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ABSTRACT 5 

Following a request from the European Commission, the EFSA Panel on Dietetic Products, Nutrition and 6 
Allergies (NDA) derives Dietary Reference Values (DRVs) for choline. In this Opinion, the Panel considers 7 
dietary choline or choline compounds (e.g. glycerophosphocholine, phosphocholine, phosphatidylcholine, 8 
sphingomyelin). The Panel considers that none of the biomarkers of choline intake or status is suitable to derive 9 
DRVs for choline. The Panel considers that Average Requirements and Population Reference Intakes for choline 10 
cannot be derived for adults, infants and children, and therefore defines Adequate Intakes (AIs). For all adults, 11 
the Panel sets an AI at 400 mg/day based on the average observed choline intake in healthy populations in the 12 
European Union and in consideration of the amounts of choline needed to replete about 70% of depleted subjects 13 
who showed signs of organ dysfunction in a depletion/repletion study. For all infants aged 7–11 months, the 14 
Panel proposes an AI of 160 mg/day, based on upwards extrapolation from the estimated choline intake of 15 
exclusively breastfed infants from birth to six months. For all children aged 1–17 years, the Panel proposes AIs, 16 
based on downward extrapolation from the adult AI, applying growth factors. These AIs range from 140 mg/day 17 
(1–3 years) to 400 mg/day (15–17 years). For pregnant women, the Panel derives an AI of 480 mg/day, 18 
calculated by extrapolation from the AI for non-pregnant women and the mean gestational increase in body 19 
weight. For lactating women, the amount of choline secreted per day in human milk during the first six months 20 
of exclusive breastfeeding (120 mg/day) is added to the AI for non-lactating women, and an AI of 520 mg/day is 21 
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SUMMARY 29 

Following a request from the European Commission, the EFSA Panel on Dietetic Products, Nutrition 30 

and Allergies (NDA) was asked to deliver a Scientific Opinion on Dietary Reference Values for the 31 

European population, including choline.  32 

Choline is a quaternary amine (2-hydroxyethyl-N,N,N-trimethylammonium) present in food in free 33 

and esterified forms. The main forms present in foods are phosphatidylcholine (PC, lecithin), which is 34 

also the main form present in animal tissues, free choline, phosphocholine (PChol), 35 

glycerophosphocholine (GPC) and sphingomyelin (SPM), and minor amounts of cytidine-5-36 

diphosphate-choline (CDP-choline) and acetylcholine. Choline, PChol and GPC are water-soluble 37 

choline compounds, whereas PC and SPM are lipid-soluble. 38 

Although choline can be synthesised de novo by the human body, this synthesis may become 39 

insufficient, making choline an essential component of the diet. Choline is predominantly provided via 40 

the diet. The human body can form choline either de novo by methylation of 41 

phosphatidylethanolamine (PE) via the hepatic phosphatidylethanolamine N-methyltransferase 42 

(PEMT) pathway, or by hydrolysis of PC formed in the CDP-choline pathway in all cells of the body. 43 

The PC formed in the PEMT pathway contains substantial amounts of long-chain polyunsaturated 44 

fatty acids, like docosahexaenoic acid and arachidonic acid. Both pathways can be stimulated by 45 

dietary choline and the PEMT pathway is sensitive to the presence of oestrogens. 46 

Choline is an integral part of some phospholipids, which play an important role in the structure and 47 

function of membranes. Choline (as PC) plays an important role in the metabolism and transport of 48 

lipids and cholesterol by lipoproteins and is needed for the assembly and secretion of very low density 49 

lipoproteins by the liver. Choline is a precursor of the neurotransmitter acetylcholine, and of betaine, 50 

an osmoregulator to which choline is irreversibly oxidised in the liver and kidney. Via betaine, choline 51 

is involved in the folate-dependent one-carbon metabolism. Dietary deficiency of choline can cause 52 

fatty liver or hepatic steatosis that can result in non-alcoholic fatty liver disease (NAFLD), and can 53 

cause liver and muscle damage. This indicates that de novo production can be insufficient. 54 

Dietary free choline is quickly taken up by a carrier-mediated saturable transport system. PC and GPC 55 

from the diet or secreted in the bile, and dietary SPM are hydrolysed by phospholipases (PLs) to 56 

liberate choline. Choline and water-soluble choline compounds (PChol and GPC) are rapidly absorbed 57 

and appear in plasma predominantly as free choline. Phospholipids (PC and SPM) that have escaped 58 

PLs enter the lymph incorporated into chylomicrons. The available data do not allow defining the 59 

percentage of intestinal absorption of choline in humans, and the total amount of choline in the human 60 

body. Non-absorbed choline is a precursor of trimethylamine (TMA) produced in the gut by anaerobic 61 

symbiotic microbes. TMA is efficiently absorbed from the gastrointestinal tract and then converted in 62 

the liver to trimethylamine-oxide (TMAO), and both TMA and TMAO (i.e. total trimethylamine 63 

(TTMA)) are eliminated in the urine. Choline urinary excretion is low in relation to usual dietary 64 

intakes, while no human data are available on faecal excretion of choline or choline compounds in 65 

relation to dietary intake. Breast milk mainly contains PChol and GPC, besides free choline, PC and 66 

SPM, in concentrations depending on the progress of lactation, maternal diet and genotype. 67 

The Panel reviewed possible biomarkers of choline intake and/or status. The Panel considers that the 68 

available data do not allow conclusions to be drawn on a dose-response relationship between choline 69 

intake or status and plasma choline concentration, and that plasma choline concentrations cannot be 70 

used to set DRVs for dietary choline. Plasma concentrations of choline, PC, betaine, dimethylglycine, 71 

total homocysteine or TMAO, erythrocyte PC concentration, or urinary betaine and TTMA urinary 72 

excretion also cannot used to set DRVs for dietary choline. The Panel also notes that single-nucleotide 73 

polymorphisms (SNPs) in genes coding for enzymes involved in choline metabolism, some of them 74 

present with high frequency in the population, can influence the dietary requirement for choline and 75 

determine the susceptibility to dietary choline deficiency, but data are insufficient to predict variations 76 

in individual choline requirements based on genetic polymorphisms. The Panel concludes that the 77 
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available data on choline intake and health consequences (NAFLD, cardiovascular disease, cancer, 78 

birth defects, cognition) are not suitable for the setting of DRVs for dietary choline. 79 

The Panel considers that Average Requirements and Population Reference Intakes for choline cannot 80 

be derived for adults, infants and children, and therefore defines Adequate Intakes (AIs). 81 

Dietary total choline intake was calculated based on individual food consumption data that were 82 

available to EFSA and classified according to EFSA's food classification system, from healthy 83 

populations investigated in 12 national surveys undertaken in nine countries of the European Union 84 

(EU), between 2000 and 2011. In the absence of food composition data with respect to choline in 85 

Europe, composition data on free choline and choline compounds from the US Department of 86 

Agriculture were used. The total choline intake mean estimates ranged from 75 to 127 mg/day in 87 

infants, from 151 to 210 mg/day in children aged 1–3 years, from 177 to 304 mg/day in children aged 88 

3–< 10 years, and from 244 to 373 mg/day among children aged 10–< 18 years. The total choline 89 

intake mean estimate was 336 mg/day in pregnant adolescents, and 356 mg/day in pregnant women. 90 

The total choline intake mean estimates ranged from 269 to 444 mg/day and from 332 to 468 mg/day 91 

in women and men, respectively, i.e. for all adults: 269–468 mg/day. 92 

The Panel reviewed 11 choline depletion/repletion studies with similar design. Only one reported the 93 

amounts of choline needed to replete depleted subjects who showed signs of organ dysfunction. The 94 

Panel concludes that choline depletion/repletion studies do not provide sufficient data to calculate 95 

average requirements for choline, but may be used to inform data on observed choline intakes to set 96 

AIs for choline.  97 

For all adults, the Panel set an AI of 400 mg/day. This is based on the mid-point of the range of 98 

observed mean intakes in healthy populations in the EU (about 370 mg/day), and in consideration of 99 

the results of a depletion-repletion study in which about 70% of the depleted subjects who had 100 

developed signs of organ dysfunction were repleted with an intake of about 400 mg/70 kg body weight 101 

per day. Although premenopausal women may have a lower requirement for dietary choline in 102 

connection with a potential stimulation of the PEMT pathway by oestrogens, and ranges of estimated 103 

mean total choline intake in Europe are slightly lower in women than men, the Panel considered 104 

unnecessary to give sex-specific AIs for adults.  105 

For all infants aged 7–11 months, the Panel set an AI of 160 mg/day, based on the estimated intake of 106 

choline of exclusively breastfed infants from birth to six months, and upwards extrapolation by 107 

allometric scaling (taking into account the difference in reference body weight).  108 

For all children aged 1–7 years, the Panel set AIs ranging from 140 mg/day (1–3 years) to 400 mg/day 109 

(15–17 years). These were set by downward extrapolation from the adult AI, by allometric scaling 110 

(taking into account the difference in reference body weight), and applying growth factors. No data are 111 

available that would justify different AIs for boys and girls. These AIs are supported by total choline 112 

intake mean estimates in the EU. 113 

For pregnant and lactating women, the Panel considered that, although the available intervention 114 

studies on choline supplementation in the second half of pregnancy or in lactating women indicate that 115 

pregnant or lactating women may need more choline than non-pregnant non-lactating women, the data 116 

are not sufficient to allow an estimate of the additional requirement for dietary choline in pregnant or 117 

lactating women (above that of non-pregnant non-lactating women).  118 

For pregnant women, the Panel set an AI of 480 mg/day, calculated by isometric scaling from the AI 119 

for non-pregnant women, using the mean gestational increase in body weight. For lactating women, 120 

the AI for non-lactating women is increased to account for the secretion through breast milk. The 121 

Panel set an AI of 520 mg/day, considering an average concentration of choline in mature breast milk 122 

of 145 mg/L, and a mean milk transfer during the first six months of lactation in exclusively 123 

breastfeeding women (0.8 L/day). 124 
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BACKGROUND AS PROVIDED BY THE EUROPEAN COMMISSION 229 

The scientific advice on nutrient intakes is important as the basis of Community action in the field of 230 

nutrition, for example such advice has in the past been used as the basis of nutrition labelling. The 231 

Scientific Committee for Food SCF (1993) report on nutrient and energy intakes for the European 232 

Community dates from 1993. There is a need to review and if necessary to update these earlier 233 

recommendations to ensure that the Community action in the area of nutrition is underpinned by the 234 

latest scientific advice.  235 

In 1993, the SCF adopted an opinion on the nutrient and energy intakes for the European Community
4
. 236 

The report provided Reference Intakes for energy, certain macronutrients and micronutrients, but it did 237 

not include certain substances of physiological importance, for example dietary fibre. 238 

Since then new scientific data have become available for some of the nutrients, and scientific advisory 239 

bodies in many European Union Member States and in the United States have reported on 240 

recommended dietary intakes. For a number of nutrients these newly established (national) 241 

recommendations differ from the reference intakes in the SCF (1993) report. Although there is 242 

considerable consensus between these newly derived (national) recommendations, differing opinions 243 

remain on some of the recommendations. Therefore, there is a need to review the existing EU 244 

Reference Intakes in the light of new scientific evidence, and taking into account the more recently 245 

reported national recommendations. There is also a need to include dietary components that were not 246 

covered in the SCF opinion of 1993, such as dietary fibre, and to consider whether it might be 247 

appropriate to establish reference intakes for other (essential) substances with a physiological effect. 248 

In this context the EFSA is requested to consider the existing Population Reference Intakes for energy, 249 

micro- and macronutrients and certain other dietary components, to review and complete the SCF 250 

recommendations, in the light of new evidence, and in addition advise on a Population Reference 251 

Intake for dietary fibre.  252 

For communication of nutrition and healthy eating messages to the public it is generally more 253 

appropriate to express recommendations for the intake of individual nutrients or substances in food-254 

based terms. In this context the EFSA is asked to provide assistance on the translation of nutrient 255 

based recommendations for a healthy diet into food based recommendations intended for the 256 

population as a whole.  257 

TERMS OF REFERENCE AS PROVIDED BY THE EUROPEAN COMMISSION 258 

In accordance with Article 29 (1)(a) and Article 31 of Regulation (EC) No. 178/2002,
5
 the 259 

Commission requests EFSA to review the existing advice of the Scientific Committee for Food on 260 

population reference intakes for energy, nutrients and other substances with a nutritional or 261 

physiological effect in the context of a balanced diet which, when part of an overall healthy lifestyle, 262 

contribute to good health through optimal nutrition.  263 

In the first instance the EFSA is asked to provide advice on energy, macronutrients and dietary fibre. 264 

Specifically advice is requested on the following dietary components:  265 

 Carbohydrates, including sugars; 266 

 Fats, including saturated fatty acids, polyunsaturated fatty acids and monounsaturated fatty 267 

acids, trans fatty acids; 268 

                                                      
4  Scientific Committee for Food, Nutrient and energy intakes for the European Community, Reports of the Scientific 

Committee for Food 31st series, Office for Official Publication of the European Communities, Luxembourg, 1993. 
5  Regulation (EC) No 178/2002 of the European Parliament and of the Council of 28 January 2002 laying down the general 

principles and requirements of food law, establishing the European Food Safety Authority and laying down procedures in 

matters of food safety. OJ L 31, 1.2.2002, p. 1–24. 
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 Protein; 269 

 Dietary fibre. 270 

Following on from the first part of the task, the EFSA is asked to advise on population reference 271 

intakes of micronutrients in the diet and, if considered appropriate, other essential substances with a 272 

nutritional or physiological effect in the context of a balanced diet which, when part of an overall 273 

healthy lifestyle, contribute to good health through optimal nutrition. 274 

Finally, the EFSA is asked to provide guidance on the translation of nutrient based dietary advice into 275 

guidance, intended for the European population as a whole, on the contribution of different foods or 276 

categories of foods to an overall diet that would help to maintain good health through optimal nutrition 277 

(food-based dietary guidelines). 278 

279 
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ASSESSMENT 280 

1. Introduction 281 

Choline is a water-soluble organic compound needed for normal functioning of the body. Although 282 

choline can be synthesised de novo by the human body, this synthesis may become insufficient, 283 

making choline an essential component of the diet (Ueland, 2011). 284 

In 1993, the Scientific Committee for Food (SCF) adopted an opinion on nutrient and energy intakes 285 

for the European Community and considered that there was no evidence for the necessity of an intake 286 

of choline via the diet for persons older than six months (SCF, 1993). Since it was unclear if young 287 

infants depend on exogenous sources of choline and because choline is an integral component of 288 

human milk, the addition of choline to infant formula with a minimum level of 7 mg of 289 

choline/100 kcal was made mandatory.
6
  290 

The purpose of this Opinion is to review the available evidence to assess whether it might inform the 291 

setting of Dietary Reference Values (DRVs) for choline. The Panel focuses in this Scientific Opinion 292 

on dietary choline including choline containing compounds. 293 

2. Definition/category 294 

2.1. Chemistry 295 

Choline, 2-hydroxyethyl-N,N,N-trimethylammonium (2-Hydroxy-N,N,N-trimethylethanamonium, 296 

IUPAC, molar mass 104.17 g/mol) is a quaternary amine. In foods, it is present in free and esterified 297 

forms, mainly as phosphatidylcholine (PC, lecithin), free choline, phosphocholine (PChol), 298 

glycerophosphocholine (GPC) and sphingomyelin (SPM) (Figure 1), and minor amounts of 299 

cytidine-5-diphosphate-choline (CDP-choline) and acetylcholine (Ueland, 2011). PC accounts for 300 

approximately 95% of total choline found in animal tissues. Choline, PChol and GPC are water-301 

soluble choline compounds, whereas PC and SPM are lipid-soluble. 302 

 

 
 

Choline Glycerophosphocholine (GPC) Phosphocholine (PChol) 

  

Phosphatidylcholine (PC) Sphingomyelin (SPM) 

 

Figure 1:  Chemical formulas of choline, glycerophosphocholine, phosphocholine, 303 

phosphatidylcholine and sphingomyelin 304 

Choline is a component of some phospholipids. Phospholipids are derived from either glycerol or 305 

sphingosine, an amino alcohol with a long unsaturated hydrocarbon chain (C 18). Phosphoglycerides 306 

consist of a glycerol of which the hydroxyl groups at C1 and C2 are esterified to the carboxyl groups 307 

of two fatty acids, whilst the hydroxyl group at C3 is esterified to PChol (or other phosphorylated 308 

                                                      
6  Commission Directive 2006/141/EC of 22 December 2006 on infant formulae and follow-on formulae and amending 

Directive 1999/21/EC, OJ L 401, 30.12.2006, p.1. 
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alcohols derived from ethanolamine, serine or inositol). SPM consists of sphingosine, which amino 309 

group is linked to a fatty acid by an amide bond and which primary alcohol group is esterified to 310 

PChol. 311 

2.2. Function of choline 312 

2.2.1. Biochemical functions 313 

Choline has a number of important functions: it is a precursor for the phospholipid PC (Section 2.1.), it 314 

is involved in the metabolism and transport of lipids and in the folate-dependent one-carbon 315 

metabolism, and it is a precursor of acetylcholine and of betaine. 316 

Choline is an integral part of some phospholipids (Section 2.1). Phospholipids are abundant in all 317 

biological membranes (40–50% of phospholipids of cellular membranes consist of PC (Zeisel, 2006)), 318 

where they play an important role in the structure and function of membranes, including signalling and 319 

transport, and they are also a constituent of the surfactant complex in the lung (Dushianthan et al., 320 

2014).  321 

Choline plays an important role in the metabolism and transport of lipids and cholesterol. PC makes 322 

up 70–95% of phospholipids in lipoproteins (Zeisel, 2006) and is needed for normal assembly and 323 

secretion of very low density lipoproteins (VLDL) in the liver (Vance et al., 2007). 324 

Choline is acetylated in cholinergic neurons to form acetylcholine, a key neurotransmitter involved in 325 

functions like memory storage and muscle control (IOM, 1998; Ueland, 2011). Pre- and post-natal 326 

choline availability has been shown to be important for neurodevelopment in animals (Meck and 327 

Williams, 2003). 328 

In the liver and kidney, choline is irreversibly oxidised, by a mitochondrial choline oxidase (also 329 

called choline dehydrogenase CHDH) and betaine aldehyde dehydrogenase, to betaine (Lin and Wu, 330 

1986) (Sections 2.3.5.2.1. and 2.3.6.1.2.). Betaine serves as an osmoregulator and is a substrate in the 331 

betaine-homocysteine methyltransferase (BHMT) reaction. This reaction links choline and betaine to 332 

the folate-dependent one-carbon metabolism (Figure 2, Sections 2.3.5. and 2.3.7.). Choline and betaine 333 

are important sources of one-carbon units, in particular during folate deficiency (Ueland, 2011). In 334 

remethylating homocysteine (Hcy) to methionine, choline contributes, via betaine, to the availability 335 

of S-adenosyl-methionine (SAM) as the universal methyl-group donor (Figure 2, Section 2.3.5.). For 336 

example, the methyl-group of SAM can be transferred to cytosine residues adjacent to guanine (CpG) 337 

of DNA or to histones at specific lysine sites, thereby contributing to epigenetic modification and 338 

potentially exert effects on gene expression (Mehedint and Zeisel, 2013). 339 

2.2.2. Health consequences of deficiency and excess 340 

2.2.2.1. Deficiency 341 

Dietary deficiency of choline can cause fatty liver (hepatic steatosis, which can result in non-alcoholic 342 

fatty liver disease (NAFLD)) (Buchman et al., 1995), and liver damage (Zeisel et al., 1991) and 343 

muscle damage as indicated by an increase of creatine phosphokinase (CK) concentration in serum 344 

(Fischer et al., 2007). Hepatic steatosis may be due to impaired triacylglycerol (TAG) transport out of 345 

the liver. Since PC is an essential component of VLDL, the lipoprotein responsible for transporting 346 

TAG out of the liver (Section 2.2.1.), TAG cannot be exported in case of choline deficiency and 347 

accumulates in the hepatocytes (Cole et al., 2012). Hepatic steatosis can progress to liver damage with 348 

release of liver enzymes into the blood. This release of enzymes from the liver into the blood may 349 

follow induction of apoptosis and cell membrane fragility (da Costa et al., 2006b; Fischer et al., 2007). 350 

In serum of 41 long-term parenterally fed subjects, both alanine amino transferase (ALT) and aspartate 351 

amino transferase (AST) concentrations were significantly and negatively associated with the 352 

concentration of free choline (r = −0.34, p = 0.03, r = −0.37, p = 0.02 respectively), but not with that 353 

of phospholipid-bound choline (Buchman et al., 1993). In this study, the concentration of free choline 354 
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in serum was low, i.e. one third of the reference values used by the authors, whilst that of PC was 355 

normal.  356 

The susceptibility to develop NAFLD was found to be related to polymorphisms of the gene for 357 

phosphatidylethanolamine N-methyltransferase (PEMT) (Song et al., 2005) with loss of oestrogen 358 

receptor binding (Resseguie et al., 2007; Resseguie et al., 2011), as well as to polymorphisms of other 359 

enzymes involved in choline metabolism (CHDH and 5,10-methylenetetrahydrofolate 360 

dehydrogenase 1 (MTHFD1)) (Section 2.5 and Appendix C). Premenopausal women developed signs 361 

of choline deficiency less commonly than postmenopausal women or men, possibly as a consequence 362 

of up-regulation of hepatic PEMT by oestrogen, leading to an increase in the endogenous synthesis of 363 

PC (Fischer et al., 2007; Zeisel, 2007). PEMT is important for this endogenous synthesis of PC in case 364 

of insufficient dietary choline intake (Figure 2, Section 2.3.5.). The amount of dietary choline to 365 

prevent organ damage or to maintain normal organ function varies between people (Section 5.1.2). In 366 

addition, there is some evidence that the susceptibility to develop fatty liver with choline deficiency is 367 

influenced by the gastrointestinal microbiome (Spencer et al., 2011).  368 

Zeisel (2012) reviewed the potential effects of choline deficiency on gene expression via epigenetic 369 

marks and DNA integrity that could result in increased mutation rates and thereby increased risks of 370 

certain cancers. An influence on the risk of breast cancer of single nucleotide polymorphisms (SNPs) 371 

of several genes involved in choline metabolism and enhancing the requirement for dietary choline has 372 

been observed in large epidemiological studies (Xu et al., 2008; Xu et al., 2009) (Appendix C and 373 

Section 2.5.).  374 

In subjects that received a choline diet providing < 50 mg choline/70 kg body weight per day, fasting 375 

plasma concentration of total homocysteine (tHcy) significantly increased among those with clinical 376 

expression of choline deficiency, compared to baseline (da Costa et al., 2005; Fischer et al., 2007) 377 

