., Koeth, R.A., Britt, E.B., Fu, X., Wu, Y., and Hazen,
S.L.

(2013).

Intestinal

Microbial

Metabolism

of

Phosphatidylcholine

and

Cardiovascular Risk. N Engl J Med, 368(17):1575-1584. doi: 10.1056/NEJMoa1109400
Thygesen, K., Alpert, J.S., Jaffe, A.S., Simoons, M.L., Chaitman, B.R., White, H.D., and the
Writing Group on behalf of the Joint ESC/ACCF/AHA/WHF Task Force for the Universal
Definition of Myocardial Infarction. (2012). Third Universal Definition of Myocardial
Infarction. European Heart Journal, 33(20): 2551-2567. doi: 10.1093/eurheartj/ehs184
Ueland, P.M. (2011). Choline and Betaine in Health and Disease. J Inherit Metab Dis 34:315. doi: 10.1007/s10545-010-9088-4.
Ueland, P.M., Refsum, H., Beresford, S.A.A. and Vollset, S.E. (2000) The Controversy
over Homocysteine and Cardiovascular Risk. Am J Clin Nutr, 72:324-332.
Valledor, A.F., Lloberas, J., and Celada A. (2015). Macrophage Foam Cells in
Encyclopedia

of

Life

Sciences.

John

Wiley

&

Sons:

Chichester.

doi:

10.1002/9780470015902.a0020730.pub2
Vance, D.E., Li, Z., and Jacobs, R.L. (2007) Hepatic Phosphatidylethanolamine NMethyltransferase, Unexpected Roles in Animal Biochemistry and Physiology. The
Journal of Biological Chemistry, 282(46):33237-33241. doi: 10.1074/jbc.R700028200
Velasquez, M.T., Ramezani, A., Manal, A., and Raj, D.S. (2016) Trimethylamine N-Oxide:
The Good, the Bad and the Unknown. Toxins, 8, 326. doi: 10.3390/toxins8110326
Vennemann, F.B.C., Ioannidou, S., Valsta, L.M., Dumas, C., Ocké, M.C., Mensink, G.B.M.,
Lindtner, O., Virtanen, S.M., Tlustos, C., D’Addezio, L., Mattison, I., Dubuisson, C., Siksna,
I., and Héraud, F. (2015). Dietary Intake and Food Sources of Choline in European
Populations. British Journal of Nutrition, 114:2046-2055.
Walldius, G., Jungner, I., Holme, I., Aastveit, A.H., Kolar, W., and Steiner, E. (2001). High
Apolipoprotein B, Low Apolipoprotein A-I, and Improvement in the Prediction of Fatal
Myocardial Infarction (AMORIS Study): A Prospective Study. Lancet, 358:2026-2033.
55

Wang, Z., Klipfell, E., Bennett, B.J., Koeth, R., Levison. B.S., DuGar, B., Feldstein, A.E.,
Britt, E.B., Fu, X., Chung, Y., Wu, Y., Schauer, P., Smith, J.D., Allayee, H., Tang, W.H.W,
DiDonato, J.A., Lusis,A.J., and Hazen, S.L. (2011). Gut Flora Metabolism of
Phosphatidylcholine Promotes

Cardiovascular Disease.

Nature,

472:57-63.

doi:

10.1038/nature09922
Wang, Z., Tang, W.H.W., Buffa, J.A., Fu. X., Britt, E.B., Koeth, R.A., Levison, B.S., Fan,
Y., Wu, Y. and Hazen, S.L. (2014) Prognostic Value of Choline and Betaine Depends on
Intestinal Microbiota-Generated Metabolite Trimethylamine-N-Oxide. European Heart
Journal, 35:904-910. doi: 10.1093/eurheartj/ehu002
Weinberg, S.L. (2004) The Diet-Heart Hypothesis: A Critique. Journal of the American
College of Cardiology, 43(5):731-733. doi: 10.1016/j.jacc.2003.10.034
Weiss, N., Keller, C., Hoffmann, U., and Loscalzo, J. (2002) Endothelial Dysfunction and
Atherothrombosis in Mild Hyperhomocysteinemia. Vascular Medicine, 7:227-239. doi:
10.1191/1358863x02vm428ra
Willett, W. (2013). Food Frequency Methods In: Nutritional Epidemiology. Oxford: New
York, 3rd edition, vol. 40.
Willett, W.C., Howe, G.R., and Kushi, L.H. (1997) Adjustment for Total Energy Intake in
Epidemiologic Studies. Am J Clin Nutr, 65(suppl):1220-1228.
Willett, W., and Stampfer, M. (2013). Diet and Coronary Heart Disease In: Nutritional
Epidemiology. Oxford: New York, 3rd edition, vol. 40.
Yao, Z., and Vance, D.E. (1988). The Active Synthesis of Phosphatidylcholine is Required
for Very Low Density Lipoprotein Secretion from Rat Hepatocytes. The Journal of
Biological Chemistry, 263(6):2998-3004.
Yusuf, S., Hawken, S., Ôunpuu, S., Dans, T., Avezum, A., Lanas, F., McQueen, M., Budaj,
A., Pais, P., Varigos, J., Lisheng, L., and INTERHEART Study Investigators. (2004) Effect
56

of Potentially Modifiable Risk Factors Associated with Myocardial Infarction in 52
Countries (The INTERHEART Study): Case-Control Study. The Lancet, 364:937-952.
Zeisel, S.H. (2011). Nutritional Genomics: Defining the Dietary Requirement and Effects
of Choline. J Nutr. 141:531-534. doi: 10.3945/jn.110.130369
Zeisel, S. H. (2012). Dietary Choline Deficiency Causes DNA Strand Breaks and Alters
Epigenetic Marks on DNA and Histones. Mutation Research, 733:34-38.
Zeisel, S.H. (2013). Metabolic Crosstalk Between Choline/1-Carbon Metabolism and
Energy Homeostasis. Clin Chem Lab Med, 51(3):467-475.
Zeisel, S.H., and Blusztajn, J.K. (1994) Choline and Human Nutrition. Annu. Rev. Nutr.,
14:269-296.
Zeisel, S.H., and Canty, D.J. (1993). Choline Phospholipids: Molecular Mechanisms for
Human Diseases: A Meeting Report. J. Nutr. Biochem., 4:258-263.
Zeisel, S.H., and Corbin, K.D. (2012). Choline In: Present Knowledge in Nutrition. WileyBlackwell, 10th edition. doi: 10.1002/9781119946045
Zeisel, S.H., and da Costa, K. (2009) Choline: An Essential Nutrient for Public Health.
Nutr. Rev., 67(11):615-623. doi: 10.1111/j.1753-4887.2009.00246.x
Zeisel, S.H., da Costa, K., Franklin, PD., Alexander, E.A., Lamont, J.T., Sheard, N.F., and
Beiser, A. (1991). Choline,- an Essential Nutrient for Humans. FASEB J., 5:2093-2098.
Zeisel, S.H., Mar, M., Howe, J.C., and Holden, J.M. (2003) Concentrations of CholineContaining Compounds and Betaine in Common Foods. J Nutr, 133:1302-1307.
Zheng, Y., Li, Y., Rimm, E.B., Hu, F.B., Albert, C.M., Rexrode, K.M., Manson, J.E., and Qi,
L. (2016). Dietary Phosphatidylcholine and Risk of All-Cause and CardiovascularSpecific Mortality Among US Women and Men. Am J Clin Nutr, 104:173-80.

57