(Section 5.1.1. and Appendix D). However, many factors besides dietary or endogeneous choline 378 

determine tHcy concentration in plasma (Section 2.4.3.) (EFSA NDA Panel, 2014a, 2015). 379 

2.2.2.2. Excess 380 

The SCF did not consider choline when setting Tolerable Upper Intake Levels (ULs) for vitamins and 381 

minerals. The US Institute of Medicine (IOM, 1998) defined a UL for adults based on a study in seven 382 

patients with Alzheimer dementia, where the oral administration of 7.5 g/day of choline (as chloride) 383 

had a hypotensive effect accompanied by nausea and diarrhoea (Boyd et al., 1977). Similar 384 

gastrointestinal effects and a fishy body odour were observed in therapeutic studies with choline (8–20 385 

g/day) on individuals with tardive dyskinesia and Huntington’s disease (Growdon et al., 1977; 386 

Gelenberg et al., 1979; Lawrence et al., 1980). IOM considered 7.5 g/day of choline as the Lowest 387 

Observed Adverse Effect Level (LOAEL), and after the application of an uncertainty factor of 2 and 388 

rounding, set a UL of 3.5 g choline/day for adults. No UL was established for infants and ULs for 389 

children were derived from the adult value by allometric scaling (exponent 0.75) according to 390 

reference body weights. 391 

An association between an increased risk of cardiovascular diseases (CVD) and ‘higher intake’ of 392 

choline, which possibly exceeds the intestinal absorption capacity for dietary free choline, has been 393 

suggested by a metabolomic study (Wang et al., 2011), which investigated the relationship between 394 

plasma choline and TMAO concentrations and risk of CVD. Non-absorbed choline will become 395 

available to microbial degradation, predominantly to trimethylamine (TMA) (Sections 2.3.1. and 396 

2.3.5.2.2.), which is metabolised in the liver to trimethylamine-N-oxide (TMAO). TMA has been 397 

found to promote atherosclerosis in animals (Wang et al., 2011; Bennett et al., 2013; Tang et al., 2013; 398 

Wang et al., 2014). TMA has also been suggested to be involved in depression, neurological 399 

symptoms, teratogenic effects in humans as well as in the potential formation of the carcinogen 400 

N-nitrosodimethylamine (for a review, see Bain et al. (2005)). These are indirect adverse effects of 401 

choline, depending both on a ‘high’ dietary amount and a specific gut microbiome (Wang et al., 2011). 402 

However, the dietary intake of choline was not reported in these studies.  403 
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2.3. Physiology and metabolism 404 

2.3.1. Intestinal absorption 405 

Dietary free choline is quickly taken up by the enterocytes, mediated by the saturable organic cation 406 

transporters (OCTs) (choline transporter-like protein 1 (CTL1) or solute carrier 44A1 (SLC44A1)) 407 

(Section 2.3.3.), which rely on facilitated diffusion governed by the choline concentration gradient and 408 

the electrical potential across the membrane, then free choline is cleared from the plasma within about 409 

three hours (Zeisel et al., 1980; Jope et al., 1982). Dietary PC increases plasma choline concentration 410 

for 8–12 hours, without a significant rise in PC concentration in plasma (Zeisel et al., 1980; Jope et al., 411 

1982). PChol and GPC are rapidly absorbed and appear in plasma predominantly as free choline.  412 

PC and GPC from the diet or secreted in the bile are hydrolysed by phospholipases (PLs) to liberate 413 

choline (Zeisel and Blusztajn, 1994). Water-soluble choline compounds (PChol and GPC) can also 414 

enter the portal circulation of the liver intact. Lipid-soluble compounds (PC and SPM) are either 415 

hydrolysed by PLs or enter the lymph incorporated into chylomicrons. 416 

Unabsorbed choline is catabolised by the intestinal microbiota to TMA (Sections 2.2.2.2. and 417 

2.3.5.2.2.). TMA is absorbed from the gastrointestinal tract and converted to TMAO in the liver. 418 

The Panel notes that the amount of choline absorbed is restricted by the capacity of the transport 419 

system via the saturable CTL1 or SLC44A1. The Panel notes that the available data do not allow 420 

defining the percentage of intestinal absorption of choline in humans. 421 

2.3.2. Transport in blood 422 

Free choline is transported in the aqueous phase of plasma, whereas phosphorylated choline 423 

compounds (i.e. PC, PChol, GPC, SPM) are associated with or are part of lipoproteins.  424 

2.3.3. Distribution to tissues 425 

Since choline is a charged hydrophilic cation, it needs transport mechanisms to cross biological 426 

membranes. Three transport mechanisms are known (Fagone and Jackowski, 2013). 427 

The first is a sodium- and chloride-dependent high-affinity (Km < 10 µM) (Okuda and Haga, 2000) 428 

carrier-mediated saturable uptake system in presynaptic cholinergic nerve terminals, that is linked to 429 

acetylcholine synthesis (Section 2.2.1.). The transporter is the high-affinity choline transporter (CHT; 430 

(solute carrier family 5 member 7 encoded by SLC5A7) that needs adenosine triphosphate (ATP) 431 

hydrolysis. Disturbing the integrity of the cell membrane can reduce choline availability for 432 

acetylcholine synthesis and diminish cholinergic transmission (Cuddy et al., 2014).  433 

The second transport mechanism is a sodium-independent low-affinity carrier-mediated saturable 434 

mechanism (CTL1 or SLC44A1) in all tissues. This mechanism is energised by ATP hydrolysis, with 435 

an average affinity (Km) for choline of > 20–200 µM. It is present in enterocytes, hepatocytes, kidneys, 436 

placental tissue, mitochondria, and synaptosomes, and supplies choline for the synthesis of PC and 437 

SPM as well as of betaine (Sections 2.2.1. and 2.3.5.). This uptake is stereospecific and can be 438 

inhibited by similar nitrogen-methyl compounds and by high concentrations of choline (Michel and 439 

Bakovic, 2012).  440 

The third transport mechanism is a sodium–independent saturable uptake mechanism (a member of the 441 

solute carrier 22 family), for choline to cross the blood-brain barrier and erythrocyte membranes by 442 

facilitated diffusion. Its affinity to choline is similar to the high-affinity mechanism, but it is not linked 443 

to acetylcholine synthesis (Cornford et al., 1980; Lockman and Allen, 2002).  444 

Choline uptake by the mammary epithelium occurs by an energy-dependent saturable transport 445 

system, but with higher maternal choline supply non-saturable transport can also occur. Choline is 446 

metabolised within the mammary epithelium to PChol and other choline compounds, to a lesser extent 447 
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via degradative pathways (Fischer et al., 2010b; Davenport et al., 2015) (Sections 2.3.6., 2.4.1.2. and 448 

5.1.3.4.). The size of the efflux of choline compounds from the mammary epithelium occurs via 449 

exocytosis or as a component of the milk fat globule (Davenport and Caudill, 2013). 450 

Choline crosses the placenta via a specific transport system on both the maternal and fetal side of the 451 

syncytiotrophoblast, with an apparent small excess (about 4%) preferential towards the fetal 452 

circulation, as demonstrated in perfusion studies with [
3
H]-choline (Sweiry et al., 1986). Umbilical 453 

cord blood free choline concentration is about three times that of maternal blood (Visentin et al., 2015) 454 

(Section 2.4.1.2.). 455 

2.3.4. Storage 456 

Choline is stored in tissues either as membrane-bound phospholipids or as intracellular PC or GPC 457 

(Zeisel and Blusztajn, 1994). Choline is stored in the brain as membrane-bound phospholipids, which 458 

are hydrolysed by choline acetyltransferase to provide choline for acetylcholine synthesis 459 

(Section 2.2.1.). In most animal tissues, PC accounts for 95% of the total choline content, the 460 

remaining 5% are choline, PChol, GPC, CDP-choline and acetylcholine (Li and Vance, 2008).  461 

The content of choline and its metabolites in the body is balanced by two pathways of acquisition, 462 

either diet and the CDP pathway, or the PEMT pathway (Sections 2.2.2.1. and 2.3.5.), and two 463 

pathways of depletion, either choline oxidation or the secretion of PC in the bile, and to a lesser extent, 464 

by the intestinal mucosa (Li and Vance, 2008; Ehehalt et al., 2010) (Sections 2.3.5.2.1. and 2.3.6.2.). 465 

Choline imbalances can be compensated by adaptive increases in PEMT activity, by recycling of 466 

choline, decreased oxidation of choline, reabsorption of biliary PC (95% of bile phospholipids is PC, 467 

of which about 40% return to the liver), and by redistribution of tissue choline to maintain homeostasis 468 

particularly in the brain and liver (Li et al., 2007; Li and Vance, 2008).  469 

Regarding the choline content of adult tissues, the choline content of human liver has been measured 470 

in vivo to be on average 8.6 mmol/kg or 894 mg/kg wet weight (range 3.8–17.6 mmol/kg) (n = 44 471 

including 24 women, mean age 46 ± 17 years), using proton (hydrogen 1 [
1
H]) magnetic resonance 472 

spectroscopy (MRS) (Ouwerkerk et al., 2012). The choline content of quadriceps muscle was in the 473 

range 6.7-13 mmol/kg or 697–1 352 mg/kg (n = 7 including 4 women, mean age 37.7 years, range 474 

28-50 years) (Fayad et al., 2010). The choline content in parietal white matter of the brain was 475 

(mean ± SD) 1.73 ± 0.24 mmol/L or 180 ± 25 mg/L (n = 20 including 11 women, mean age 476 

29.4 ± 7.4 years) (Mazzetti et al., 2013). All these data were done with proton MRS. This method 477 

measures, besides choline as such, primarily GPC and PChol, but also includes 478 

phosphatidylethanolamine (PE), glyceroPE, betaine, myo-inositol and taurine; however, it does not 479 

include all choline lipids in membranes.  480 

Regarding the fetus, infant and young child, phospholipids in the brain increase two-fold in the cortex 481 

(and three-fold in the white matter) from the 10
th
 week of gestation to the age of two years 482 

(Svennerholm and Vanier, 1972). This study shows a relative continuous decrease of choline 483 

phosphoglycerides, from 50% of total phospholipids in the cerebral cortex of the fetus to 45% in 484 

infants at term and 38% in children at two years of age. In this study, SPM shows a continuous 485 

increase, from 3% of total phospholipids in the cerebral cortex of the fetus to 5% in infants at term and 486 

10% in children at two years of age. 487 

Regarding the placenta, placental total lipid content is 14 ± 1.0 mg/g dry tissue at term, and is rich in 488 

phospholipids (about 80% of total lipids), of which 42.1 ± 7.3% were choline glycerophospholipids. 489 

The long-chain polyunsaturated fatty acids (LC-PUFAs) arachidonic acid (ARA) and docosahexaenoic 490 

acid (DHA) are found in high proportion (about 40% of the phospholipid fatty acids) in all 491 

phospholipid classes (Bayon et al., 1993; Bitsanis et al., 2005). The placenta is one of the human 492 

organs most rich in free choline (14.6 mg/100 g wet weight) and this concentration decreases by 50% 493 

in (pre)eclampsia (Mischel, 1956).  494 
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The Panel notes that no data are available on the total amount of choline in the human body. The Panel 495 

also notes that there is a lack of data on the choline accretion in the fetus and placenta during the 496 

duration of pregnancy. 497 

2.3.5. Metabolism 498 

 499 

Figure 2:  PC synthesis and choline metabolism and its involvement in folate-dependent one-carbon 500 

metabolism. 501 

Left shows the endogeneous synthesis of PC; right the synthesis of PC from (dietary) choline. 502 
Abbreviations: BADH, betaine aldehyde dehydrogenase; BHMT, betaine homocysteine methyltransferase; 503 
CCT, phosphocholine cytidyltransferase; CDP-choline, cytidine diphosphocholine; CHK, choline kinase; CHDH, choline 504 
oxidase (or dehydrogenase); CPT, CDP-choline diacylglycerol cholinephosphotransferase; DMG, dimethylglycine; Hcy, 505 
homocysteine; methyl-THF, methyltetrahydrofolate; MS, methionine synthase; PChol, phosphocholine; 506 
PE, phosphatidylethanolamine; PEMT, phosphatidylethanolamine N-methyltransferase; PC, phosphatidylcholine; 507 
SAH, S-adenosylhomocysteine; SAH-H, S-adenosylhomocysteine hydrolase; SAM, S-adenosylmethionine; 508 
THF, tetrahydrofolate. 509 

2.3.5.1. Metabolism of choline and synthesis of phosphatidylcholine (PC) 510 

Besides dietary intake, choline in the body can be generated de novo via the hepatic PEMT pathway. 511 

Both dietary and endogenous choline sources are incorporated into PC. PC is synthesised in all cells 512 

from choline (Li and Vance, 2008).  513 

The predominant pathway of PC synthesis in all cells is via the CDP-choline pathway. Choline, taken 514 

up into cells or generated by hydrolysis of choline compounds (Figure 2, right side), is phosphorylated 515 

by choline kinase (CHK) to PChol or oxidised to betaine in some cell types like liver and kidney. 516 

PChol reacts with cytidine triphosphate (CTP) to form cytidine 5-diphosphate choline (CDP-choline) 517 

(by phosphocholine cytidyltransferase CCT). CDP-choline is esterified with diacylglycerol by choline 518 

phosphotransferase (CPT) or the choline/ethanolaminephosphotransferase (CEPT) to form PC (Li and 519 

Vance, 2008). 520 

The other pathway of PC synthesis in the human body de novo starts from 3-phosphoglycerate, which 521 

receives two acyl groups from acyl-coenzyme A and is converted to a phosphatidate (not shown in 522 

Figure 2). Phosphatidate can react with CTP to form cytidine diphosphate-diacylglycerol, whose 523 

hydroxyl group can react with serine to form phosphatidylserine that is decarboxylated to PE. PE can 524 

then be methylated in the liver to synthesise PC (Figure 2, left side). This reaction is catalysed by 525 
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PEMT, which is dependent on SAM, and consumes three molecules of SAM while releasing three 526 

molecules of S-adenosylhomocysteine (SAH) per molecule of formed PC. Quantitatively, this appears 527 

to be the most important SAM-dependent transmethylation reaction and source of Hcy in mammals 528 

(Stead et al., 2006). The PEMT pathway is mostly active in the liver, but some low activity has been 529 

described in other tissues, e.g. in adrenal medulla, mammary gland and adipose tissue at about 0.1% of 530 

the hepatic activity (Vance, 2014). 531 

The PEMT pathway accounts for 30% of hepatic PC synthesis in rodents, whilst 70% are produced 532 

from choline via the CDP-choline pathway (Reo et al., 2002; Li and Vance, 2008). The gene for 533 

PEMT has multiple oestrogen-responsive elements and its transcription is enhanced by oestradiol in 534 

vitro. Oestrogen enhanced activity of PEMT can provide for the increased demand for choline during 535 

pregnancy when oestrogen concentrations are high (Resseguie et al., 2007) (Sections 2.2.2.1. and 536 

5.1.3.).  537 

PC derived via the two different pathways apparently enters separate pools. PC formed in the hepatic 538 

PEMT pathway differs from that generated via the CDP-choline pathway, in that it contains primarily 539 

LC-PUFAs like DHA and ARA instead of medium-chain, mono- and bi-unsaturated and saturated 540 

fatty acids. This has been demonstrated in studies with deuterated choline and ethanolamine in rat and 541 

mouse liver and in mice and humans after parenteral administration of methyl-D9-choline
7
 (DeLong et 542 

al., 1999; Pynn et al., 2011) and using multiple isotopomer distribution analysis (MIDA) (Pynn et al., 543 

2011). In addition, in 21 healthy non-pregnant women randomised to consume for 12 weeks either 544 

480 or 930 mg choline/day (about 20% of which was provided as methyl-D9-choline for the last six 545 

weeks), Yan et al. (2013) demonstrated that the higher choline intake (930 mg/day) favours the use of 546 

the PEMT pathway (relative to CDP-choline pathway), and yielded a significantly higher isotope 547 

enrichment in plasma PC-DHA (West et al., 2013) (Section 5.1.3.). 548 

The ratio of PC-DHA to total PC in plasma is considered a surrogate measure for hepatic PEMT 549 

activity (3% of total plasma PC is PC-DHA). It is significantly greater (p < 0.01) in premenopausal 550 

women than in men or in postmenopausal women. It is significantly lower (p < 0.05) in 551 

premenopausal women homozygous for the loss-of-function rs12325817 SNP of the PEMT gene than 552 

in women with the wildtype of PEMT. This has been confirmed by measuring PEMT activity in liver 553 

biopsies together with the PC-DHA concentration (da Costa et al., 2011) (Appendix D).  554 

The Panel notes that the PC required by the body can be derived from dietary choline and from 555 

endogenous synthesis, but is distributed into different pools and carries different fatty acids. The PC 556 

formed in the PEMT pathway contains substantial amounts of LC-PUFAs, like DHA and ARA, whilst 557 

the PC formed in the CDP-choline pathway does not. The PEMT pathway is mostly active in the liver, 558 

but some low activity has been described in e.g. in adrenal medulla, mammary gland and adipose 559 

tissue. The CDP-choline pathway is present in all cells of the body. Both can be stimulated by dietary 560 

choline. Moreover, the PEMT pathway is sensitive to the presence of oestrogens. 561 

2.3.5.2. Degradation 562 

Catabolism of phospholipids is initiated by PLs hydrolysing their respective bonds: i.e., PLA1 and 563 

PLA2 hydrolyse fatty-acyl bonds (e.g. PC to lysophosphatidylcholine (lyso-PC)), PLC 564 

glycerophosphate bond, and PLD choline phosphate ester bonds. Further, lysoPL degrades 565 

lysophosphatidylcholine, which is subsequently converted to GPC and further hydrolysed to choline 566 

by a phosphodiesterase (Lockman and Allen, 2002).  567 

                                                      
7  Methyl-D9-choline, with fully deuterated methylgroups, can either be converted via the CDP-choline pathway to D9-PC or 

by oxidation to D9-betaine that will transfer D3-methyl groups to homocysteine via BHMT, forming D3-methionine and 

D6-DMG. D3-methionine can transfer deuterated methyl groups to PE via PEMT, forming predominantly D3-PC and D6-

PC. By estimating the enrichment of the different metabolites and the ratios of deuterated isotopomers, an assessment of 

the metabolic fluxes is possible (Pynn et al., 2011). 

https://en.wikipedia.org/wiki/Phosphatidyl_ethanolamine_methyltransferase
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2.3.5.2.1. Choline oxidation to betaine 568 

Oxidation of choline in the liver and kidney produces, in a two-step enzymatic reaction, first betaine 569 

aldehyde by mitochondrial CHDH, and then betaine by mitochondrial or cytoplasmic betaine aldehyde 570 

dehydrogenase (BADH) (Lin and Wu, 1986) (Figure 2). Mitochondrial betaine synthesis from choline 571 

is controlled by choline transport across the mitochondrial membrane (O'Donoghue et al., 2009). The 572 

formation of betaine links choline to the folate-dependent one-carbon metabolism, because betaine is 573 

the methyl-group donor in the BHMT reaction (Sections 2.2.1., 2.3.6.1.2. and 2.3.7.). This reaction 574 

converts Hcy in the liver and kidney to methionine and releases dimethylglycine (DMG), which is 575 

converted into sarcosine and methylene-tetrahydrofolate with tetrahydrofolate (THF) as methyl group 576 

acceptor. The resultant sarcosine can be degraded into glycine or be excreted in the urine, whilst 577 

methylene-THF can be reduced to methyl-THF by methylene-THF reductase (MTHFR) (Ueland et al., 578 

2005) (Section 2.5.).  579 

2.3.5.2.2. Microbial choline degradation to trimethylamine (TMA) 580 

Non-absorbed choline is one of the precursors of TMA produced in the gut by anaerobic symbiotic 581 

microbes (Zhang et al., 1999; Craciun and Balskus, 2012) (Section 2.2.2.2.). TMA is efficiently 582 

absorbed from the gastrointestinal tract (Al-Waiz et al., 1987), and then converted in the liver to 583 

TMAO by the flavin-containing monooxygenase isoform 3 enzyme (FMO3) (Lang et al., 1998). Both 584 

TMA and TMAO are eliminated in the urine (urinary total TMA i.e. TTMA = TMA plus TMAO). 585 

TMA has an unpleasant fishy odour and can result in a corresponding fishy body odour when either 586 

choline intake is ‘high’ (Section 2.2.2.2.), the intestinal microbiota is disturbed or the subjects suffer 587 

from autosomal-recessive trimethylaminuria due to defects in FMO3 (Mitchell and Smith, 2001; 588 

Zeisel et al., 2003).  589 

On ‘normal’ diets, only milligram amounts of TMA were excreted in the urine of healthy subjects and 590 

subjects with liver cirrhosis, but when single choline doses of 2–8 g as bicarbonate were given on 591 

separate occasions, about 69% of choline nitrogen was excreted in the urine as TMA nitrogen (De la 592 

Huerga and Popper, 1951).  593 

In a study in six healthy males, measuring the conversion of single oral doses of 15 mmol of choline or 594 

PC (i.e. 2.1. and 11.65 g, respectively, given on separate occasions at least two weeks apart) into 595 

urinary TTMA, about 63% of choline appeared as urinary TTMA within three days after ingestion 596 

(Zhang et al., 1999). In this study, PC did not lead to similar increases in urinary TTMA concentration 597 

(0.5–2 % of the administered dose). 598 

However, a double-blind randomised controlled trial (RCT) in six healthy volunteers (four women), 599 

consuming single increasing amounts of PC separated by two to four weeks (119 up to 714 mg/day of 600 

choline, mainly as PC, in the form of egg yolk(s)) in addition to a low-choline diet
8
, demonstrated that 601 

an intake of increasing amounts of PC resulted in a rise in TMAO concentrations in both plasma and 602 

urine (Miller et al., 2014). TMAO concentration in plasma increased in five of six subjects after egg 603 

ingestion, with a peak after six to eight hours; however, there was great interindividual variability. 604 

TMAO concentration in urine in the 24 hours after egg yolk ingestion increased in proportion to the 605 

amount of PC ingested (11 to 15% of the total ingested choline). The authors also found differences in 606 

the profile of the faecal microbiome and in the gene for the FMO3 enzyme (the SNP FMO3 G566A, 607 

rs2266782 is associated with a 25% reduction in the enzyme activity) between the study participants. 608 

This may explain the variable responses of plasma and urinary TMAO concentrations to PC intake.  609 

The Panel notes a relationship between dietary choline, microbial metabolism of choline to TMA, 610 

hepatic TMAO production and urinary TTMA excretion. The Panel notes as well an influence of other 611 

dietary, genetic and environmental factors on TMA production. The Panel concludes that a dose-612 

response relationship between dietary choline and hepatic TTMA production cannot be established.  613 

                                                      
8 11 mg choline/1 000 kcal per day, i.e. about 2.6 mg choline/MJ per day 

https://en.wikipedia.org/wiki/Precursor_(chemistry)
https://en.wikipedia.org/wiki/Trimethylaminuria
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2.3.6. Elimination 614 

2.3.6.1. Urine 615 

The kidneys accumulate choline via the sodium-independent low-affinity carrier-mediated saturable 616 

mechanism described in Section 2.3.3.  617 

2.3.6.1.1. Choline and trimethylamine-N-oxide (TMAO) 618 

Excretion of choline in the urine is low in relation to usual dietary intakes. De la Huerga and Popper 619 

(1951) (Section 2.3.5.2.2.) determined the excretion of choline and TMA in the urine in four healthy 620 

adult subjects after single oral doses of 2–8 g of choline (as choline bicarbonate). The authors detected 621 

no or negligible choline in urine at baseline and not more than 0.3% of the administered dose 622 

thereafter. Within 24 hours, two thirds of the administered dose were excreted as TMA and TMAO, 623 

which suggests that unabsorbed choline was metabolised by the intestinal microbiota.  624 

In pregnant and non-pregnant women (consuming either 480 or 930 mg of choline/day for 12 weeks), 625 

the (geometric) mean of the excretion of choline in the urine throughout the 12-week study was 626 

10.7 (95% CI: 8.1–14.1) and 3.2 (95% CI: 2.3–4.4) mg/day, respectively (p ≤ 0.001), and did not 627 

change significantly with choline intake (Yan et al., 2012) (Sections 2.3.6.1.2., 2.4.1.2. and 5.1.3.). In 628 

lactating and non-lactating women (from the study by Yan et al. (2012)), mean excretion of choline in 629 

the urine throughout the study (10–12 weeks) did not differ (Davenport et al., 2015) (Sections 2.3.3., 630 

2.3.6.1.2., 2.3.6.3., 2.4.1.2. and 5.1.3.4.).  631 

2.3.6.1.2. Betaine and dimethylglycine (DMG) 632 

Betaine in the urine originates either from the diet or is formed in the kidney (and liver) via CHDH 633 

and BADH from choline. In this reaction, betaine is a methyl group donor for Hcy remethylation 634 

(Figure 2 and Sections 2.2.2.1. and 2.3.5.2.1.). BHMT demonstrates saturation kinetics, its activity 635 

increases in rat liver when the diet is low in methionine but contains choline or betaine (Park and 636 

Garrow, 1999) and its activity is inhibited by DMG, which is the product of BHMT activity. 637 

Moreover, oxidative demethylation of DMG to sarcosine is the rate-limiting step in betaine 638 

metabolism. Betaine normally accumulates in the kidney medulla, where its release into the urine is 639 

controlled by intracellular tonicity. 640 

While the betaine plasma concentration remains almost stable on a habitual diet, it increases rapidly 641 

about 30-fold following one oral dose of about 50 mg betaine/kg body weight in 12 healthy males and 642 

has an elimination half-life of around 14 hours (Schwahn et al., 2003a). In this study, on average, 4 % 643 

of the ingested dose was excreted as betaine in the 24-hour urine; the renal clearance
9
 was in the range 644 

of 0.4–13.9 mL/hour per kg body weight and about 5% of the apparent total plasma clearance. Betaine 645 

is freely filtered in the kidney, but normally almost completely reabsorbed in the proximal tubule 646 

(Lever et al., 2007). 647 

In a randomised cross-over study on eight healthy males consuming five different intervention meals, 648 

including one high-choline meal (564 mg) or a single dose of choline supplement (500 mg), compared 649 

to a low-choline meal (< 1 mg choline), urinary betaine excretion was not significantly different 650 

between groups (Atkinson et al., 2008). In contrast, in this study, urinary DMG excretion peaked at 651 

4-6 hours (p < 0.005 compared to control), but was still higher than baseline 24 hours after the 652 

high-choline meal (p < 0.05).  653 

In pregnant and non-pregnant women (consuming either 480 or 930 mg of choline/day for 12 weeks), 654 

the (geometric) mean of the excretion of betaine in the urine throughout the 12-week study was 12.9 655 

(95% CI: 10.0–16.6) and 8.1 (95% CI: 6.1–10.8) mg/day, respectively (p ≤ 0.05) (Yan et al., 2012) 656 

(Sections 2.3.6.1.1., 2.4.1.2. and 5.1.3.). Lactating women (versus control women) (from the study by 657 

Yan et al. (2012)) had a lower excretion of choline metabolites (betaine: –3 mg/day, p = 0.001; 658 

                                                      
9 Defined as the ratio of 24h urinary excretion (mmol/kg body weight) to the respective area under the curve (in mmol/L per 

hour). 
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DMG: -2.3 mg/day, p < 0.001) in the urine throughout the study period (Davenport et al., 2015) 659 

(Sections 2.3.6.1.1., 2.3.6.3., 2.4.1.2. and 5.1.3.4.). 660 

Infants excrete high amounts of betaine in their urine, up to 1.5 mmol/mmol creatinine (1.55 g/g 661 

creatinine) during the first year of life, with a maximum at the age of two to three months and a 662 

decrease to 0.2 mmol/mmol creatinine at one year (Holmes et al., 1996). During the first ten days of 663 

life, a urinary excretion of betaine of 27.4 ± 2.8 µmol/kg body weight per day (3.2 ± 0.3 mg/kg per 664 

day; mean ± SEM) was reported in 27 infants. At that age, no dietary source of betaine is available 665 

(Holmes et al., 1996). In the newborn period, urinary excretion of betaine may be higher than choline 666 

intake (Davies et al., 1992). 667 

2.3.6.1.3. Conclusion on urinary excretion 668 

The Panel notes that choline excretion in the urine is low in relation to usual dietary intakes (and 0.3% 669 

of the administered dose of 2-8 g choline). A study showed that pregnant women have higher urinary 670 

excretion of choline and betaine than non-pregnant women. The Panel notes that excretion of betaine 671 

in urine may be of dietary origin or produced from choline. The rise in urinary DMG concentration, 672 

the second product of BHMT activity, after a choline supplement or a high-choline meal, suggests that 673 

choline-derived betaine is primarily used for Hcy remethylation in the liver (rather than fulfilling the 674 

other functions of betaine in the body).  675 

2.3.6.2. Faeces 676 

Hepatic PC synthesised either from dietary choline via the CDP-choline pathway or via the PEMT 677 

pathway (Figure 2) is used for secretion of VLDL or formation of HDL, or secretion into the bile. In 678 

mice, PC secretion into the bile was equivalent to the entire hepatic PC pool, of which 95% is 679 

reabsorbed (Li and Vance, 2008). In addition, PC is secreted by the intestinal mucosa, according to 680 

data in animals and patients (Ehehalt et al., 2010).  681 

No human data are available on faecal excretion of choline or choline compounds in relation to dietary 682 

choline intake. Depending on the composition of the gut microbiome, non-absorbed choline in the gut 683 

can be converted to TMA (Sections 2.2.2.2 and 2.3.5.2.2.). 684 

2.3.6.3. Human milk 685 

Choline is found in milk predominantly as PChol and GPC, together with free choline, PC, SPM. Its 686 

concentration changes during the progress of lactation, and is influenced by maternal diet (Fischer et 687 

al., 2010b; Davenport et al., 2015). Apart from choline and choline containing compounds, milk also 688 

contains betaine. 689 

In an RCT in 103 pregnant (then lactating) women (94 completers), Fischer et al. (2010b) 690 

(Sections 2.3.3., 2.4.1.2., 2.5.1., 5.1.3. and 5.2.5.) investigated the response of maternal plasma and 691 

breast milk choline concentrations to a PC supplement (750 mg/day choline, n = 48, from the 18
th
 692 

gestational week to 90 days post partum), compared to placebo (n = 46). The supplement was 693 

consumed in addition to a mean dietary choline intake of about 350 mg/day (measured by a three-day 694 

food record at 45 days post partum). Breast milk (and maternal plasma) concentrations were measured 695 

at 45 days post partum. There was a significant linear correlation between total choline intake (from 696 

foods and supplements, range about 150 to > 750 mg/day) and breast milk concentrations of PChol, 697 

PC, free choline and betaine (R
2
 = 0.16 and p = 0.0001, R

2
 = 0.07 and p = 0.02, R

2
 = 0.08 and 698 

p = 0.001, R
2
 = 0.13 and p = 0.0003, respectively), when all subjects were taken into account. Mean 699 

(± SE) breast milk concentrations of PChol (722 ± 39 vs 553 ± 27 µmol/L) and free choline 700 

(106 ± 10 vs 83 ± 8 µmol/L) were significantly higher (p < 0.001) in the supplemented group than in 701 

the placebo group, whereas PC, GPC and SPM were not significantly different.  702 

In a controlled feeding study, Davenport et al. (2015) (Sections 2.3.3., 2.3.6.1.1., 2.3.6.1.2., 2.4.1.2. 703 

and 5.1.3.4.) investigated the response of breast milk choline concentration to different choline 704 

intakes. In this study, lactating (n = 28, five weeks post partum) and control (n = 21, non-pregnant 705 

non-lactating) women were randomised to consume 480 mg/day (15 lactating women and 10 controls) 706 
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or 930 mg choline/day (13 lactating women and 10 controls), from food and supplements
10

, for 707 

10 (lactating women) or 12 weeks (control women). Lactating women consuming 930 mg/day choline 708 

had a significantly higher concentration of total choline in breast milk (sum of all choline compounds) 709 

at the end of the study compared to those consuming 480 mg/day (mean ± SD: 1 200 ± 60 vs 710 

1 000 ± 50 µmol/L, p = 0.041). They also had higher concentrations of PChol (392 ± 26 vs 711 

285 ± 24 µmol/L, p = 0.008) and GPC (471 ± 36 vs 346 ± 33 µmol/L, p = 0.031), but their free choline 712 

concentration in breast milk did not differ (148 ± 13 vs 158 ± 12 µmol/L). During the last four to six 713 

weeks, 20% of the total choline intake was provided as deuterium labelled choline 714 

(methyl-D9-choline). Women consuming the higher choline intake (930 mg/day) during lactation had 715 

in their breast milk, at the end of the study, a significantly higher enrichment of the metabolites 716 

generated endogenously via the hepatic PEMT pathway, but not of the metabolites generated from 717 

intact exogenous choline via the CDP-choline pathway (Figure 2, Section 2.3.5.). The Panel notes that 718 

the higher choline intake during lactation (930 mg/day, compared to 480 mg/day) significantly 719 

increased the concentration of total choline in breast milk, and increased the supply of PEMT-derived 720 

choline metabolites in breast milk. 721 

The content of PC and SPM in breast milk was reported to remain constant from day zero to 85 of 722 

lactation, whilst the content of GPC, PChol and, to a lesser extent, free choline, in breast milk 723 

increased significantly after the first week after birth (Zeisel et al., 1986), but only free choline content 724 

decreased significantly with time.  725 

A search of the literature published after January 2000 was performed as preparatory work to this 726 

assessment, in order to identify breast milk composition data for choline (LASER Analytica, 2014). 727 

This search was completed with two additional papers (Holmes-McNary et al., 1996; Davenport et al., 728 

2015). Appendix A reports data from six studies (Holmes-McNary et al., 1996; Holmes et al., 2000; 729 

Ilcol et al., 2005; Fischer et al., 2010b; Ozarda et al., 2014; Davenport et al., 2015) conducted in the 730 

UK, Turkey and the USA, on the mean/median free and total choline concentrations of human milk 731 

from healthy lactating mothers. Either the infants were full-term (Holmes-McNary et al., 1996; Ozarda 732 

et al., 2014), or there was a mixed population of full-term and pre-term infants or it was unclear 733 

whether the infants were born at term or not. 734 

Stages of lactation varied between birth and 180 days post partum. Mean maternal choline intake was 735 

not reported in four studies (Holmes-McNary et al., 1996; Holmes et al., 2000; Ilcol et al., 2005; 736 

Ozarda et al., 2014), while one study compared choline supplemented versus non-supplemented 737 

women (Fischer et al., 2010b) and the other compared two doses of choline supplementation 738 

(Davenport et al., 2015). Three studies (Ilcol et al., 2005; Fischer et al., 2010b; Davenport et al., 2015) 739 

reported information on maternal plasma choline concentration (considered by the authors as an 740 

indication of maternal status). The mean/median concentration of total choline in mature milk ranged 741 

from 120 to 160 mg/L (see Appendix A).  742 

Based on the two studies on full-term fully breast-fed infants (Holmes-McNary et al., 1996; Ozarda et 743 

al., 2014) in the US and Turkey (n = 70 women in total), an average total choline concentration (free 744 

choline and choline compounds) of about 145 mg/L in mature breast milk can be calculated. Assuming 745 

a mean milk transfer of 0.8 L/day during the first six months of lactation in exclusively breastfeeding 746 

women (Butte et al., 2002; FAO/WHO/UNU, 2004; EFSA NDA Panel, 2009), the estimated secretion 747 

of choline into milk during lactation would be 116 mg/day, rounded to 120 mg/day. 748 

The Panel notes that breast milk mainly contains PChol and GPC, besides free choline, PC and SPM, 749 

in concentrations depending on the progress of lactation and maternal diet/supplementation. The Panel 750 

also notes that increased maternal choline intake enhances the concentration of total choline in breast 751 

milk and increases the supply of PEMT-derived choline metabolites in breast milk. The Panel 752 

considers that secretion of choline into breast milk during the first six months of exclusive 753 

breastfeeding is about 120 mg/day. 754 

                                                      
10 Diet provided an average of 380 mg/day of choline, and supplemental choline was 100 or 550 mg/day. 
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2.3.7. Interaction with other nutrients: folate 755 

The interrelationship between folate and choline metabolism, both involved in the remethylation of 756 

Hcy to methionine, the first using 5-methyl-THF, the latter using betaine, has been demonstrated in 757 

animal studies (Varela-Moreiras et al., 1992; Kim et al., 1994) (Section 2.3.5.2.1.). In the first case, 758 

Hcy is methylated to methionine by the ubiquitous methionine synthase (MS, Figure 2), which 759 

requires methyl-THF as methyl-group donor and cobalamin as cofactor (Ueland et al., 2005). In the 760 

second case, Hcy is methylated to methionine by BHMT (Figure 2), which requires betaine as methyl-761 

group donor. Choline insufficiency, with consequently low betaine formation, increases the 762 

requirement for methyl-THF for the remethylation of Hcy and, therefore, the requirement for dietary 763 

folate. Vice versa, in folate depletion, methyl groups from choline and betaine are increasingly used 764 

for Hcy remethylation, thereby increasing the requirement for choline. Methyl-THF and 765 

choline/betaine can be considered as partially exchangeable sources of methyl groups (Kim et al., 766 

1994).  767 

Jacob et al. (1999) investigated the effect of folate depletion and repletion on choline status and the in 768 

vivo methylation capacity in humans residing in metabolic units. Following a baseline period of six to 769 

nine days on a diet sufficient in energy and all nutrients including folate (440 µg/day), 11 healthy men 770 

(aged 33 to 46 years) and ten healthy women (aged 49 to 63 years) consumed, for 4-5 weeks, a low 771 

folate (average of 25 μg/day and 56 μg/day for men and women, respectively) and low choline diet 772 

(average of 238 mg/day and 147 mg/day for men and women, respectively). Two to six weeks of folate 773 

repletion followed (440 and 516 μg folate/day for men and women, respectively, partially supplied as 774 

folic acid) without change in the choline intake. Variation in the methionine content of the diet in men 775 

(400 mg or 1 400 mg/day in the first half of the study period with cross-over thereafter) had no effect 776 

on the outcomes (this was not investigated in women). No functional deficiencies of organs were noted 777 

in any subject. Methylation capacity, as assessed by the urinary excretion of creatinine and of 778 

methylated nicotinamide breakdown products after ingestion of 1 g of nicotinamide, was not 779 

diminished. At the end of the folate depletion phase, plasma choline (and folate) concentrations were 780 

significantly lower in both men and women compared with baseline, and plasma tHcy concentration 781 

was significantly higher whilst PC concentration was decreased in men compared to baseline (PC 782 

concentration was not investigated in women). At the end of the folate repletion phase, plasma choline 783 

concentrations increased significantly in both sexes compared to the folate depletion phase (p < 0.05), 784 

in women to even higher values than at baseline (p < 0.05), with no significant change in plasma tHcy 785 

concentration compared to the folate depletion phase. No changes in choline, folate and SAM 786 

concentrations in red blood cells were noted throughout the study. The Panel notes that, in this study, 787 

an adequate folate intake maintained plasma choline concentration despite a low choline intake of 788 

about 150–250 mg/day on average, whilst plasma choline and PC concentrations decreased and tHcy 789 

concentration increased when both folate and choline intakes were low.  790 

In 43 premenopausal Mexican-American women, folate intake was restricted for seven weeks to 791 

135 µg dietary folate equivalent (DFE) per day, followed by seven weeks of randomisation to either 792 

400 or 800 µg DFE/day, whilst choline intake was kept constant at 349 mg/day (including 250 mg/day 793 

of a choline supplement) (Abratte et al., 2008). In this study, plasma PC concentration decreased 794 

during dietary folate restriction compared to baseline (p = 0.001), presumably due to the unfulfilled 795 

demand of folate-derived one-carbon units for PC synthesis. Plasma PC concentration increased again 796 

after administration of 800 µg DFE/day (p = 0.03) (but not significantly with 400 µg DFE/day). The 797 

Panel notes that, in this study, folate intake was shown to influence plasma PC concentration. 798 

Changes in the activity of enzymes involved in folate and choline metabolism, due to polymorphisms 799 

of genes for enzymes of this metabolism, can be expected to have an impact on the status of folate and 800 

choline. An example is the C677T genotype of the MTHFR (Sections 2.3.5.2.1. and 2.5.), which has a 801 

strong influence on folate status (Abratte et al., 2008). 802 

Ivanov et al. (2009) examined the potential influence of polymorphisms of two genes involved in 803 

choline metabolism (MTHFD1 rs2236225 and PEMT rs12325817 and rs7946) (Section 2.5.) on 804 
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plasma PC and tHcy concentrations in the presence of folate restriction, in the same Mexican-805 

American women studied by Abratte et al. (2008). These polymorphisms are functional in that they 806 

impair the activity of the two enzymes (PEMT and MTHFD1) and thereby possibly increase choline 807 

requirement and compromise the production of methyl-THF. The PEMT and MTHFD1 808 

polymorphisms did not modify the small negative response of plasma PC concentration to folate 809 

restriction, except in case of homozygosity for PEMT rs1232587 that attenuated the decline in plasma 810 

PC concentration. Homozygosity for PEMT rs7946 and MTHFDH1 rs2236225 SNPs was associated 811 

with a greater increase (p < 0.001) in plasma tHcy concentration during folate restriction than in 812 

subjects homozygous for the wildtype. 813 

The Panel notes that low folate intake has a negative impact on plasma PC concentration in the 814 

presence of ‘adequate’ choline intake, and that the impact of SNPs of genes of some enzymes involved 815 

in metabolic pathways of choline may result in increased tHcy concentrations in plasma during folate 816 

restriction. These changes are not predictable, due to compensatory changes in other parts of those 817 

pathways. The Panel, moreover, notes the small number of subjects investigated and stratified for 818 

genetic polymorphisms that limits the generalisation of these studies. 819 

2.4. Biomarkers 820 

2.4.1. Plasma/serum concentration of choline and choline-compounds 821 

2.4.1.1. Adults 822 

Fasting plasma free choline concentrations usually range between 7 and 20 µmol/L, with most subjects 823 

having a concentration of 10 µmol/L (IOM, 1998). Plasma choline concentrations are regulated and 824 

remain around 10 µmol/L in humans. However, some variability in plasma concentrations occurs with 825 

changes in choline intake. Choline-deficient diets, as applied in depletion/repletion studies 826 

(Section 5.1.2.) and consumed over weeks, can reduce plasma concentrations by approximately 50%, 827 

and ingestion of choline-rich foods (e.g. ≥ 500 mg/day) can increase plasma concentrations beyond 828 

20 µmol/L (Zeisel et al., 1991). Plasma choline concentration was found not to decrease beyond 50% 829 

of the initial normal value even after one week of total fasting, presumably because of release of 830 

choline from membrane phospholipids (Savendahl et al., 1997). 831 

Fasting plasma PC concentration varied between adults (1.5–2.5 mmol/L) and decreased by 30% after 832 

three weeks on a low choline diet, while erythrocyte PC concentration decreased by 10% (Zeisel et al., 833 

1991). 834 

2.4.1.2. Pregnancy and lactation 835 

During pregnancy, serum free and phospholipid-bound choline concentrations increase, compared to 836 

non-pregnant women (Ozarda Ilcol et al., 2002).  837 

The controlled feeding study by Yan et al. (2012) (Sections 2.3.6.1. and 5.1.3.) compared the effects of 838 

two doses of choline supplementation (480 or 930 mg of choline/day from food and supplements) in 839 

healthy pregnant (recruited at 27 weeks gestation) and non-pregnant women. In this study, pregnant 840 

women had similar mean plasma free choline concentration as non-pregnant women at recruitment, 841 

but significantly higher concentration (by 30 %) than non-pregnant women throughout the 12-week 842 

study (geometric means, (95% CI): 8.2 (7.6–8.7) vs 6.3 (5.6-6.9) µmol/L, respectively, p < 0.001). 843 

Pregnant women had lower mean plasma concentrations of the three methyl-group donors (betaine, 844 

DMG, sarcosine) as well as methionine and Hcy at recruitment, and this persisted throughout the study 845 

(lower by 13–55%, p < 0.001). The lower circulating concentrations of choline-derived methyl-group 846 

donors in pregnant women, than in non-pregnant women, throughout the study, was possibly a 847 

consequence of the greater use of these molecules in both maternal and fetal compartments. Pregnant 848 

women consuming 930 mg choline/day had higher mean plasma concentration of free choline than 849 

those consuming 480 mg choline/day (13% higher, p = 0.021).  850 
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In a prospective observational study, choline intake of 154 pregnant women, estimated by a food 851 

frequency questionnaire (FFQ), was weakly correlated to their natural log-transformed plasma 852 

concentration of free choline at 16 and 36 weeks of gestation (16 weeks: r = 0.20, p = 0.013, range of 853 

intake read on figure: 150–700 mg/day) (Wu et al., 2012). 854 

In a prospective cohort study on 368 Canadian pregnant women recruited at 12–16 weeks of gestation, 855 

Visentin et al. (2015) investigated the relationship between maternal choline intake and concentrations 856 

of choline and its metabolites in maternal and umbilical cord plasma. Mean maternal choline intake 857 

(total of all compounds), as estimated by a semiquantitative FFQ, was 306 ± 127 and 858 

302 ± 122 mg/day in early (0–16 weeks) and late (23–37 weeks) pregnancy, respectively. Mean 859 

maternal plasma free choline (95% CI) was 7.2 (7.1–7.4) µmol/L. The mean concentrations of free 860 

choline, DMG and TMAO in maternal plasma increased significantly (p ≤ 0.005) between recruitment 861 

in pregnancy and delivery by 49%, 17%, and 13% respectively, whereas that of betaine decreased by 862 

21% (p ≤ 0.005). Maternal dietary intake (total or free) was not associated with these maternal plasma 863 

concentrations. The mean concentrations of free choline, betaine and DMG in cord plasma were 3.2, 864 

2.0 and 1.3 times the concentrations in maternal plasma at delivery, whereas the mean concentration of 865 

TMAO cord plasma was lower by 12%. Maternal dietary choline intake (or fetal genetic variants in 866 

genes involved in choline metabolism
11

) was not associated with cord plasma concentrations of free 867 

choline and its metabolites. In contrast, maternal plasma concentrations of betaine, DMG and TMAO 868 

at delivery strongly influenced umbilical cord plasma concentrations (r
2
 between 0.19 and 0.51,

 
all 869 

p < 0.0001, after adjustment for potential confounders). There was only a weak correlation between 870 

the concentration of free choline in maternal and umbilical cord plasma (r
2 
= 0.12, p = 0.06). 871 

Results are indicative of an active transport of choline from the mother to placental tissue 872 

(Section 2.3.3.) and/or an uptake and metabolism of choline by the fetus reflecting a demand of the 873 

fetus for choline and methyl group donors. 874 

In lactating women, serum free and phospholipid-bound choline concentrations were significantly 875 

higher than in non-lactating women (p < 0.05), and gradually decrease until 180 days after the birth of 876 

the child (Ilcol et al., 2005). 877 

In the lactating women of the RCT by Fischer et al. (2010b) (Sections 2.3.3., 2.3.6.3., 2.5.1., 5.1.3. and 878 

5.2.5.), there was a significant correlation between total choline intake (from foods and supplements) 879 

and maternal plasma concentration of free choline (R
2
 of 0.15 in the supplemented group, and 0.55 in 880 

all subjects combined, p = 0.03 and p = 0.0001, respectively). Choline supplementation increased 881 

mean maternal plasma concentration of free choline compared to placebo (mean ± SE: 13.7 ± 0.6 vs 882 

7.7 ± 0.3 nmol/mL at 45 days post partum, p < 0.001). 883 

In addition, in the controlled feeding study by Davenport et al. (2015) (Sections 2.3.3., 2.3.6. and 884 

5.1.3.4.), lactating women showed higher (+27 %, p < 0.001) plasma free choline concentrations than 885 

non-pregnant non-lactating women throughout the study period. Lactating women who consumed 886 

930 mg/day choline had significantly higher plasma free choline concentration (+16%, p = 0.012) 887 

compared to those consuming 480 mg/day. 888 

2.4.1.3. Infants 889 

In newborns, serum free choline concentrations were significantly higher (> twice maternal values) 890 

and phospholipid-bound choline concentrations were significantly lower (by about 40%) than in their 891 

mothers (Holmes et al., 2000). Phospholipid-bound choline plasma concentrations in the infants rose 892 

by 40% starting from day 5–15 after birth to reach adult levels by the age of about ten years. Plasma 893 

free choline concentration of newborns remained high for two weeks after birth, was still slightly 894 

higher than adult levels at the age of two years and remained stable at around 10 µmol/L at the age 895 

3-12 years. This high newborn’s plasma concentration possibly reflects the increase of choline in 896 

                                                      
11 Ten SNPs in seven candidate genes. 
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breast milk in the second week of life (Section 2.3.6.3.). There was no correlation between maternal 897 

and newborn plasma phospholipid-bound choline (Buchman et al., 2001; Ilcol et al., 2005). 898 

2.4.1.4. Conclusion on plasma/serum concentration of choline and choline-compounds 899 

The Panel notes age-related changes in choline concentrations in plasma, with higher values in infants 900 

and young children than in adults. 901 

The Panel also notes that pregnancy and lactation are associated with higher free choline 902 

concentrations in plasma than in the non-pregnant non-lactating state, and that choline 903 

supplementation increases maternal plasma concentration of free choline in pregnancy or lactation. 904 

However, the Panel considers that the maternal intake of choline cannot be deduced from the choline 905 

concentration in maternal plasma during early and late pregnancy or lactation, nor from the choline 906 

concentration in venous umbilical cord plasma. 907 

No relationship between choline intake and plasma concentration of free choline (or of PC, betaine, 908 

DMG or TMAO, or erythrocyte PC) can be deduced from the available data and, therefore, the Panel 909 

considers that plasma concentrations of choline and choline compounds cannot be used for setting 910 

DRVs for dietary choline. 911 

2.4.2. Total trimethylamine (TTMA) hepatic production 912 

The Panel concludes that TTMA hepatic production and excretion in urine are not predictably related 913 

to dietary choline intake and cannot be used for setting DRVs for dietary choline (Section 2.3.5.2.2.). 914 

2.4.3. Plasma total homocysteine 915 

Appendix B compiles the results of six studies on adults (19–82 years of age) investigating the 916 

influence of choline intake on plasma tHcy concentrations. Three studies were RCTs (Olthof et al., 917 

2005; Atkinson et al., 2008; Wallace et al., 2012), with choline given as supplements (500 to 918 

2 600 mg/day of choline) for 2–12 weeks or just once a week. Three others were cross-sectional 919 

studies within long-term cohorts (Cho et al., 2006; Chiuve et al., 2007; Lee et al., 2010a), involving 920 

6 069 subjects of which 1 325 were men. The results from RCTs with supplements are inconsistent. 921 

RCTs with choline doses of 500 and 1 000 mg/day showed no decrease in plasma tHcy concentration 922 

(Atkinson et al., 2008; Wallace et al., 2012). However, a dose of 2 600 mg/day (as PC) over two 923 

weeks resulted in a significant decrease of fasting plasma tHcy concentration (mean ± SD: 15.6 ± 4.0 924 

vs 13.6 ± 2.5 µmol/L; p < 0.0001) and, compared to placebo, a significantly lower rise (p < 0.0001) in 925 

plasma tHcy concentration following a methionine load (0.1 g/kg body weight) (Olthof et al., 2005). 926 

The cross-sectional studies showed an inverse relationship between dietary choline intake (that ranged 927 

in quintiles from around 230 to 400 mg/day) and fasting plasma of tHcy concentrations. 928 

The Panel notes that many factors besides dietary or endogenous choline determine the tHcy 929 

concentration in plasma. The Panel concludes that neither fasting nor post-methionine load tHcy 930 

concentrations in plasma can be used for setting DRVs for dietary choline. 931 

2.4.4. Urinary betaine excretion 932 

The Panel notes that betaine in urine may be of dietary origin or produced in the body from choline 933 

(Section 2.3.6.1.2.). The rise in urinary DMG concentration, the second product of BHMT activity 934 

(Figure 2 and Section 2.3.6.1.3.), after a choline supplement or a high-choline meal, suggests that 935 

choline-derived betaine is primarily used for Hcy remethylation in the liver (rather than fulfilling the 936 

other functions of betaine in the body).  937 

The Panel concludes that urinary betaine excretion is not predictably related to dietary choline intake 938 

and, therefore, cannot be used for setting DRVs for dietary choline. 939 
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2.4.5. Conclusions on biomarkers 940 

The Panel considers that the available data do not allow concluding on a dose-response relationship 941 

between choline intake or choline status and plasma choline concentration. The Panel also considers 942 

that plasma choline concentrations are not suitable to derive DRVs for dietary choline. Plasma 943 

concentrations of PC, betaine, DMG, tHcy or TMAO, erythrocyte PC concentration, or urinary betaine 944 

and TTMA excretion can neither be used to set DRVs for dietary choline. 945 

2.5. Effects of genotypes involved in choline metabolism 946 

Several SNPs in genes coding for enzymes in choline metabolism and in methyl-group metabolism 947 

can alter the requirement for choline and determine the likelihood of developing signs of choline 948 

deficiency (Section 2.2.2.1.) with low dietary choline intakes. For example, MTHFD1 949 

(Sections 2.2.2.1. and 2.3.7.) is a trifunctional enzyme responsible for generating and interconverting 950 

1-carbon-substituted THF cofactors from formate. MTHFD1 mutations can impact both Hcy 951 

remethylation and thymidylate (dTMP) biosynthesis. 952 

Genetically modified mice with defective MTHFR activity become choline deficient (Schwahn et al., 953 

2003b) and 15–30% of humans have genetic polymorphisms that alter the activity of this enzyme 954 

resulting in a higher requirement for folate, and potentially indirectly for choline if folate intake is 955 

lower than the requirement (Rozen, 1996; Wilcken et al., 1996).  956 

Da Costa et al. (2006b) (Section 5.1.1.3. and Appendix D) performed a controlled trial in 57 subjects 957 

(26 men and 31 women), aged 18-70 years, to determine whether susceptibility to develop organ 958 

dysfunction due to choline deficiency was influenced by common genetic polymorphisms. The choline 959 

depletion/repletion study design is described in Section 5.1.2. Sixty-eight percent of the subjects 960 

(n = 39) developed organ dysfunction on the low-choline diet, which was resolved during choline 961 

repletion. Mean plasma choline concentrations decreased by almost 30% (from 9.8 to 7.1 µmol/L), 962 

irrespective of development of organ dysfunction. Susceptibility to choline deficiency was not affected 963 

by BHMT +742G→A SNP (rs3733890) in this study.  964 

Niculescu et al. (2007) (Section 5.1.1.3. and Appendix D) performed a study in 33 subjects (14 men 965 

and 19 women), aged 20 to 67 years, to examine the effects of a low-choline diet on gene expression 966 

in subjects who developed organ dysfunction due to low choline intake, those who did not, and the 967 

potential role of four SNPs in genes involved in folate and choline metabolism (PEMT rs12325817, 968 

MTHFD1rs2236225, CHDH rs9001 and rs12676). The choline depletion/repletion study design is 969 

described in Section 5.1.2. Blood was collected after the baseline diet and after the low-choline diet, 970 

and peripheral lymphocytes were used to measure gene expression and for SNP genotyping. The low-971 

choline diet resulted in underexpression of 152 genes and overexpression of 107 genes. Differences in 972 

gene expression changes were noted between those who developed organ dysfunction and those who 973 

did not. Analyses using group clustering and gene ontology showed that changes in gene expression 974 

related to the experimental diets were significantly altered by the SNPs examined. 975 

Appendix C lists the enzymes (PEMT, MTHFD1, CHDH, BHMT, choline kinase isoform A or B 976 

(CHKA or CHKB), CCT, SLC44A1, MTHFR), which have SNPs with known qualitative impact on 977 

choline requirement and/or are associated with an increased risk of developing organ dysfunction or 978 

other health outcomes, including birth defects, when consuming a low-choline diet. In particular, some 979 

specific polymorphisms of the genes for PEMT, CHDH and MTHFD1 were shown to increase the 980 

dependency on dietary choline intake (Appendix C).  981 

According to the review by Au et al. (2010), it may not be accurate to include or exclude risk 982 

contribution of the tested genes investigated in epidemiological studies on neural tube defects (NTDs), 983 

some of them having limitations in study design, that potentially affect the power of statistical 984 

analysis, thus providing conflicting conclusions. For complex diseases like NTDs, it is anticipated that 985 

the risk of a disease-associated allele is between 1 and 2, and over 2 000 samples (cases plus controls) 986 

would be needed to provide statistical power of 80% to assess a risk of 1.8–2 of a disease locus with a 987 
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SNP allele frequency of 0.1. Double or quadruple the controls would be needed if unmatched controls 988 

are used, to adjust for confounding factors.  989 

The Panel notes that many SNPs have been described for genes coding for eight enzymes 990 

(Appendix C) involved in choline or methyl-group metabolism, and that carrier frequency in mixed 991 

populations can be up to about 70%. Kohlmeier et al. (2005) mention a personal communication by K. 992 

Meyer and P.M. Ueland that the distribution of polymorphic variants of MTHFR and MTHFD1 in 993 

North Carolina (Appendix C) largely agreed with that of North European populations (Norwegian 994 

Colorectal Cancer Prevention (NORCCAP) study).  995 

The effects of the PEMT polymorphism rs12325817, on the likelihood of development of signs of 996 

organ dysfunction (mainly liver) when choline intake is experimentally restricted to ≤ 50 mg/70 kg 997 

body weight per day, have been investigated most often. The risk of organ dysfunction is higher in 998 

postmenopausal than in premenopausal women and is increased by simultaneous restriction in folate 999 

intake. Due to the experimental design of choline depletion/repletion studies with a low choline intake 1000 

during the depletion period (≤ 50 mg/70 kg body weight per day) (Section 5.1.1.), and because of the 1001 

lack of data on the relationship between habitual choline intakes and signs attributable to choline 1002 

deficiency in populations, the Panel notes that the amount of dietary choline needed to prevent such 1003 

signs cannot be predicted with confidence.  1004 

2.5.1. Influence of polymorphisms in pregnancy and lactation 1005 

Polymorphisms in the MTHFD1 gene and the BHMT gene, coding for enzymes involved in choline 1006 

metabolism, were identified as potential candidates for association with choline concentrations in 1007 

maternal plasma and breast milk (Fischer et al., 2010b) (Sections 2.3.3., 2.3.6.3., 2.4.1.2., 5.1.3., 1008 

5.2.5.). 1009 

In the RCT by Fischer et al. (2010b), the authors also investigated whether maternal polymorphisms 1010 

(370 SNPs in 10 genes involved in choline metabolism) modified the response of maternal plasma and 1011 

breast milk choline concentrations (measured at 45 days post partum) to choline supplementation 1012 

(compared with placebo). These SNPs were tested in linear regression models, with choline 1013 

metabolites as the response and homozygous wild-type, heterozygous wild-type and homozygous 1014 

variant alleles of SNPs, as well as choline intake (from food and supplements), as predictors. In these 1015 

models, five SNPs in the MTHFR gene were identified in the placebo group that, for most of them, 1016 

reduced the slope of the response curve of free choline concentration in breast milk to choline intake 1017 

(p < 0.05). In addition, outliers previously identified by the authors (in a first analysis of the 1018 

relationship between intake and concentrations in breast milk or plasma) were tested for combinations 1019 

of shared SNPs. In this analysis, three subjects of the placebo group were identified with five SNPs in 1020 

common in the MTHFD 1 gene and who had exceptionally high breast milk choline concentrations (in 1021 

relation to choline intake). Five participants were also identified with two SNPs in common in the 1022 

BHMT gene, and four of these subjects had lower-than-average plasma free choline concentrations (in 1023 

relation to choline intake). 1024 

Besides the choline intake of the mother (Section 2.3.6.3. and Appendix A), the Panel notes that 1025 

polymorphisms in genes coding for enzymes involved in choline and methyl-group metabolism, 1026 

particularly if they occur in combinations, can influence the amount of choline secreted into breast 1027 

milk. The Panel considers that the available data on polymorphisms in genes are insufficient to predict 1028 

choline concentrations in breast milk. 1029 

2.5.2. Conclusion on effects of genotypes 1030 

The Panel concludes that SNPs can enhance or reduce the function of enzymes involved in choline 1031 

metabolism. This can influence the requirement for choline and, moreover, can determine the 1032 

susceptibility to dietary choline deficiency. The Panel considers that particularly some specific 1033 

polymorphisms of the genes for the enzymes PEMT, CHDH and MTHFD1 are known to increase the 1034 

dependency on dietary choline intake. Since their frequency in populations vary and their impact on 1035 
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dietary choline requirement may be influenced by dietary habits, no conclusions can be drawn from 1036 

available studies on predictable variations in individual choline requirements. 1037 

3. Dietary sources and intake data 1038 

3.1. Dietary sources 1039 

Total choline content is highest in eggs (raw egg yolk: about 670 mg/100 g food, whole raw fresh egg: 1040 

about 290 mg/100 g food) followed by meats and fish, whole grains, vegetables and fruit, and fats and 1041 

oils (median content of fats and oils: about 5 mg/100 g food) (USDA, 2015). The proportion of 1042 

different choline compounds in food can change by preparation. For example, cooking decreases the 1043 

concentration of free choline and increases the content of PC per 100 g food, whilst mincing of raw 1044 

vegetables decreases the content of PC by activating phospholipase D with the release of free choline 1045 

and phosphatidic acid (Zeisel et al., 2003). The implications of such changes in choline compounds for 1046 

human nutrition are unknown. 1047 

Human milk is rich in choline (Section 2.3.6.). Ilcol et al. (2005) showed that the distribution of 1048 

choline compounds in human milk, and bovine-derived and soy-protein based formulae from different 1049 

manufacturers differed considerably, e.g. soy-derived formulas had much less sphingomyelin than 1050 

human milk.  1051 

In the EU the addition of choline to infant formula is mandatory with a minimum level of 7 mg and a 1052 

maximum level of 50 mg of choline/100 kcal and the total phospholipid concentration must be not 1053 

higher than 2 g/L
12

.  1054 

Currently, choline, choline chloride, choline bitartrate and choline citrate may be added to food 1055 

intended for infants and young children, food for special medical purposes, and total diet replacement 1056 

for weight control in the EU
13

. CDP-choline (citicoline) has been evaluated as novel food by EFSA 1057 

and no safety concerns were raised (EFSA NDA Panel, 2013a).
14 

Choline and choline compounds can 1058 

be found in dietary supplements. 
 
 1059 

3.2. Dietary intake 1060 

3.2.1. Dietary intake in EU countries 1061 

The Panel notes that no food composition data with respect to choline are available at the European 1062 

level, and that there is a lack of reliable measurements of choline content in foods in the EU. The 1063 

Panel refers to the study by Vennemann et al. (2015), which used, with the aim at assessing choline 1064 

intake in the EU, the total choline composition data from the release n°26 of the the National Nutrient 1065 

Database for Standard Reference from the US Department of Agriculture (USDA database) (issued in 1066 

November 2013) (USDA, 2013) (Section 3.1.). Total choline content of US foodstuffs was calculated 1067 

by USDA as the sum of five choline-contributing metabolites, the water-soluble free choline, GPC and 1068 

PChol, and for the lipid-soluble PC and SPM. 1069 

In the assessment by Vennemann et al. (2015), food consumption data from the EFSA Comprehensive 1070 

European Food Consumption Database (EFSA, 2011), classified according to FoodEx2 classification, 1071 

were used. This assessment includes food consumption data from 12 dietary surveys from nine EU 1072 

                                                      
12  Commission Directive 2006/141/EC of 22 December 2006 on infant formulae and follow-on formulae and amending 

Directive 1999/21/EC, OJ L 401, 30.12.2006, p.1. 
13  Regulation (EU) No 609/2013 of the European Parliament and of the Council of 12 June 2013 on food intended for infants 

and young children, food for special medical purposes, and total diet replacement for weight control and repealing Council 

Directive 92/52/EEC, Commission Directives 96/8/EC, 1999/21/EC, 2006/125/EC and 2006/141/EC, Directive 

2009/39/EC of the European Parliament and of the Council and Commission Regulations (EC) No 41/2009 and (EC) No 

953/2009, OJ L 181, 29.6.2013, p. 35. 
14 Commission Implementing Decision 2014/423/EU of 1 July 2014 authorising the placing on the market of citicoline as a 

novel food ingredient under Regulation (EC) No 258/97 of the European Parliament and of the Council, OJ L 196, 

3.7.2014, p. 24 
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countries (Finland, France, Germany, Ireland, Italy, Latvia, the Netherlands, Sweden and the United 1073 

Kingdom). These surveys used 3–7-day food records, 24-h recalls performed on at least two days or 1074 

48-h recalls. Individual data from these nationally representative (except for the Finnish surveys in 1075 

children) surveys undertaken between 2000 and 2011 were available to EFSA. In this assessment by 1076 

Vennemann et al. (2015), the nutrient composition data was obtained for 2 684 food items by re-1077 

coding the USDA nutrient composition food list (based on the LanguaL food description thesaurus) to 1078 

FoodEx2 classification (used for the food consumption data). Nutrient intake calculations were 1079 

performed only on subjects with at least two reporting days. Choline intake from dietary supplements 1080 

was not assessed. Mean, medians, 5
th
 and 95

th
 percentiles of intake of the population, per survey, age, 1081 

class and sex, were calculated. 1082 

Data were available from four surveys for children aged 1–3 years, from seven surveys for older 1083 

children, and from eight surveys for adults (including one survey during pregnancy). Total choline 1084 

intake mean estimates ranged from 151 to 210 mg/day in children aged 1–3 years, 177 to 304 mg/day 1085 

in children aged 3–< 10 years, 244 to 373 mg/day in children aged 10-< 18 years. Total choline intake 1086 

mean estimates ranged from 269 to 468 mg/day in adults aged 18–≥ 75 years, i.e. from 332 to 1087 

468 mg/day in men and from 269 to 404 mg/day in women of this age range, respectively. From one 1088 

survey in Latvia, the choline intake mean estimate was 336 mg/day in pregnant adolescents and 1089 

356 mg/day in pregnant women.  1090 

Data on infants (< 1 year old) were available from three out of the seven surveys, namely from 1091 

Finland, Germany and Italy
15

 (data not shown in the study by Vennemann et al. (2015)). The total 1092 

choline intake mean estimates in infants ranged from 75 to 127 mg/day. The Panel notes the 1093 

limitations in the methods used for assessing breast milk consumption in infants and related 1094 

uncertainties in the choline estimates for infants. 1095 

Choline intake estimates are also available from a convenience sample of Flemish women (aged 1096 

18-35 years) (Pauwels et al., 2015). In this study, food consumption was assessed by FFQs covering 1097 

51 food items that had been selected because they were part of the Belgian diet and/or were the main 1098 

contributors for one of four methyl-group donors (including choline), and the USDA database was 1099 

also used as food composition database for choline. Despite important methodological differences 1100 

with the intake assessment described above from the study by Vennemann et al. (2015), and the 1101 

specific population group investigated, choline intake estimates in Flemish women (mean ± SD: 1102 

286.6 ± 105.1 mg/day) were in the same order of magnitude of the estimates produced by Venneman 1103 

et al (2015) for several EU countries. 1104 

3.2.2. Dietary intake in non-EU countries 1105 

In view of the limited data on choline intake published in the EU, the Panel again refers to the study 1106 

by Vennemann et al. (2015), which compared their estimates with four studies carried out in non-EU 1107 

countries in adult men and women in the USA, New Zealand and Taiwan (Chu et al., 2012; USDA, 1108 

2012; Mygind et al., 2013), and pregnant and lactating women in Canada, followed from the first or 1109 

second trimester to three months post partum (Lewis et al., 2014). Two of these studies used nationally 1110 

representative data (Chu et al., 2012; USDA, 2012), all studies used 24-h recalls or three-day food 1111 

records as dietary assessment methods (but not FFQs), were cross-sectional (apart from the study on 1112 

pregnant and lactating women) and used the same composition database (USDA database) as 1113 

Vennemann et al. (2015) although from different releases.  1114 

The mean choline intake estimates in adults was 415 and 279 mg/day in US men and women, 1115 

respectively, (USDA, 2012), 316 mg/day in women aged 18–40 years in New Zealand (Mygind et al., 1116 

                                                      
15 The proportions of breast-fed infants were 58 % in the Finnish survey, 40 % in the German survey, 44 % in the Italian 

survey. Most infants were partially breast-fed. For the Italian and German surveys, breast milk intake estimates were 

derived from the number of breastfeeding events recorded per day multiplied by standard breast milk amounts consumed 

on an eating occasion at different ages. As no information on the breastfeeding events was reported in the Finnish survey, 

breast milk intake was not taken into consideration in the intake estimates of Finnish infants. 
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2013) and 372 and 265 mg/day in men and women aged 18–64 years, respectively, in Taiwan (Chu et 1117 

al., 2012). The mean (± SD) choline intake in pregnant and lactating women in Canada ranged 1118 

between 340 ± 148 in the second trimester and 346 ± 151 mg/day at three months post partum (Lewis 1119 

et al., 2014). 1120 

3.2.3. Conclusion on dietary intake  1121 

The Panel notes that mean choline intake estimates in adults ranged from 269 to 468 mg/day in 1122 

national surveys from seven EU countries (Vennemann et al., 2015), was about 290 mg/day in one EU 1123 

country (Pauwels et al., 2015), and were between 265 and 415 mg/day in three studies conducted in 1124 

non-EU countries (Chu et al., 2012; USDA, 2012; Mygind et al., 2013). The Panel also notes that 1125 

mean choline intake was about 350 mg/day in the only EU survey on pregnant women considered in 1126 

Vennemann et al. (2015), as well as in one study on pregnant or lactating women in one non-EU 1127 

country (Lewis et al., 2014). The Panel concludes that the choline intake data resulting from the 1128 

assessment by Vennemann et al. (2015) in EU countries are generally of the same magnitude as the 1129 

intakes of the published studies available in adults in EU (Pauwels et al., 2015) and non-EU countries 1130 

(Chu et al., 2012; USDA, 2012; Mygind et al., 2013; Lewis et al., 2014). 1131 

4. Overview of dietary reference values and recommendations 1132 

To date, DRVs for choline have only been proposed by the IOM (1998).  1133 

4.1. Adults 1134 

The IOM (1998) set Adequate Intakes (AIs), since data were not sufficient for deriving an Estimated 1135 

Average Requirement (EAR) and a Recommended Dietary Allowance (RDA). The AIs for choline are 1136 

based on data on the prevention of liver damage, as assessed by measuring serum ALT concentrations. 1137 

The estimate is considered by the IOM as being uncertain because it was based on a single RCT by 1138 

Zeisel et al. (1991) (depletion/repletion study, Section 5.1.2. and Appendix D). This study examined 1139 

serum ALT activity in 16 healthy male hospitalised volunteers. They were supplemented with 500 mg 1140 

choline/day for one week, then randomised to receive for three additional weeks either the choline-1141 

supplemented diet (control group, n = 7) or the same diet without choline but with cellulose as placebo 1142 

(n = 8), then all subjects consumed the choline-supplemented diet during the fifth week of the study. A 1143 

choline intake of 500 mg/day, which is approximately 7 mg/kg body weight per day using the mean 1144 

body weight for the control group, i.e. 74.4 kg, prevented alanine aminotransferase abnormalities in 1145 

these healthy men. Thus, the AI was set at 550 mg/day after rounding, considering the US reference 1146 

weight of 76 kg for men (NHANES III, 1988–1994). 1147 

The IOM noted that, at that time, no studies undertaken in healthy women following a choline 1148 

deficient diet were available. However, from an intervention study (Buchman et al., 1995) on one man 1149 

and three women with hepatic steatosis receiving total parenteral nutrition containing 1 to 4 g/day of 1150 

choline chloride for six weeks, the IOM concluded that women were just as likely as men to develop 1151 

low plasma choline concentrations and fatty liver. To set an AI for women, the IOM assumed that the 1152 

data used to set an AI for men could be used, even though women may use choline more efficiently, 1153 

thus the derived AI for women was set at 425 mg/day based on the US reference weight of 61 kg for 1154 

women (NHANES III, 1988–1994). IOM noted some evidence that transport across the blood-brain 1155 

barrier is diminished in older adults (60-85 years, compared to younger adults aged 20-40 years), 1156 

suggesting the possibility of a higher requirement than for younger adults (Cohen et al., 1995). 1157 

Nevertheless, for older adults, no adjustment was made to the AI. 1158 

4.2. Infants and children 1159 

For breastfed infants from birth to six months, IOM (1998) set an AI of 125 mg/day. This AI was 1160 

based on an average breast milk consumption of 0.78 L/day (Hofvander et al., 1982; Butte et al., 1984; 1161 

Chandra, 1984; Neville et al., 1988; Allen et al., 1991) and an average choline concentration of 1162 

160 mg/L. This average choline concentration was obtained from 15 healthy US mothers exclusively 1163 

breastfeeding and followed from 30 days up to 85 days post partum (Zeisel et al., 1986) and 33 healthy 1164 
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US mothers participating in the study during postnatal days 27–32 (Holmes et al., 1996). For older 1165 

infants aged 7–12 months, the AI was extrapolated upward from the AI for infants from birth to six 1166 

months by allometric scaling and using US reference weights (NHANES III, 1988–1994), and was set 1167 

at 150 mg/day. This value was confirmed by the downward extrapolation from the AI for adults by 1168 

allometric scaling using a growth factor, which gave the same result.  1169 

In the absence of data on which to base an EAR or AI for choline for children, IOM (1998) 1170 

extrapolated the AIs for children aged 1 to 18 years from adult values, by allometric scaling using 1171 

growth factors. 1172 

4.3. Pregnancy 1173 

IOM (1998) concluded that an increase in the AI to support pregnancy should be based on the fetal 1174 

and placental accumulation of choline. The IOM took into account animal data on choline 1175 

concentration in adult tissues (Pomfret et al., 1989), organ weight in the human fetus (Widdowson, 1176 

1963) and human data (n = 7) on choline concentration in placental tissue (Welsch, 1976), and 1177 

considered an average choline concentration of 321 mg/kg of fetal and placental tissue combined. The 1178 

IOM assumed that there is no extra choline synthesis by the mother during pregnancy, and that there is 1179 

no choline synthesis by the placenta or fetus. Thus, the required additional dietary intake of choline for 1180 

10 kg of tissue, that comprises the fetus (3 kg) and organs of pregnancy (7 kg), was calculated to be 1181 

approximately 11 mg/day throughout pregnancy. The AI for choline was thus set at 450 mg/day (after 1182 

rounding) for pregnant adolescent and adult women.  1183 

4.4. Lactation 1184 

The IOM (1998) proposed an additional intake of 125 mg/day for lactating women aged 14 to 1185 

50 years, considering an average breast milk production of 0.78 L/day (Hofvander et al., 1982; Butte 1186 

et al., 1984; Chandra, 1984; Neville et al., 1988; Allen et al., 1991) and an average choline 1187 

concentration of breast milk of about 160 mg/L.  1188 

An overview of DRVs for choline for infants, children, adults, pregnant or lactating women is 1189 

presented in Table 1. 1190 

 Dietary Reference Values for choline for infants, children, adults, pregnant or lactating Table 1: 1191 

women 1192 

 IOM (1998) 
(a) 

Age (months) 7–12 

All (mg/day) 150 

Age (years) 1–3 

All (mg/day) 200 

Age (years) 4–8 

All (mg/day) 250 

Age (years) 9–13 

All (mg/day) 375 

Age (years) 14–18 

Boys (mg/day) 550 

Girls (mg/day) 400 

Age (years) ≥ 19 

Men (mg/day) 550 

Women (mg/day) 425 

Pregnancy (mg/day) 450 

Lactation (mg/day) 550 

(a): AI. 1193 
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5. Criteria (endpoints) on which to base Dietary Reference Values 1194 

5.1. Indicators of choline requirement 1195 

Plasma choline concentration may increase when intake is increased, and decreases by up to 50% 1196 

when dietary intake is severely restricted (Zeisel et al., 1991) (Section 2.4.1.). However, plasma 1197 

choline concentration of healthy subjects is determined not only by diet, but also by endogenous 1198 

choline synthesis, potential release of choline from tissue phospholipids, microbial metabolism of 1199 

dietary choline in the gut and degradation of choline via betaine. The result of these different 1200 

influences on plasma choline concentration is unpredictable. As indicated in Section 2.4.5., the Panel 1201 

concludes that the available data do not allow on the conclusion of a dose-response relationship 1202 

between choline intake or choline status and plasma choline concentration. The Panel also concludes 1203 

that plasma concentrations of choline, PC, betaine, DMG, tHcy or TMAO, erythrocyte PC 1204 

concentration, or urinary betaine and TTMA excretion cannot be used to set DRVs for dietary choline 1205 

(Section 2.4.5.). 1206 

5.1.1. Adults 1207 

Zeisel and co-workers performed 11 choline depletion/repletion studies in different groups of both 1208 

women and men that all followed a similar design. For this reason, the characteristics of these studies 1209 

are summarised below, while detailed information is available in Appendix D. 1210 

5.1.1.1. Study goals 1211 

The goals differed between the studies. The first study evaluated the changes in choline status and 1212 

liver function of healthy humans fed a choline-deficient diet (Zeisel et al., 1991). Another study 1213 

assessed whether choline deficiency decreases the capacity to methylate homocysteine (da Costa et al., 1214 

2005) (Section 2.2.2.1.). One study investigated the influence of genetic variants of folate metabolism 1215 

on susceptibility to choline deficiency symptoms (Kohlmeier et al., 2005). Another assessed whether 1216 

SNPs in genes coding for enzymes involved in choline metabolism influence the dietary requirement 1217 

for choline and whether choline deficiency is associated with apoptosis and DNA damage (da Costa et 1218 

al., 2006a). One study investigated the influence of sex and menopausal status on dietary requirement 1219 

of choline (Fischer et al., 2007). Another investigated the influence of genetic polymorphisms in 1220 

PEMT, MTHFD1, CHDH on susceptibility for organ dysfunction in choline deficiency (Niculescu et 1221 

al., 2007). One study estimated whether the risk for choline deficiency induced organ dysfunction in 1222 

premenopausal women is dependent on the number of variant PEMT rs12325817 alleles in 1223 

premenopausal women and whether oestrogen can decrease the risk in postmenopausal women 1224 

(Fischer et al., 2010a). One study assessed whether metabolomic profiling of plasma can predict organ 1225 

dysfunction in choline deficiency (Sha et al., 2010). One study investigated how diet and choline 1226 

deficiency influence the human gastrointestinal tract microbiome and the development of liver 1227 

steatosis (Spencer et al., 2011). One study assessed whether plasma PC-DHA concentration is a non-1228 

invasive marker for liver PEMT activity (da Costa et al., 2011). Finally, one study identified effect 1229 

alleles in a number of SNPs of genes known to be of influence on the dietary requirement of choline 1230 

(da Costa et al., 2014). Characteristics and outcomes of these 11 studies are compiled in Appendix D. 1231 

5.1.1.2. Study design 1232 

The design was similar in all studies (Appendix D), and was the following: a 7–10 day baseline diet, 1233 

followed by a 42-day choline depletion diet, and then a choline-repletion diet (3–40 days). During the 1234 

ten-day baseline diet, the subjects received normal foods providing 550 mg choline and 50 mg 1235 

betaine/70 kg body weight per day. During the choline-depletion diet, the subjects received foods 1236 

providing < 50 mg choline and 6 mg betaine/70 kg body weight per day for up to 42 days (with or 1237 

without a folic acid supplement (100 or 400 μg/day according to study objective)), or until they were 1238 

deemed choline-deficient and/or developed signs of organ dysfunction. In some studies, the 1239 

participants were randomised into a depletion group and a control group that continued on the baseline 1240 

diet. More details on the design per study are provided in Appendix D. 1241 
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Muscle and liver dysfunction associated with choline deficiency was defined by the authors as a five-1242 

fold or greater increase in serum creatine phosphokinase (CK) activity, a 1.5-fold or greater increase in 1243 

AST, ALT, γ-glutamyltransferase (GGT), or lactate dehydrogenase (LDH), and/or a 28% or greater 1244 

increase in liver fat content measured by computerised tomography (CT) or magnetic resonance 1245 

imaging (MRI) compared to baseline and, depending on the study, estimated on day 21 and 42 of 1246 

depletion. The same parameters were measured to assess reversion of the damage.  1247 

Those who completed the 42-day depletion phase without the development of hepatic steatosis were 1248 

put on a diet providing 550 mg choline/70 kg body weight per day for three days and then discharged. 1249 

Choline deficient subjects were put on a diet with stepwise increases in choline intake, in sequential 1250 

10-day periods of 137.5, 275, 412.5, or 550 mg choline/70 kg body weight per day. Those who 1251 

showed signs of organ damage with increases of CK activity > 10 000 U/L were immediately switched 1252 

to the choline-repletion diet or directly to 850 mg choline/70 kg body weight per day or to an ad 1253 

libitum diet. Status was monitored regularly using blood and urine samples (at screening, day 1, at the 1254 

end of each dietary phase, and every three to four days during the intervention). 1255 

5.1.1.3. Number of subjects and choline intake 1256 

Per study, the number of subjects ranged from 8 to 72 and some of the subjects participated in several 1257 

studies (Appendix D). The total number of subjects (in all studies) investigated is not quite clear, 1258 

because subjects recruited in 2001 and 2007 (approximately 150–160) were investigated in different 1259 

studies. The susceptibility for organ dysfunction by choline depletion was significantly influenced by 1260 

polymorphisms of the MTHFD1 (e.g. rs2236225), CHDH, CHK, CLCA441 and PEMT (e.g. 1261 

rs12325817) genes (Section 2.5.), by being male or postmenopausal and not receiving oestrogen 1262 

therapy. Folic acid supplementation (400 µg/day) did not prevent the development of organ 1263 

dysfunction during choline depletion (Kohlmeier et al., 2005). 1264 

In the depletion/repletion study that investigated the influence of sex and menopausal status on choline 1265 

requirement (Fischer et al., 2007) in 57 healthy adult subjects (26 males, 16 premenopausal and 1266 

15 postmenopausal women), aged 18–70 years, 20 of 26 (77%) men developed choline deficiency 1267 

signs, six already in the baseline phase with 550 mg choline/70 kg body weight per day. In this study, 1268 

12 of 15 (80%) postmenopausal women and 7 of 16 (44%) premenopausal women developed choline 1269 

deficiency signs on the low-choline diet. In total n = 39 of 57 male or female subjects developed signs 1270 

of choline deficiency, or 68%. In the same study, the authors also looked for differences in clinical 1271 

chemistry data between subjects who developed choline deficiency and subjects who did not (apart 1272 

from the parameters used to define choline deficiency-related organ dysfunction). Between sexes and 1273 

life-stage groups, there were no significant differences in plasma concentrations of free choline, 1274 

betaine, DMG, tHcy, which all decreased upon depletion, and of SAM and SAH, which did not 1275 

change. Plasma PC concentrations, however, decreased only in subjects who developed organ 1276 

dysfunction.  1277 

The amount of choline needed to replete subjects with signs of organ dysfunction differed between 1278 

subjects (Fischer et al., 2007) as shown in Table 2. In all the other studies mentioned in Appendix D, 1279 

this was not reported. Disregarding missing data as well as sex differences because the numbers are 1280 

too small, 10 of 39 choline deficient subjects were repleted with 137.5 mg/70 kg body weight per day, 1281 

three with 275, five with 412.5, and 13 needed 550 or more than 550 mg/70 kg body weight per day 1282 

(or an ad libitum diet) including the six men with signs of choline deficiency already on the baseline 1283 

diet with 550 mg choline/70 kg of body weight, while the data from eight subjects were completely 1284 

missing.  1285 
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 Amount of choline needed to replete subjects after experimental choline depletion Table 2: 1286 

(Fischer et al., 2007). 1287 

Study subjects  No signs 

of choline 

deficiency 

with low-

choline 

diet 

Signs of choline 

deficiency, with 

choline intake 

(mg/70 bw × d
-1

) of 

Choline needed for repletion, total 

mg/70 kg bw × d
-1

 

Missing 

data for 

repletion 

 n n 550 mg, n 50 mg, n 137.5, n 275, n 412.5, n ≥ 550, n n 

Men 26 6 6* 14 6 2 3 7* 2 

Premenopausal 

women 

16 9 - 7 1 - - 2 4 

Postmenopausal 

women 

15 3 - 12 3 1 2 4 2 

Total 57 18 6* 33 10 3 5 13  8 

*Six men showed already signs of choline deficiency with 550 mg choline/70 kg body weight (bw) per day and consequently 1288 
needed more than that amount for repletion. 1289 

Out of 25 subjects
16

 who showed signs of choline deficiency after experimental choline depletion and 1290 

for whom the amount of choline needed to replete them was available, the Panel notes that 18 i.e. 1291 

about 70%, needed up to about 400 mg choline/70 kg body weight per day for repletion. The Panel 1292 

also notes that this percentage decreased to 58% when the six men with signs of choline deficiency 1293 

already during the baseline period with 550 mg choline/day (and therefore presumably with a higher 1294 

choline requirement) were taken into account (Fischer et al., 2007). The Panel did not consider the 1295 

18 individuals who did not show signs of choline deficiency with 50 mg/70 kg body weight per day. It 1296 

is not known if they would have developed signs of choline deficiency with a longer period of choline 1297 

depletion (> six weeks). The Panel notes that data are missing for the precise amount of choline 1298 

needed for repletion in eight subjects. 1299 

The Panel notes that the subjects of this trial (Fischer et al., 2007) were classified according to 1300 

polymorphisms in genes coding for PEMT, CHDH, BHMT (da Costa et al., 2006b) and for MTFHR, 1301 

MTFHD1 and the reduced folate carrier 1 (RFC1) (Kohlmeier et al., 2005) (Appendices C and D). The 1302 

susceptibility to develop organ dysfunction on the low-choline diet was significantly increased 1303 

(p = 0.002, odds ratio (OR): 25; 95% CI: 2–256) (18 of 23 carriers of the C allele) in women carriers 1304 

of the PEMT promoter SNP rs12325817 (-744 G→C), and specifically in postmenopausal women 1305 

(p = 0.03, OR: 42; 95% CI: 1–1 348). In contrast, being a carrier of the CHDH gene SNP rs9001, 1306 

+318 A→C) had a protective effect on the susceptibility to develop organ dysfunction (p = 0.03, 1307 

OR: 0.2; 95% CI: 0.05–0.7), whilst the CHDH SNP rs12676 (+432 G→T) did not, except in 1308 

premenopausal women. The SNPs PEMT rs7946 (+5465 G→A) and BHMT rs3733890 (+742 G→A) 1309 

were not associated with susceptibility to organ dysfunction on a low-choline diet. Only the MTHFD1 1310 

SNP (1958G→A) rs2236225 carriership increased the susceptibility to develop signs of choline 1311 

deficiency when the choline intake was very low, and that only in premenopausal women (OR: 85, 1312 

95% CI: 3–2 418), and this susceptibility was attenuated by folate supplementation.  1313 

There are indications that choline deficiency during depletion repletion studies (da Costa et al., 2006b; 1314 

Niculescu et al., 2007) (Appendix D) may increase cell apoptosis and induce DNA damage (assessed 1315 

ex vivo/in vitro), for which the carriers of certain polymorphisms of PEMT and MTHFD1 were more 1316 

susceptible (Section 2.5). The Panel considers that the significance of these studies is unclear.  1317 

There are also indications (Appendix D) that metabolomic profiling of the plasma of subjects on 1318 

baseline diet can predict susceptibility to develop organ dysfunction when deprived of dietary choline 1319 

                                                      
16 i.e. 10+3+5+13-6, indicated in Table 2. 
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(Sha et al., 2010) and that host factors and the gut microbiota (Spencer et al., 2011) both respond to 1320 

dietary choline intake and choline deficiency (Section 2.2.2.1). 1321 

5.1.1.4. Summary 1322 

Eleven available depletion/repletion studies in adults have demonstrated that dietary choline can 1323 

become insufficient, e.g. within six weeks of a depletion phase with ≤ 50 mg choline/70 kg body 1324 

weight per day (Appendix D). Only one of these studies reported the amount of choline needed to 1325 

replete subjects with signs of organ dysfunction (Fischer et al., 2007).  1326 

The Panel notes that experimental dietary depletion of choline led, in most (70–80%) of the male and 1327 

postmenopausal female subjects, to signs of organ dysfunction involving liver and muscle, but only in 1328 

44% of premenopausal women (Fischer et al., 2007). These signs can be mild with biochemical 1329 

alterations only or can be severe with liver steatosis and muscle function impairment developing 1330 

rapidly. The susceptibility to develop organ dysfunction differs between subjects and is influenced by 1331 

genetics, sex, possibly the intestinal microbiome, and hormonal status (Section 2). 1332 

In addition, it is not known if the 18 subjects who have not developed signs of organ dysfunction 1333 

within six weeks would have done so in the long term, when their endogenous choline (PC) synthesis 1334 

would become insufficient (Fischer et al., 2007). It is not known, but can be assumed, that the factors 1335 

that have an impact on the development of organ dysfunction also determine the amount of choline 1336 

needed to replete the body and reverse the signs of organ dysfunction and the requirement for dietary 1337 

choline.  1338 

According to the study by Fischer et al. (2007) described above, this requirement for dietary choline in 1339 

adults lies between about 130 and 500 mg choline/day, with most subjects needing more than 1340 

130 mg/day and some needing 500 mg/day or more (Table 2). From the 39 subjects who became 1341 

deficient either with 550 or with 50 mg choline/70 kg body weight per day, the data from 14
17

 are 1342 

missing. From the remaining 25, ten needed 137.5, three 275, five 412.5 and seven 1343 

550 mg choline/70 kg body weight per day or more. An intake of 412.5 mg choline/70 kg body weight 1344 

per day (i.e. 5.9 mg/kg body weight per day) was sufficient to replete 18 of 25 deficient subjects, that 1345 

is about 70% or two thirds. 1346 

The Panel considers that reliable markers of intake and status are not available (Section 2.4) and that 1347 

the study by Fischer et al. (2007) is too small and insufficient to draw firm conclusions on the Average 1348 

Requirement (AR) for dietary choline in adults. However, as supportive evidence, it may contribute to 1349 

inform an Adequate Intake (AI) that covers most of the population. 1350 

5.1.2. Infants and children 1351 

The Panel is unaware of any data in infants aged 7–11 months and children on indicators of choline 1352 

requirement. 1353 

5.1.3. Pregnancy and lactation 1354 

The Panel considered whether the calculation of choline transfer from the mother to the fetus and of 1355 

choline accretion in the fetus and placenta during pregnancy could be used to calculate the additional 1356 

need for dietary choline during pregnancy. However, a review of the available evidence 1357 

(Sections 2.3.3. and 2.3.4.) showed that this was not feasible due to a lack of data. 1358 

The Panel then considered the available intervention studies on choline supplementation in pregnant 1359 

women in the second half of pregnancy. Although none of the biomarkers in plasma, urine or 1360 

erythrocyte previously reviewed by the Panel are suitable biomarkers to set DRVs for choline 1361 

(Section 2.4.5.), the Panel considers that they may be useful to assess potential changes in choline 1362 

metabolism in intervention studies in pregnant women. 1363 

                                                      
17 8+6 (Table 2). 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 33 

5.1.3.1. Effect of total choline intake in pregnant (versus non pregnant) women and the offspring 1364 

As described already in Sections 2.3.6.1. and 2.4.1.2, Yan et al. (2012) reported on plasma and urine 1365 

choline concentrations in 26 healthy pregnant women (third trimester) and 21 non-pregnant controls 1366 

who were randomly assigned to consume either 480 or 930 mg of choline/day from food
18

 and 1367 

supplements for 12 weeks (or until delivery). Pregnant women had higher free choline concentration 1368 

in plasma and urinary excretion of choline and betaine than non-pregnant women throughout the study 1369 

(Sections 2.3.6.1. and 2.4.1.2.). Also, pregnant women consuming 930 mg of choline/day had higher 1370 

plasma concentrations of free choline than pregnant women consuming 480 mg of choline/day. The 1371 

lower circulating concentrations of choline-derived methyl-group donors (betaine, DMG and 1372 

sarcosine) observed in pregnant women compared with non-pregnant women were suggestive of a 1373 

greater use of these molecules in both maternal and fetal compartments (Section 2.4.1.2.). 1374 

This study also provided additional results. Plasma concentrations of the three methyl-group donors 1375 

(betaine, DMG and sarcosine) over the duration of the study were higher in pregnant women 1376 

consuming 930 mg choline/day compared with pregnant women consuming 480 mg of choline/day 1377 

(p < 0.016, p < 0.012, and p < 0.07, respectively), but without achieving the concentrations measured 1378 

in non-pregnant women consuming 480 mg choline per day. Urinary excretion of choline, betaine or 1379 

DMG in pregnant women was not different between the choline intake groups. However, urinary 1380 

excretion of sarcosine, methionine and Hcy were higher (46% higher, p = 0.029; 37% higher, p = 0.02; 1381 

45% higher, p = 0.06, respectively) in the pregnant women consuming 930 mg/day, compared with 1382 

480 mg/day. The results described above in plasma and urine suggest that the higher choline intake 1383 

(930 mg/day) was predominantly used by the pregnant women, and not excreted. However, in 1384 

pregnant women, mean concentration of free choline in the placenta (915 ± 231 vs 941 ± 309 nmol/g 1385 

tissue) or in cord plasma (37.3 ± 13 vs 32.5 ± 7.5 µmol/L), and anthropometric parameters or Apgar 1386 

scores of the newborns did not differ between the lower and the higher choline intake groups. 1387 

5.1.3.2. Effect of total choline intake in pregnant (versus non pregnant) women on the dynamics of 1388 

choline-related metabolic pathways 1389 

As indicated previously, the PC formed in the PEMT pathway contains substantial amounts of 1390 

LC-PUFAs, like DHA and ARA, whilst the PC formed in the CDP-choline pathway does not 1391 

(Section 2.3.5.).  1392 

Yan et al. (2013) investigated the effect of pregnancy on the dynamics of choline-related metabolic 1393 

pathways (Figure 2, Section 2.3.5.) in the same study cohort of pregnant (third trimester) and non-1394 

pregnant women investigated by Yan et al. (2012) who had received, after six weeks, 100 mg (of the 1395 

480 mg/day choline) and 200 mg (of the 930 mg/day choline) as deuterated choline (methyl-D9 1396 

choline). In pregnant women (compared with non-pregnant women), the total plasma PC pool was 1397 

about 50% greater (Yan et al., 2013). 1398 

With regard to the CDP-pathway, the analysis of the different isotopomers of deuterated choline, 1399 

betaine and PC in plasma showed that, in pregnant women (compared with non-pregnant women), 1400 

dietary choline was used more for PC production via the CDP-choline pathway than oxidised to 1401 

betaine. The higher choline intake (930 mg choline/day) in pregnant women restored the distribution 1402 

of dietary choline between PC synthesis via the CDP-choline pathway versus oxidation to betaine, to 1403 

the levels observed in non-pregnant women consuming 480 mg choline/day. With regard to PEMT 1404 

pathway, the analysis of the different isotopomers also showed that, in pregnant women (compared 1405 

with non-pregnant women), PC produced via PEMT is more catabolised to free choline (and this may 1406 

contribute to explain the rise in plasma choline in pregnancy), which is preferentially transferred to the 1407 

fetus. The higher choline intake (930 mg choline/day) enhanced the PEMT-mediated PC synthesis 1408 

relative to the CDP-choline pathway, compared to pregnant women consuming 480 mg choline/day.  1409 

                                                      
18 Diet provided an average of 380 mg/day of choline, and supplemental choline was 100 or 550 mg/day. In addition to the 

strictly controlled diet, all subjects received 600 µg folic acid, 2.6 µg cobalamin, 1.9 mg vitamin B6 and 200 mg DHA per 

day. 
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West et al. (2013) investigated the effect of different choline intakes on choline-related lipid 1410 

metabolism in a separate analysis of the same study cohort of pregnant (third trimester) and non-1411 

pregnant women investigated by Yan et al. (2012). At baseline, pregnant women had a greater 1412 

proportion of PC-DHA (% of total fatty acids) in both plasma (p = 0.01) and erythrocytes (p = 0.001) 1413 

than non-pregnant women. The higher choline intake (930 mg/day) did not affect the proportion of 1414 

PC-DHA in erythrocytes in pregnant women compared with an intake of 480 mg/day (whereas this 1415 

was the case in non-pregnant women, as described in Section 2.3.5.1.). However, the higher choline 1416 

intake (930 mg/day) lowered the proportion of PC-ARA in erythrocytes in pregnant women (p = 0.02), 1417 

compared with an intake of 480 mg/day. The PC:PE ratio (Section 2.3.5.1.) in plasma and erythrocytes 1418 

was not influenced by choline intake in pregnant or non-pregnant women. 1419 

5.1.3.3. Ex-vivo studies in placental samples 1420 

From 24 subjects from the study by Yan et al. (2012) (twelve each from the two choline groups), 1421 

placental tissue, cord blood leukocytes and maternal fasting venous blood at delivery were 1422 

investigated ex vivo by Jiang et al. (2012) and Jiang et al. (2013). In the group that consumed 1423 

930 mg/day choline compared with the group that consumed 480 mg/day choline, the authors found 1424 

that: (i) placental global DNA methylation, histone methylation and the expression of a histone 1425 

methyltransferase were higher; (ii) placental methylation of the promoters of two cortisol-regulating 1426 

genes, corticotropin releasing hormone (CRH) and glucocorticoid receptor (NR3C1), was higher; (iii) 1427 

placental CRH transcript abundance was lower (about 40%, read on figure, concentration of the 1428 

protein was not reported); (iv) methylation of the CRH and NR3C1 promoter in cord blood leukocytes 1429 

was lower; (v) the maternal blood concentration of the protein antiangiogenic factor fms-like tyrosine 1430 

kinase (sFLT1) at delivery was lower (by about 30%, estimated from the figure); (vi) placental sFLT1 1431 

mRNA abundance was lower (by about 30%, estimated from the figure, concentration of the protein 1432 

was not reported). 1433 

5.1.3.4. Effect of choline total intake on maternal plasma and breast milk during lactation 1434 

The RCT by Fischer et al. (2010b) (Sections 2.3.3., 2.3.6.3, 2.4.1.2., and 5.1.1.1.) demonstrated that 1435 

total choline intake (from foods and supplements) is positively associated with the concentration of 1436 

free choline and choline-compounds in plasma of these lactating women (Section 2.4.1.2.) and in 1437 

breast milk (Section 2.3.6.3.). This study also showed that supplemental choline (750 mg/day choline, 1438 

in addition to a mean dietary choline intake of about 350 mg/day) compared with placebo increased 1439 

the mean concentration of free choline in plasma (Section 2.4.1.2.) and in breast milk 1440 

(Section 2.3.6.3.). 1441 

In the previously described controlled feeding study by Davenport et al. (2015) (Sections 2.3.3., 2.3.6. 1442 

and 2.4.1.2.), lactating and control non-lactating women (from the study by Yan et al. (2012)) were 1443 

randomised to consume 480 mg choline/day or 930 mg choline/day from food and supplements
19

 for 1444 

10–12 weeks, and they all received, during the last four to six weeks, 20% of the total choline intake 1445 

as deuterium labelled choline. Lactating (versus control) women showed a statistically lower 1446 

expression of three of the five genes investigated that code for enzymes/receptor involved in choline 1447 

metabolism, in leukocytes at baseline (mRNA abundance, p ≤ 0.05). They also showed a higher 1448 

plasma free choline concentration (Section 2.4.1.2.) and lower urinary excretion of choline metabolites 1449 

(Section 2.3.6.1.2.) throughout the study period. Lactating (versus control) women tended to have a 1450 

decreased oxidation of choline to betaine (Figure 2, Section 2.3.5.), which would allow an increase in 1451 

the supply of intact choline to the mammary epithelium. The higher choline intake during lactation 1452 

(930 mg/day, compared to 480 mg/day) significantly increased the concentration of total choline in 1453 

breast milk and increased the supply of PEMT-derived choline metabolites in breast milk 1454 

(Section 2.3.6.3.), as well as in blood.  1455 

5.1.3.5. Conclusion on pregnancy and lactation 1456 

In pregnant women (compared to non-pregnant women) (Yan et al., 2012; West et al., 2013; Yan et 1457 

al., 2013), the available studies: 1458 

                                                      
19 Diet provided an average of 380 mg/day of choline, and supplemental choline was 100 or 550 mg/day. 
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- show increased urinary losses of choline and betaine; 1459 

- suggest a greater use of choline-derived methyl-group donors (DMG, betaine and sarcosine) in 1460 

both maternal and fetal compartments; 1461 

- suggest an enhanced PEMT activity to facilitate the transfer of LC-PUFA to the fetus via PC 1462 

in lipoproteins. 1463 

These studies on choline supplementation also suggest that a choline intake of 930 mg/day (from food 1464 

and supplements) in pregnant women (from the 27
th
 week of gestation): 1465 

- increases (compared to 480 mg/day) maternal plasma choline concentration;  1466 

- increases maternal plasma concentrations of the three methyl-group donors (DMG, betaine 1467 

and sarcosine) compared with pregnant women consuming 480 mg/day, but without achieving 1468 

the concentrations measured in non-pregnant women consuming 480 mg/day; 1469 

- restored the distribution of dietary choline between PC synthesis via the CDP-choline pathway 1470 

versus oxidation to betaine, to the levels observed in non-pregnant women consuming 480 mg 1471 

choline/day;  1472 

- enhanced (compared to 480 mg/day) the PEMT-mediated PC synthesis versus the CDP-1473 

choline pathway-mediated PC synthesis;  1474 

- had no impact (compared to 480 mg/day) on maternal urinary excretion of choline and 1475 

betaine, placental choline concentration, cord plasma choline concentration. 1476 

These results may indicate a higher choline requirement in pregnancy than in non-pregnant women, 1477 

which would have to be supplied by additional dietary choline. 1478 

In lactating women, the available studies on choline supplementation on women either supplemented 1479 

from the 18
th
 gestational week to 45 days post partum (Fischer et al., 2010b) or recruited at five weeks 1480 

post partum (Davenport et al., 2015), suggest that increased maternal choline intake enhances the 1481 

concentration of total choline in breast milk and increased the supply of PEMT-derived choline 1482 

metabolites in breast milk. Since PEMT generates PC molecules enriched in DHA, the supply of DHA 1483 

from the lactating women to the infant might be facilitated. However, the fatty acid composition of 1484 

breast milk was not measured in these studies.  1485 

The Panel notes that no maternal clinical signs of choline deficiency (as described in Sections 2.2.2.1. 1486 

and 5.1.1.4.) or no adverse outcomes in the offspring were reported in these studies with a total 1487 

choline intake from foods and supplements of 480 mg choline/day in pregnant women, or of about 1488 

350-480 mg choline/day in lactating women.  1489 

The Panel notes that these studies used high choline intakes (930 vs 480 mg/day from foods and 1490 

supplements in pregnant and lactating women; about 1 100 mg/day from food and supplements vs 1491 

about 350 mg/day from foods in lactating women). The Panel also notes that the interpretation of the 1492 

biochemical outcomes investigated is difficult with the aim of defining choline insufficiency/adequacy 1493 

in pregnancy. 1494 

The Panel notes that the ex-vivo studies suggest that different maternal choline intakes during 1495 

pregnancy may induce epigenetic modifications of genes, and changes in genes involved in hormonal 1496 

and vascular physiology. However, such changes are difficult to interpret and further research is 1497 

required. 1498 

The Panel concludes that calculation of the additional need for dietary choline during pregnancy based 1499 

on a calculation of choline transfer from the mother to the fetus and choline accretion in the fetus and 1500 

placenta during the duration of pregnancy is not feasible due to a lack of data (Sections 2.3.3. and 1501 

2.3.4.). The Panel concludes that, taken together, the studies on choline supplementation provide 1502 

evidence that pregnant or lactating women may need more choline than non-pregnant non-lactating 1503 

women. However, the data are not sufficient to allow an estimate of the additional requirement for 1504 
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dietary choline in pregnant or lactating women (above that of non-pregnant non-lactating women). The 1505 

Panel considers, however, that the additional intake of choline required to compensate for the amount 1506 

of total choline secreted in breast milk during the first six months of exclusive breastfeeding 1507 

(Section 2.3.6.3.) can be calculated. 1508 

5.2. Choline intake and health consequences 1509 

Since the report by SCF (1993), more data have become available on the relationship between choline 1510 

intake and NAFLD, CVD, different types of cancer, neural tube defects (NTD), and cognition. A 1511 

comprehensive search of the published literature, without time limit, was performed in August 2012 as 1512 

preparatory work to this Opinion in order to identify relevant health outcomes possibly associated with 1513 

choline intake through diet or supplementation, and which may inform the setting of DRVs for choline 1514 

(El-Sohemy et al., 2012). The main results of the preparatory work, together with new evidence from 1515 

studies subsequently published (in Pubmed) until November 2015 are summarised below. 1516 

Of the available RCTs investigating the health effects of choline, the results only of one RCT was 1517 

considered in this section, which reported dietary choline intake in addition to choline supplements. 1518 

The relationship between choline intake and chronic disease outcomes has been investigated mainly in 1519 

observational (prospective cohort, case-control) studies, where a positive, an inverse, or a lack of an 1520 

association between choline intake and disease outcomes might be confounded by uncertainties 1521 

inherent to the methodology used for the assessment of choline intakes, and by the effect of other 1522 

dietary, lifestyle, or undefined factors on the disease outcomes investigated. Taking into account the 1523 

uncertainty about the relationship between choline intake and biomarkers (Section 2.4), the Panel only 1524 

considered observational studies that include an assessment of choline intake, whereas studies on the 1525 

relationship of plasma choline concentrations (or those of choline compounds) and health outcomes 1526 

with no quantitative data on choline intake (Wang et al., 2011) are not described below. In 1527 

observational studies, habitual dietary choline intake was generally estimated using a FFQ (filled-in 1528 

either once at baseline or at several time points, in prospective cohort studies) and composition data 1529 

from the USDA database (Section 3) and/or from the literature (Zeisel et al., 2003). For some 1530 

observational studies, choline intake from supplements was also assessed. 1531 

5.2.1. Non-alcoholic fatty liver disease 1532 

Dietary deficiency of choline can cause fatty liver (hepatic steatosis), which can result in NAFLD 1533 

(Section 2.2.2.1.), which can be of different aetiologies and is the most common chronic liver disease 1534 

in developed countries. It is often associated with insulin resistance and dyslipidaemia, is a risk factor 1535 

for CVD and may progress to irreversible liver damage and liver cancer (Corbin et al., 2013; Lazo et 1536 

al., 2013; Byrne and Targher, 2014). 1537 

In two population-based prospective cohorts, Yu et al. (2014) investigated the association between 1538 

habitual dietary choline intake and risk of NAFLD in 56 195 women (recruited in 1997–2000 and 1539 

followed-up through 2004–2007) and men (recruited in 2002–2006 and followed-up through 1540 

2008-2011), aged 40–75 years and free of hepatitis at baseline. NAFLD was diagnosed by sonography 1541 

(self-report). Mean daily choline intake was 412 mg (women) and 452 mg (men) in the highest 1542 

quintile, and 179 mg (women) and 199 mg (men) in the lowest quintile. After adjustment for potential 1543 

confounders
20

, women and men in the highest quintile had a significantly lower risk of NAFLD than 1544 

those in the lowest quintile, but not after further adjustments. In stratified analysis, the highest quintile 1545 

of choline intake remained inversely associated with risk of NAFLD compared with the lowest 1546 

quintile (OR: 0.72; 95% CI: 0.57–0.91, p trend: 0.007) only in women with a BMI < 25 kg/m
2
 (but not 1547 

in women with a BMI ≥ 25 kg/m
2
).  1548 

                                                      
20 Including age, total energy intake, education, income, physical activity, smoking, alcohol consumption, intake of protein, 

saturated fat, polyunsaturated fat. Further adjustments for menopause, hypertension, diabetes mellitus, gallstones, 

dyslipidemia, BMI. 
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The Panel notes that, in one prospective cohort study, a lower choline intake was associated with a 1549 

higher risk of developing NAFLD in normal-weight women in adjusted stratified analysis. The Panel 1550 

concludes that the data on choline intake and risk of NAFLD are limited and cannot be used to derive 1551 

DRVs for choline. 1552 

5.2.2. Cardiovascular disease 1553 

A prospective cohort study, with an average follow-up of 8.1 years, investigated the association 1554 

between habitual dietary intake of choline and risk of CVD, in 16 165 postmenopausal women aged 1555 

49–70 years and without prior CVD at baseline (Dalmeijer et al., 2008). After adjustment for potential 1556 

confounders, comparing the highest quartile of choline intake (> 329 mg/day) with the lowest 1557 

(< 266 mg/day) did not show a significant relationship between choline intake and risk of total CVD, 1558 

coronary heart disease (CHD) or cerebrovascular accidents (CVA). 1559 

A prospective cohort study, with an average follow-up of 14 years, investigated the association 1560 

between habitual dietary intake of choline and risk of CHD, in 14 430 men and women without prior 1561 

CHD at baseline (mean age at baseline: about 54 years) (Bidulescu et al., 2007). After adjustment for 1562 

potential confounders, comparing the highest quartile of choline intake (> 363 mg/day) with the lowest 1563 

(< 217 mg/day) did not show a significant relationship between choline intake and risk of CHD. 1564 

The Panel notes that two large prospective observational studies on populations free of CVD at 1565 

baseline did not show a significant association between choline intake and risk of CVD. The Panel 1566 

concludes that the data on choline intake and risk of CVD cannot be used to derive DRVs for choline. 1567 

5.2.3. Cancer 1568 

Choline is a methyl group donor involved in the folate-dependent one-carbon metabolism 1569 

(Sections 2.2.1. and 2.3.5.). Disturbances in this function that affect methylation or synthesis of DNA 1570 

may contribute to carcinogenesis (Section 2.2.2.1.). 1571 

5.2.3.1. Colon/rectum 1572 

In a US prospective cohort study, Cho et al. (2007b) examined the relationship between total intake of 1573 

choline (via food and supplements) and risk of colorectal adenoma, in 39 246 women free of cancer or 1574 

polyps at baseline and who underwent at least one endoscopy in the 18 years of follow-up. After 1575 

adjustment for potential confounders, a choline intake in the highest quintile (median: 383 mg/day) 1576 

was associated with a higher risk of colorectal adenomas compared with the lowest quintile (median: 1577 

261 mg/day) (relative risk (RR):1.45; 95% CI: 1.27-1.67; p trend < 0.001).  1578 

In a US prospective cohort study, Lee et al. (2010b) investigated the relationship between total intake 1579 

of choline (via food and supplements) and risk of colorectal cancers (CRCs), in 47 302 men 1580 

(40-75 years at baseline) free of cancer at baseline and with 18 years of follow-up. After adjustment 1581 

for potential confounders, a choline intake in the highest quintile, from either food or supplements, 1582 

was not associated with a higher risk of CRC compared with the lowest quintile.  1583 

In a case-control study, Lu et al. (2015) investigated the relationship between habitual dietary intake of 1584 

choline and risk of CRC, in 890 cases (aged 30–75 years) diagnosed up to three months previously, 1585 

compared with 890 age- and sex-matched controls. Choline intake (median, 25
th
, 75

th
 percentiles) was 1586 

higher in controls (158, 120, 202 mg/day) than in cases (133, 100 and 176 mg/day) (p < 0.01). After 1587 

adjustment for potential confounders, a choline intake in the highest quartile was inversely associated 1588 

with risk of CRC compared with the lowest quartile (OR: 0.54; 95 % CI: 0.37–0.80; p trend < 0.01). 1589 

The Panel notes that the diet in this population provided about half of the dietary choline and folate 1590 

intake, and less red meat, poultry, eggs and milk than in the USA (Cho et al., 2007b).  1591 

The Panel notes the inconsistent results from observational studies on the association between choline 1592 

intake and risk of colorectal cancer. 1593 
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5.2.3.2. Breast cancer 1594 

In a prospective cohort study with a follow-up of 12 years, Cho et al. (2007a) examined the 1595 

relationship between total intake of choline (via food and supplements) and risk of breast cancer in 1596 

90 663 premenopausal women, aged 26–46 years and free of cancer at baseline. Median intake per 1597 

quintile ranged between 263 and 397 mg/day. After adjustment for potential confounders, choline 1598 

intake was not associated with breast cancer risk.  1599 

In a prospective cohort study, Cho et al. (2010) investigated the relationship between habitual dietary 1600 

intake of choline and risk of breast cancer in 74 584 women, who were either postmenopausal in 1984 1601 

or became postmenopausal during 20 years of follow-up (mean age of about 62 years at 10-year 1602 

follow-up). Median intake per quintile ranged between 260 and 396 mg/day. After adjustment for 1603 

potential confounders, choline intake was not associated with breast cancer risk.  1604 

In a population-based case-control study, Xu et al. (2009) investigated the relationship between total 1605 

intake of choline (via foods and supplements) and risk of (and mortality from) breast cancer and all-1606 

cause mortality, in 1 508 cases of breast cancer (diagnosed in 1996–1997 and followed through 2005) 1607 

and 1 556 controls. After adjustment for age, choline intake (sum of all forms, ranging from 1608 

< 123 mg/day to > 247 mg/day) was not associated with risk of breast cancer. In addition, choline 1609 

intake (sum of all forms, ranging from < 142 to > 205 mg/day) was not associated with all-cause or 1610 

breast cancer mortality (while an inverse significant relationship for both types of mortality was 1611 

observed comparing intake of free choline above about > 57 mg/day with that < 40 mg/day). 1612 

The Panel notes that three observational studies did not show a significant association between choline 1613 

intake and risk of breast cancer. The Panel concludes that the data on choline intake and risk of breast 1614 

cancer cannot be used to derive DRVs for choline. 1615 

5.2.3.3. Other cancers (oesophageal, prostate and ovarian cancers) 1616 

In two population-based case-control studies, Ibiebele et al. (2011) evaluated the association between 1617 

habitual dietary intake of choline and risk of Barrett's oesophagus (BE) and oesophageal cancers. The 1618 

first study compared eligible cases (n = 367), diagnosed with BE or BE with dysplasia, with 1619 

577 controls. The second study compared eligible cases (n = 881), diagnosed with oesophageal 1620 

carcinoma of different types and location, with 1 507 controls. Median intake of choline in each 1621 

quartile in controls ranged between 380 and 1 171 mg/day. After adjustment for potential confounders, 1622 

choline intake was not associated with risk of BE or oesophageal cancers.  1623 

In a prospective cohort study with a follow-up of 22 years, Richman et al. (2012) examined the 1624 

association between total intake of choline (via foods and supplements) and risk of fatal prostate 1625 

cancer, in 47 896 men aged 40–75 years and free of cancer diagnosis at baseline. After adjustment for 1626 

potential confounders, the highest quintile of choline intake (median 509 mg/day) was positively 1627 

associated with risk of fatal prostate cancer (hazard ratio (HR): 1.70; 95% CI: 1.18–2.45, 1628 

p trend = 0.005).  1629 

In two large prospective cohorts with a follow-up of up to 22 years, Kotsopoulos et al. (2010) 1630 

investigated the relationship between total intake of choline (via foods and supplements) and risk of 1631 

ovarian cancer, among 159 957 women, aged 25–55 years at enrollement. In both cohorts, choline 1632 

cutpoints ranged between about 250–270 mg/day (lowest quintile) and 339–367 mg/day (highest 1633 

quintile). After adjustment for potential confounders, choline intake was not associated with risk of 1634 

ovarian cancer. 1635 

The Panel notes that choline intake was not associated with risk of oesophageal cancer in one 1636 

reference on two case-control studies or with risk of ovarian cancer in two cohorts followed 1637 

prospectively, while it was positively associated with risk of prostate cancer in one large prospective 1638 

cohort study. 1639 
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5.2.3.4. Conclusions 1640 

The Panel concludes that the available data on associations between choline intake and cancers of 1641 

various sites are either inconsistent or limited and cannot be used to derive DRVs for choline.  1642 

5.2.4. Neural tube defects 1643 

In a US population-based case-control study, Shaw et al. (2004) investigated the relationship between 1644 

periconceptional intake of choline and risk of NTDs, in 653 cases (liveborn, stillborn or electively 1645 

terminated) identified from hospital and medical records (in 1989–1991), compared with 644 controls 1646 

randomly selected from the same geographical area. Dietary choline intake of the mothers (not taking 1647 

supplements with choline) in the three months before conception was estimated retrospectively. The 1648 

authors analysed 424 FFQs from mothers of NTD cases (161 with anencephaly, 242 with spina bifida, 1649 

21 with other NTD phenotypes) and 440 FFQs of controls. After adjustments for potential 1650 

confounders, a significantly decreased risk of all NTDs was found for quartiles 2–4 of 1651 

periconceptional intake of choline compared to the lowest quartile (< 290 mg/day), e.g. for the fourth 1652 

quartile (> 498 mg choline/day) OR: 0.49; 95% CI: 0.27–0.90.  1653 

In another US population-based case-control study, (Carmichael et al., 2010) investigated the 1654 

relationship between periconceptional intake of choline and risk of NTDs, in 189 cases of spina bifida 1655 

and 141 cases of anencephaly (liveborn, stillborn, electively terminated) identified from hospital and 1656 

medical records (in 1999–2003), compared to 625 controls randomly selected from the same 1657 

geographical area. Dietary choline intake of the mothers in the two months before/after conception 1658 

was estimated retrospectively (8-10 months after delivery). After adjustments for potential 1659 

confounders, periconceptional intake of choline (supplements excluded) below the 25
th
 percentile 1660 

(< 293 mg/day) and above the 75
th
 percentile (> 506 mg/day) was not associated with a higher or 1661 

lower risk for anencephaly and spina bifida, compared to a choline intake between the 25
th
 and 75

th
 1662 

percentiles. 1663 

Polymorphisms in genes for enzymes (CHKA, MTHFD1 and CCT) involved in choline metabolism 1664 

may influence the risk of NTDs independently of maternal choline intake (Appendix C and 1665 

Section 2.5), but that such information is not available for the studies cited above. 1666 

The Panel notes that the association between choline intake and risk of NTDs was inconsistent in the 1667 

two case-control studies available, and that such association may be influenced by the intake of other 1668 

nutrients and the genotype of the mother. The Panel concludes that the data on choline intake and risk 1669 

of NTDs cannot be used to derive DRVs for choline. 1670 

5.2.5. Cognition 1671 

The only RCT, then the prospective observational studies (first in adults, then in children) are 1672 

described below. 1673 

In a double-blind RCT, Cheatham et al. (2012) investigated the relationship between maternal PC 1674 

supplementation during and after pregnancy (in women that, for most of them, had been investigated 1675 

by Fischer et al. (2010b)) and several measures of cognition in the infants. From 18 weeks of gestation 1676 

to 90 days post partum, 140 healthy women (Section 2.3.3., 2.3.6.3., 2.4.1.2, 2.5.1, 5.1.3) received 1677 

either 750 mg/day of choline (as PC, n = 49 included in the analysis) or a placebo (n = 50 included in 1678 

the analysis), in addition to a diet providing a mean of about 360 mg/day choline (assessed at 1679 

30 weeks of gestation and 45 days post partum). Infants (n = 99) were breastfed for at least 45 days, 1680 

and were assessed for short-term visuospatial memory (with a Delayed Response Task), long-term 1681 

episodic memory (with a deferred imitation task), language development (with the Mac-Arthur Bates 1682 

Short Form Vocabulary Checklist) and global development (with the Mullen Scales of Early Learning) 1683 

at ten and twelve months of age. There were no significant differences between the groups on any of 1684 

the cognitive assessments at either age. 1685 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 40 

In a prospective cohort study, Poly et al. (2011) investigated the association between habitual dietary 1686 

intake of choline and performance at a neuropsychological test battery or brain morphology, assessed 1687 

by magnetic resonance imaging, in 1 391 men and women (aged 36–83 years) without dementia at 1688 

baseline. Choline intake was estimated in 1991–1995 with the Harvard FFQ, and again in 1998–2001 1689 

when a neuropsychological test battery and a brain MRI scan were also administered. Factor analysis 1690 

was used to identify four cognitive factors (verbal memory, visual memory, verbal learning and 1691 

executive function) from the numerous individual neuropsychological tests. Mean choline intake was 1692 

about 322 mg/day in both periods. After adjustment for potential confounders, performance on the 1693 

verbal memory and visual memory factors were significantly better with higher choline intake in 1694 

1998–2001 (p < 0.01) but there were no significant effects for verbal learning and executive function. 1695 

No significant association between choline intake (either period) and total cranium brain volume was 1696 

found.  1697 

In a prospective pre-birth cohort in 2 128 pregnant women included at less than 22 weeks of gestation, 1698 

Villamor et al. (2012) investigated the relationship between maternal intake of choline (via foods and 1699 

supplements), assessed with an FFQ during the first and second trimesters of pregnancy, and 1700 

performance on cognitive tests in their children (n = 1 210) at three years of age. The cognitive tests 1701 

included the Peabody Picture Vocabulary Test III and the Wide Range Assessment of Visual Motor 1702 

Abilities. Maternal intake of choline (mean ± SD) was 332 ± 63 and 325 ± 64 mg/day in the first and 1703 

second trimesters, respectively. There was no association between maternal choline intake at either 1704 

trimester and cognitive outcomes, after adjustment for potential confounders. 1705 

However, in this same cohort, Boeke et al. (2013) assessed 890 children with complete data at the age 1706 

of seven years for visual memory (measured with the Wide Range Assessment of Memory and 1707 

Learning Second Edition (WRAML2), Design and Picture Memory subtests) and both verbal and non-1708 

verbal intelligence, measured with the Kaufmann Brief Intelligence Test, Second Edition (KBIT-2)). 1709 

The top quartile of second trimester maternal choline intake (median (range): 392 (364–806) mg/day) 1710 

was significantly associated with a WRAML2 score 1.4 points higher (95% CI: 0.5–2.4, 1711 

p trend = 0.003) than the bottom quartile (median (range): 260 (141–288) mg/day), after adjustment 1712 

for potential confounders. The association was not statistically significant for the first trimester 1713 

maternal choline intake. Comparing the top quartile of second trimester maternal intake with the first 1714 

quartile, the effect estimate for the child non-verbal KBIT-2 score was 3.5 (95% CI: 0.1–6.9; p 1715 

trend = 0.06). 1716 

The Panel notes that one RCT found no difference in four cognitive parameters investigated in infants, 1717 

at ten and twelve months of age, whose mothers had consumed 750 mg/day choline or placebo in 1718 

addition to their choline intake from the diet during the third trimester. The Panel also notes that 1719 

available data on the relationship between choline intake and cognition in adults are limited. The Panel 1720 

also notes the discrepancy in the results of a prospective cohort study, investigating the relationship 1721 

between maternal choline intake during the first and second trimesters of pregnancy and cognitive 1722 

outcomes in the children, when these children were aged three or seven years. The Panel considers that 1723 

this might suggest that, to investigate the effects of prenatal choline supply on visual memory of the 1724 

children, long-term observations are needed, and that the available evidence is insufficient to 1725 

demonstrate a causal relationship. The Panel concludes that the data on choline intake and cognition 1726 

cannot be used to derive DRVs for choline. 1727 

5.2.6. Conclusion on choline intake and health consequences 1728 

In studies pointing to an association of higher choline intake with a reduced risk for a certain outcome 1729 

(i.e. risk of liver steatosis or of NTDs, one study each), the beneficial effect was associated with 1730 

choline intakes between about 400 and 500 mg/day. However, one adverse health outcome (higher risk 1731 

of prostate cancer in one study) was associated with similar choline intakes (Section 5.2.). The Panel 1732 

concludes that the data on choline intake and health outcomes are either limited or inconsistent or do 1733 

not show a significant association, and, therefore, cannot be used to derive DRVs for choline. There is 1734 

a lack of data on choline intake in infants in the second half year of life and children and on 1735 
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associations between choline intake and health outcomes in children that could be used to set 1736 

requirement for choline in these age groups.  1737 

6. Data on which to base dietary reference values 1738 

6.1. Adults 1739 

Mean observed intakes of healthy adults of all ages in Europe ranged from about 270 to 470 mg 1740 

choline/day (Section 3.2.1.), and the mid-point of this range is around 370 mg/day.  1741 

The Panel notes that choline depletion/repletion studies (Section 5.1.1.) indicate large variability in 1742 

dietary choline requirement. The Panel also notes that the variability in choline requirement due to 1743 

differences in sex, polymorphisms of genes coding for enzymes involved in choline and folate 1744 

metabolism, nutritional and hormonal status, and likely the composition of the gut microbiome, pose a 1745 

difficulty for dose-finding studies in a sufficiently large sample of the population (Section 2). The 1746 

Panel concludes that choline depletion/repletion studies do not provide sufficiently precise data to 1747 

calculate Average Requirements (ARs) and Population Reference Intakes (PRIs) for dietary choline.  1748 

The Panel also notes that there is only one depletion/repletion study that reports the choline amounts 1749 

that were needed/sufficient to reverse the signs of choline deficiency in a small number of subjects 1750 

(Fischer et al., 2007). In this study, out of 25 subjects who showed signs of choline deficiency after 1751 

experimental choline depletion and for whom the amount of choline needed to replete them was 1752 

available, about two thirds (or about 70%) of subjects needed up to about 400 mg choline/70 kg body 1753 

weight per day for repletion (Table 2, Section 5.1.2.). 1754 

Finally, the Panel chose to set an AI for choline for adults based on data on observed mean intakes in 1755 

healthy populations, investigated in 12 national surveys undertaken in nine countries in the EU 1756 

between 2000 and 2011 (Section 3.2.1.), and in consideration of the amount of choline needed to 1757 

replete about two thirds (or about 70%) of choline-depleted subjects who showed signs of organ 1758 

dysfunction and for whom data on the amount of choline needed for repletion were available. The 1759 

Panel is aware of the inherent uncertainty of the chosen value. However, assuming that the choline 1760 

requirement of the 18 subjects of this study who did not show signs of choline deficiency after a 1761 

restriction of the choline intake to 50 mg/70 kg body weight per day for six weeks, will also be 1762 

covered by an intake of 400 mg/day, the Panel considers this choice of 400 mg/day to be a safe and 1763 

conservative approach.  1764 

Although premenopausal women may have a lower requirement for dietary choline than 1765 

postmenopausal women, in connection with a potential stimulation of the PEMT pathway by 1766 

oestrogen, the Panel is not aware of quantitative data with regard to the enhanced activity of the 1767 

PEMT. Although ranges of estimated mean observed choline intake in healthy populations in the EU 1768 

are slightly lower in women than men (Section 3.2.1.), and considering that the data from the one 1769 

depletion/repletion study (Fischer et al., 2007) are insufficient to conclude on sex-specific DRVs, the 1770 

Panel considered unnecessary to give sex-specific AIs for adults. 1771 

The Panel proposes an AI of 400 mg/day for all adults. 1772 

6.2. Infants 1773 

Considering that there is no evidence for an insufficient choline intake of fully breast-fed infants 1774 

during the first six months of life, the amount of choline provided in human milk is considered to be 1775 

adequate. Considering a choline concentration of 145 mg/L (mean of two studies on full-term infants) 1776 

and assuming a mean milk transfer of 0.8 L/day during the first six months of lactation in exclusively 1777 

breastfeeding women (Butte et al., 2002; FAO/WHO/UNU, 2004; EFSA NDA Panel, 2009), the 1778 

estimated choline intake of a fully breast-fed infants during the first six months of life would be 1779 

116 mg/day, rounded up to 120 mg/day (Section 2.3.6.3.). 1780 
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In order to estimate the AI of infants aged 7–11 months by upwards extrapolation from the calculated 1781 

choline intake for exclusively breastfed infants from birth to six months, allometric scaling was 1782 

applied. The Panel calculated averages of the median weights of male and female infants, aged three 1783 

months (6.1 kg) and nine months (8.6 kg); the median weight-for-age data came from the WHO 1784 

Growth Standards (WHO Multicentre Growth Reference Study Group, 2006).  1785 

AIinfants 7-11 months = choline intakeinfants 0-6 months x (weightinfants 7-11 months / weight infants 0-6 months) 
0.75 

1786 

This calculation yields a value of 155, which gives an AI of 160 mg/day after rounding (Table 3). 1787 

 Reference body weights and Adequate Intake (AI) of choline for infants aged 7-11 months Table 3: 1788 

Age Reference body weight 

(kg) 

AI 

(mg/day) 

7–11 months 8.6 
(a)

 160 

(a):  Average of the median weight-for-age of male or female infants, respectively, aged nine months according to the WHO 1789 
Growth Standards (WHO Multicentre Growth Reference Study Group, 2006) 1790 

6.3. Children 1791 

The Panel recognises the limited number of data on age-specific choline intake in European children 1792 

and uncertainty surrounding these data (Section 3.2). The Panel chose to derive AIs for all children by 1793 

downward extrapolation from the AI for adults (400 mg/day) (Section 6.1.), taking into account that 1794 

this AI for adults was based on data on observed intakes in the EU, and the amounts of choline needed 1795 

to replete about two thirds (or about 70 %) of choline-depleted adults who had developed signs of 1796 

organ dysfunction and for whom data on choline amounts needed for repletion were available. This 1797 

downward extrapolation was carried out based on reference body weights using allometric scaling 1798 

with age dependent growth factors, and applying the 0.75 power of body mass to correct for 1799 

differences in the metabolically active body mass of subjects of different sizes. Whilst it is not known 1800 

if the choline requirement is related to energy metabolism, the Panel considers that allometric scaling, 1801 

which results in a higher percentage of the adult AI than when the actual body weight is used, is 1802 

justified to cover the need for choline in the development of organs and their composition.  1803 

No data are available that would justify different AIs for boys and girls. 1804 

The AIs were calculated by using the following equation  1805 

AIchild = AIadults  (weightchild/weightadults)
0.75

  (1 + growth factor)  1806 

For the calculations (Table 4), median body weights of boys and girls (van Buuren et al., 2012) and 1807 

median body weights of 18- to 79-year-old men and women were used, based on measured body 1808 

heights of 16 500 men and 19 969 women in 13 EU Member States and assuming a body mass index 1809 

of 22 kg/m
2
 (see Appendix 11 in (EFSA NDA Panel, 2013b)). The following growth factors have been 1810 

applied: 0.25 for boys and girls aged 1–3 years, 0.06 for boys and girls aged 4–6 years, 0.13 for boys 1811 

and girls aged 7–10 years, 0.11 for boys and 0.08 for girls aged 11–14 years and 0.08 for boys and 1812 

0.03 for girls aged 15–17 years. Growth factors were calculated as the proportional increase in protein 1813 

requirement for growth relative to the maintenance requirement at the different ages (EFSA NDA 1814 

Panel, 2012). The value for each age group corresponds to the mean of values for the years included 1815 

(EFSA NDA Panel, 2014b). Calculated AIs were rounded to the nearest 10. Although the calculations 1816 

yielded an AI for children aged 15–17 years that was higher (i.e. 410 mg/day) than the value set for 1817 

adults (i.e. 400 mg/day), the Panel considered that there was no reason for such a difference, thus 1818 

decided to set the same AI for children aged 15–17 years and adults.  1819 

The AIs for children are supported by total choline intake mean estimates in the EU (Section 3.2.1.), 1820 

i.e. estimates ranging from 151 to 210 mg/day (mid-point: 180 mg/day) in children aged 1–<3 years, 1821 
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from 177 to 304 mg/day (mid-point: 240 mg/day) in children aged 3-< 10 years, from 244 to 1822 

373 mg/day (mid-point: 308 mg/day) among children aged 10–< 18 years.  1823 

The Panel is aware that the AI for children aged 1–3 years (140 mg/day) is lower than the AI for 1824 

infants aged 7–11 months (160 mg/day, Section 6.2.). This difference is due to the approaches used for 1825 

calculation (upward extrapolation from the high choline intake of breastfed infants from birth to six 1826 

months, for infants aged 7–11 months, versus downward extrapolation from the AI for adults, for 1827 

children aged 1–17 years). The Panel considers this higher AI for infants aged 7–11 months compared 1828 

with children aged 1-3 years to be justified by a high demand for choline for phospholipid synthesis by 1829 

the developing brain of infants (Section 2.3.4). 1830 

 Reference body weights and Adequate Intake (AI) of choline for children aged 1–17 years Table 4: 1831 

Age 

(years) 

Reference body 

weights (kg) 

Growth 

factors 

Calculated AIs 

(mg/day) 

Calculated average 

AI (mg/day) 

Proposed AIs 

(mg/day) 

 Boys Girls Boys Girls Boys Girls   

  1–3  12.2 
(a)

 11.5 
(a)

 0.25 0.25 137.68 147.61 142.65 140 

  4–6  19.2 
(b)

 18.7 
(b)

 0.06 0.06 164.05 180.25 172.15 170 

  7–10  29.0 
(c)

 28.4 
(c)

 0.13 0.13 238.27 262.88 250.58 250 

11–14  44.0 
(d)

 45.1 
(d)

 0.11 0.08 319.97 355.42 337.70 340 

15–17  64.1 
(e)

 56.4 
(e)

 0.08 0.03 412.83 400.86 406.84   400
(f)

 

(a): Average of the median weight-for-age of male or female children aged 24 months according to the WHO Growth 1832 
Standards (WHO Multicentre Growth Reference Study Group, 2006). 1833 

(b): Average of the median weight of male or female children aged 5 years (van Buuren et al., 2012). 1834 
(c): Average of the median weight of male or female children aged 8.5 years (van Buuren et al., 2012). 1835 
(d): Average of the median weight of male or female children aged 12.5 years (van Buuren et al., 2012). 1836 
(e): Average of the median weight of male or female children aged 16 years (van Buuren et al., 2012). 1837 
(f): The Panel decided to set the same AI for children aged 15-17 years and for adults. 1838 
Adult body weight used for calculations: 68.1 kg for men and 58.5 kg for women (Median body weight of 18 to 79-year-old 1839 

men and women, respectively, based on measured body heights of 16 500 men and 19 969 women in 13 EU Member 1840 
States and assuming a BMI of 22 kg/m2, see Appendix 11 in EFSA NDA Panel (2013b)). 1841 

6.4. Pregnancy 1842 

The Panel concludes that calculation of choline transfer from the mother to the fetus and choline 1843 

accretion in the fetus and placenta during the duration of pregnancy is not feasible to set DRVs for 1844 

dietary choline during pregnancy due to a lack of data (Sections 2.3.3., 2.3.4. and 5.1.3.5.). Although 1845 

the available intervention studies on choline supplementation in the second half of pregnancy indicate 1846 

that pregnant women may need more choline than non-pregnant women (Section 5.1.3.5.), the data are 1847 

not sufficient to allow an estimate of the additional requirement for dietary choline in pregnant women 1848 

(above that of non-pregnant women). 1849 

Therefore, the Panel proposes to calculate the additional choline intake needed by pregnant woman, by 1850 

isometric scaling from the AI of non-pregnant women (400 mg/day, Section 6.1.), using the reference 1851 

body weight for non-pregnant women, and the mean gestational increase in body weight. The 1852 

reference body weight of 18 to 79 year-old women (58.5 kg) was previously calculated from the 1853 

measured body heights of 19 969 women in 13 EU Member States and assuming a BMI of 22 kg/m
2
 1854 

(see Appendix 11 in (EFSA NDA Panel, 2013b). A mean gestational increase in body weight of 12 kg, 1855 

for women with a singleton pregnancy and a pre-pregnancy BMI in the range between 18.5 and 1856 

24.9 kg/m², was also previously considered (EFSA NDA Panel, 2013b). Thus, the calculation was 1857 

based on the equation below: 1858 

AIpregnant = AI non-pregnant x (70.5 kg / 58.5 kg) = 480 mg/day. 1859 

The Panel notes that the calculation by allometric scaling (as applied in Section 6.3.) would lead to a 1860 

value of 460 mg/day. The Panel however notes that the amount obtained by isometric scaling 1861 
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(480 mg/day) is the same as the lower dose in one intervention study on pregnant women (recruited at 1862 

27 weeks of gestation) (Yan et al., 2012). In view of the weak evidence and the minimal differences 1863 

between the two scaling approaches, the Panel chose the value of 480 mg/day. 1864 

The Panel notes that this AI is higher than the mean choline intake of pregnant women (around 1865 

350 mg/day), observed either in the Latvian survey for which individual data were available to EFSA 1866 

(Section 3.2.1.) or in another publication outside the EU (Canada, Section 3.2.2.). 1867 

The Panel proposes an AI of pregnant women of 480 mg choline/day. The Panel points out that this AI 1868 

applies to the whole duration of pregnancy. 1869 

6.5. Lactation 1870 

The Panel concludes that the available intervention studies in lactating women (Sections 2.3.6.3. and 1871 

5.1.3.5.) provide evidence that increased maternal choline intake enhances the concentration of choline 1872 

in breast milk and that lactating women may need more choline than non-lactating women, but the 1873 

data are not sufficient to allow an estimate of the additional requirement for dietary choline in lactating 1874 

women (above that of non-lactating women).  1875 

For lactating women, the Panel decides to set a higher AI than for non-lactating women, by 1876 

compensating for the secretion of choline in breast milk. Approximately 120 mg choline is secreted 1877 

per day in human milk during the first six months of exclusive breastfeeding, considering an average 1878 

concentration of total choline (free choline and choline compounds) in mature breast milk from 1879 

mothers of full-term infants of 145 mg/L and a mean milk transfer during the first six months of 1880 

lactation in exclusively breastfeeding women of 0.8 L/day (Section 2.3.6.3.). The Panel proposes an 1881 

additional AI of 120 mg/day above the AI for non-lactating women (400 mg/day), without correcting 1882 

for intestinal absorption due to lack of data (Section 2.3.1.). Thus, the Panel sets an AI of 520 mg/day 1883 

for lactating women. 1884 

CONCLUSIONS 1885 

The Panel considers that none of the biomarkers of choline intake or status is suitable to derive DRVs 1886 

for choline. The Panel concludes that ARs and PRIs for choline cannot be derived for adults, infants 1887 

and children, and therefore defines AIs. For all adults, the Panel sets an AI based on the mid-point of 1888 

the range of observed mean choline intakes in healthy populations in the EU (about 370 mg/day), and 1889 

in consideration of the results of a depletion-repletion study in which about 70% of the depleted 1890 

subjects who had developed signs of organ dysfunction were repleted with an intake of about 1891 

400 mg/70 kg body weight per day. For all infants aged 7–11 months, the Panel proposes an AI based 1892 

on upwards extrapolation by allometric scaling from the estimated choline intake of exclusively 1893 

breastfed infants from birth to six months. For all children aged 1–17 years, the Panel derives AIs by 1894 

downward extrapolation from the adult AI, by allometric scaling, applying growth factors. These AIs 1895 

are supported by estimated mean total choline intake in Europe. When applying allometric scaling, 1896 

differences in reference body weight were taken into account. The Panel considers unnecessary to give 1897 

sex-specific AIs for adults, infants or children. For pregnant women, the Panel derives an AI by 1898 

extrapolation from the AI for adults using isometric scaling and the mean gestational increase in body 1899 

weight. For lactating women, the amount of choline secreted per day in human milk during the first six 1900 

months of exclusive breastfeeding is added to the AI for non-lactating women. 1901 
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 Summary of dietary reference values for choline Table 5: 1902 

Age Adequate Intakes 

(mg/day) 

  7–11 months 160 

  1–3   years 140 

  4–6   years 170 

  7–10 years 250 

11–14 years 340 

15–17 years 400 

Adults  400 

Pregnancy 480 

Lactation 520 

RECOMMENDATIONS FOR RESEARCH 1903 

The Panel suggests to undertake further research on: 1904 

- the identification of frequency of SNPs in genes coding for enzymes involved in choline 1905 

metabolism that change the requirement for dietary choline in the EU; 1906 

- the quantification of the extent of increased choline requirement in carriers of alleles with 1907 

increased need for choline; 1908 

- choline content of EU foods, to obtain better quantitative data on choline intake in Europe; 1909 

- biomarkers of choline status; 1910 

- criteria on which to base choline sufficiency in different populations; 1911 

- the consequences of the epigenetic modifications of genes involved in hormonal and vascular 1912 

physiology and their expression following changes in choline intake during pregnancy; 1913 

- quantitative assessment of choline transfer from mother to fetus; 1914 

- quantification of the incorporated choline compounds in the body or in different organs during 1915 

development.  1916 

REFERENCES 1917 

Abratte CM, Wang W, Li R, Moriarty DJ and Caudill MA, 2008. Folate intake and the MTHFR 1918 

C677T genotype influence choline status in young Mexican American women. Journal of 1919 

Nutritional Biochemistry, 19, 158-165. 1920 

Abratte CM, Wang W, Li R, Axume J, Moriarty DJ and Caudill MA, 2009. Choline status is not a 1921 

reliable indicator of moderate changes in dietary choline consumption in premenopausal women. 1922 

Journal of Nutritional Biochemistry, 20, 62-69. 1923 

Al-Waiz M, Mitchell SC, Idle JR and Smith RL, 1987. The metabolism of 14C-labelled 1924 

trimethylamine and its N-oxide in man. Xenobiotica, 17, 551-558. 1925 

Allen JC, Keller RP, Archer P and Neville MC, 1991. Studies in human lactation: milk composition 1926 

and daily secretion rates of macronutrients in the first year of lactation. American Journal of 1927 

Clinical Nutrition, 54, 69-80. 1928 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 46 

Atkinson W, Elmslie J, Lever M, Chambers ST and George PM, 2008. Dietary and supplementary 1929 

betaine: acute effects on plasma betaine and homocysteine concentrations under standard and 1930 

postmethionine load conditions in healthy male subjects. American Journal of Clinical Nutrition, 1931 

87, 577-585. 1932 

Au KS, Ashley-Koch A and Northrup H, 2010. Epidemiologic and genetic aspects of spina bifida and 1933 

other neural tube defects. Developmental Disabilities Research Reviews, 16, 6-15. 1934 

Bain MA, Fornasini G and Evans AM, 2005. Trimethylamine: metabolic, pharmacokinetic and safety 1935 

aspects. Current Drug Metabolism, 6, 227-240. 1936 

Bayon Y, Croset M, Chirouze V, Tayot JL and Lagarde M, 1993. Phospholipid molecular species 1937 

from human placenta lipids. Lipids, 28, 631-636. 1938 

Bennett BJ, de Aguiar Vallim TQ, Wang Z, Shih DM, Meng Y, Gregory J, Allayee H, Lee R, Graham 1939 

M, Crooke R, Edwards PA, Hazen SL and Lusis AJ, 2013. Trimethylamine-N-oxide, a metabolite 1940 

associated with atherosclerosis, exhibits complex genetic and dietary regulation. Cell Metabolism, 1941 

17, 49-60. 1942 

Bidulescu A, Chambless LE, Siega-Riz AM, Zeisel SH and Heiss G, 2007. Usual choline and betaine 1943 

dietary intake and incident coronary heart disease: the Atherosclerosis Risk in Communities 1944 

(ARIC) study. BMC Cardiovascular Disorders, 7, 20. 1945 

Bitsanis D, Crawford MA, Moodley T, Holmsen H, Ghebremeskel K and Djahanbakhch O, 2005. 1946 

Arachidonic acid predominates in the membrane phosphoglycerides of the early and term human 1947 

placenta. Journal of Nutrition, 135, 2566-2571. 1948 

Boeke CE, Gillman MW, Hughes MD, Rifas-Shiman SL, Villamor E and Oken E, 2013. Choline 1949 

intake during pregnancy and child cognition at age 7 years. American Journal of Epidemiology, 1950 

177, 1338-1347. 1951 

Boyd WD, Graham-White J, Blackwood G, Glen I and McQueen J, 1977. Clinical effects of choline in 1952 

Alzheimer senile dementia. Lancet, 2, 711. 1953 

Brody LC, Conley M, Cox C, Kirke PN, McKeever MP, Mills JL, Molloy AM, O'Leary VB, Parle-1954 

McDermott A, Scott JM and Swanson DA, 2002. A polymorphism, R653Q, in the trifunctional 1955 

enzyme methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate 1956 

cyclohydrolase/formyltetrahydrofolate synthetase is a maternal genetic risk factor for neural tube 1957 

defects: report of the Birth Defects Research Group. American Journal of Human Genetics, 71, 1958 

1207-1215. 1959 

Buchman AL, Moukarzel A, Jenden DJ, Roch M, Rice K and Ament ME, 1993. Low plasma free 1960 

choline is prevalent in patients receiving long term parenteral nutrition and is associated with 1961 

hepatic aminotransferase abnormalities. Clinical Nutrition, 12, 33-37. 1962 

Buchman AL, Dubin MD, Moukarzel AA, Jenden DJ, Roch M, Rice KM, Gornbein J and Ament ME, 1963 

1995. Choline deficiency: a cause of hepatic steatosis during parenteral nutrition that can be 1964 

reversed with intravenous choline supplementation. Hepatology, 22, 1399-1403. 1965 

Buchman AL, Sohel M, Moukarzel A, Bryant D, Schanler R, Awal M, Burns P, Dorman K, Belfort M, 1966 

Jenden DJ, Killip D and Roch M, 2001. Plasma choline in normal newborns, infants, toddlers, and 1967 

in very-low-birth-weight neonates requiring total parenteral nutrition. Nutrition, 17, 18-21. 1968 

Butte NF, Garza C, Smith EO and Nichols BL, 1984. Human milk intake and growth in exclusively 1969 

breast-fed infants. Journal of Pediatrics, 104, 187-195. 1970 

Butte NF, Lopez-Alarcon MG and Garza C, 2002. Nutrient adequacy of exclusive breastfeeding for 1971 

the term infant during the first six months of life. World Health Organization, 47 pp. 1972 

Byrne CD and Targher G, 2014. Ectopic fat, insulin resistance, and nonalcoholic fatty liver disease: 1973 

implications for cardiovascular disease. Arteriosclerosis, Thrombosis, and Vascular Biology, 34, 1974 

1155-1161. 1975 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 47 

Carmichael SL, Yang W and Shaw GM, 2010. Periconceptional nutrient intakes and risks of neural 1976 

tube defects in California. Birth Defects Research. Part A, Clinical and Molecular Teratology, 88, 1977 

670-678. 1978 

Caudill MA, Dellschaft N, Solis C, Hinkis S, Ivanov AA, Nash-Barboza S, Randall KE, Jackson B, 1979 

Solomita GN and Vermeylen F, 2009. Choline intake, plasma riboflavin, and the 1980 

phosphatidylethanolamine N-methyltransferase G5465A genotype predict plasma homocysteine in 1981 

folate-deplete Mexican-American men with the methylenetetrahydrofolate reductase 677TT 1982 

genotype. Journal of Nutrition, 139, 727-733. 1983 

Chandra RK, 1984. Physical growth of exclusively breast-fed infants. Nutrition Research, 2, 275-276. 1984 

Cheatham CL, Goldman BD, Fischer LM, da Costa KA, Reznick JS and Zeisel SH, 2012. 1985 

Phosphatidylcholine supplementation in pregnant women consuming moderate-choline diets does 1986 

not enhance infant cognitive function: a randomized, double-blind, placebo-controlled trial. 1987 

American Journal of Clinical Nutrition, 96, 1465-1472. 1988 

Chiuve SE, Giovannucci EL, Hankinson SE, Zeisel SH, Dougherty LW, Willett WC and Rimm EB, 1989 

2007. The association between betaine and choline intakes and the plasma concentrations of 1990 

homocysteine in women. American Journal of Clinical Nutrition, 86, 1073-1081. 1991 

Cho E, Zeisel SH, Jacques P, Selhub J, Dougherty L, Colditz GA and Willett WC, 2006. Dietary 1992 

choline and betaine assessed by food-frequency questionnaire in relation to plasma total 1993 

homocysteine concentration in the Framingham Offspring Study. American Journal of Clinical 1994 

Nutrition, 83, 905-911. 1995 

Cho E, Holmes M, Hankinson SE and Willett WC, 2007a. Nutrients involved in one-carbon 1996 

metabolism and risk of breast cancer among premenopausal women. Cancer Epidemiology, 1997 

Biomarkers and Prevention, 16, 2787-2790. 1998 

Cho E, Willett WC, Colditz GA, Fuchs CS, Wu K, Chan AT, Zeisel SH and Giovannucci EL, 2007b. 1999 

Dietary choline and betaine and the risk of distal colorectal adenoma in women. Journal of the 2000 

National Cancer Institute, 99, 1224-1231. 2001 

Cho E, Holmes MD, Hankinson SE and Willett WC, 2010. Choline and betaine intake and risk of 2002 

breast cancer among post-menopausal women. British Journal of Cancer, 102, 489-494. 2003 

Chu DM, Wahlqvist ML, Chang HY, Yeh NH and Lee MS, 2012. Choline and betaine food sources 2004 

and intakes in Taiwanese. Asia Pacific Journal of Clinical Nutrition, 21, 547-557. 2005 

Cohen BM, Renshaw PF, Stoll AL, Wurtman RJ, Yurgelun-Todd D and Babb SM, 1995. Decreased 2006 

brain choline uptake in older adults. An in vivo proton magnetic resonance spectroscopy study. 2007 

JAMA, 274, 902-907. 2008 

Cole LK, Vance JE and Vance DE, 2012. Phosphatidylcholine biosynthesis and lipoprotein 2009 

metabolism. Biochimica et Biophysica Acta, 1821, 754-761. 2010 

Corbin KD and Zeisel SH, 2012. Choline metabolism provides novel insights into nonalcoholic fatty 2011 

liver disease and its progression. Current Opinion in Gastroenterology, 28, 159-165. 2012 

Corbin KD, Abdelmalek MF, Spencer MD, da Costa KA, Galanko JA, Sha W, Suzuki A, Guy CD, 2013 

Cardona DM, Torquati A, Diehl AM and Zeisel SH, 2013. Genetic signatures in choline and 1-2014 

carbon metabolism are associated with the severity of hepatic steatosis. FASEB Journal, 27, 1674-2015 

1689. 2016 

Cornford EM, Braun LD, Pardridge WM and Oldendorf WH, 1980. Blood flow rate and cellular 2017 

influx of glucose and arginine in mouse liver in vivo. American Journal of Physiology, 238, H553-2018 

560. 2019 

Craciun S and Balskus EP, 2012. Microbial conversion of choline to trimethylamine requires a glycyl 2020 

radical enzyme. Proceedings of the National Academy of Sciences of the United States of America, 2021 

109, 21307-21312. 2022 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 48 

Cuddy LK, Winick-Ng W and Rylett RJ, 2014. Regulation of the high-affinity choline transporter 2023 

activity and trafficking by its association with cholesterol-rich lipid rafts. Journal of 2024 

Neurochemistry, 128, 725-740. 2025 

da Costa KA, Gaffney CE, Fischer LM and Zeisel SH, 2005. Choline deficiency in mice and humans 2026 

is associated with increased plasma homocysteine concentration after a methionine load. American 2027 

Journal of Clinical Nutrition, 81, 440-444. 2028 

da Costa KA, Niculescu MD, Craciunescu CN, Fischer LM and Zeisel SH, 2006a. Choline deficiency 2029 

increases lymphocyte apoptosis and DNA damage in humans. American Journal of Clinical 2030 

Nutrition, 84, 88-94. 2031 

da Costa KA, Kozyreva OG, Song J, Galanko JA, Fischer LM and Zeisel SH, 2006b. Common genetic 2032 

polymorphisms affect the human requirement for the nutrient choline. FASEB Journal, 20, 1336-2033 

1344. 2034 

da Costa KA, Sanders LM, Fischer LM and Zeisel SH, 2011. Docosahexaenoic acid in plasma 2035 

phosphatidylcholine may be a potential marker for in vivo phosphatidylethanolamine N-2036 

methyltransferase activity in humans. American Journal of Clinical Nutrition, 93, 968-974. 2037 

da Costa KA, Corbin KD, Niculescu MD, Galanko JA and Zeisel SH, 2014. Identification of new 2038 

genetic polymorphisms that alter the dietary requirement for choline and vary in their distribution 2039 

across ethnic and racial groups. FASEB Journal, 28, 2970-2978. 2040 

Dalmeijer GW, Olthof MR, Verhoef P, Bots ML and van der Schouw YT, 2008. Prospective study on 2041 

dietary intakes of folate, betaine, and choline and cardiovascular disease risk in women. European 2042 

Journal of Clinical Nutrition, 62, 386-394. 2043 

Davenport C and Caudill MA, 2013. Choline and milk. In: Handbook of dietary and nutritional aspects 2044 

of human breast milk. Human Health Handbooks volume 5. Eds Zibadi S, Watson RR and Preedy 2045 

VR. Wageningen Academic Publishers, Wageningen, the Netherlands, 335-352. 2046 

Davenport C, Yan J, Taesuwan S, Shields K, West AA, Jiang X, Perry CA, Malysheva OV, Stabler 2047 

SP, Allen RH and Caudill MA, 2015. Choline intakes exceeding recommendations during human 2048 

lactation improve breast milk choline content by increasing PEMT pathway metabolites. Journal of 2049 

Nutritional Biochemistry, 26, 903-911. 2050 

Davies SEC, Woolf DA, Chalmers RA, Rafter JEM and Iles RA, 1992. Proton NMR studies of betaine 2051 

excretion in the human neonate: consequences for choline and methyl group supply. Journal of 2052 

Nutritional Biochemistry, 3, 523-530. 2053 

De la Huerga J and Popper H, 1951. Urinary excretion of choline metabolites following choline 2054 

administration in normals and patients with hepatobiliary diseases. Journal of Clinical 2055 

Investigation, 30, 463-470. 2056 

DeLong CJ, Shen YJ, Thomas MJ and Cui Z, 1999. Molecular distinction of phosphatidylcholine 2057 

synthesis between the CDP-choline pathway and phosphatidylethanolamine methylation pathway. 2058 

Journal of Biological Chemistry, 274, 29683-29688. 2059 

Dushianthan A, Goss V, Cusack R, Grocott M and Postle AD, 2014. Altered molecular specificity of 2060 

surfactant phosphatidycholine synthesis in patients with acute respiratory distress syndrome. 2061 

Respiratory Research, 15, 128. 2062 

EFSA (European Food Safety Authority), 2011. Use of the EFSA Comprehensive European Food 2063 

Consumption Database in exposure assessment. EFSA Journal 2011;9(3):2097, 34 pp. 2064 

doi:10.2903/j.efsa.2011.2097  2065 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2009. Scientific 2066 

Opinion on the appropriate age for introduction of complementary feeding of infants. EFSA 2067 

Journal 2009;7(12):1423, 38 pp. doi: 10.2903/j.efsa.2009.1423 doi:10.2903/j.efsa.2009.1423  2068 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 49 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2012. Scientific 2069 

Opinion on Dietary Reference Values for protein. EFSA Journal 2012;10(2):2557, 66 pp. 2070 

doi:10.2903/j.efsa.2012.2557  2071 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2013a. Scientific 2072 

Opinion on the safety of “citicoline” as a Novel Food ingredient. EFSA Journal 2013;11(10):3421, 2073 

22 pp. doi: 10.2903/j.efsa.2013.3421  2074 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2013b. Scientific 2075 

Opinion on Dietary Reference Values for energy. EFSA Journal 2013;11(1):3005, 112 pp. 2076 

doi:10.2903/j.efsa.2013.3005  2077 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2014a. Scientific 2078 

Opinion on Dietary Reference Values for folate. EFSA Journal 2014;12(11):3893, 59 pp. 2079 

doi:10.2903/j.efsa.2014.3893  2080 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2014b. Scientific 2081 

Opinion on Dietary Reference Values for selenium. EFSA Journal 2014;12(10):3846, 66 pp. 2082 

doi:10.2903/j.efsa.2014.3846  2083 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2015. Scientific 2084 

Opinion on Dietary Reference Values for cobalamin (vitamin B12). EFSA Journal 2085 

2015;13(7):4150, 64 pp. doi:10.2903/j.efsa.2015.4150  2086 

Ehehalt R, Braun A, Karner M, Fullekrug J and Stremmel W, 2010. Phosphatidylcholine as a 2087 

constituent in the colonic mucosal barrier--physiological and clinical relevance. Biochimica et 2088 

Biophysica Acta, 1801, 983-993. 2089 

El-Sohemy A, Xanthakos H, Beaulieu F, Allaire L and Fournier V, 2012. Literature search and review 2090 

related to specific preparatory work in the establishment of Dietary References Values for thiamin, 2091 

pantothenic acid and choline. Project developed on the procurement project 2092 

CFT/EFSA/NUTRI/2011/01 (Lot 1). EFSA Supporting publication. 229 pp. 2093 

Enaw JO, Zhu H, Yang W, Lu W, Shaw GM, Lammer EJ and Finnell RH, 2006. CHKA and PCYT1A 2094 

gene polymorphisms, choline intake and spina bifida risk in a California population. BMC 2095 

Medicine, 4, 36. 2096 

Fagone P and Jackowski S, 2013. Phosphatidylcholine and the CDP-choline cycle. Biochimica et 2097 

Biophysica Acta, 1831, 523-532. 2098 

FAO/WHO/UNU (Food and Agriculture Organization of the United Nations/World Health 2099 

Organization/United Nations University), 2004. Human energy requirements. Report of a Joint 2100 

FAO/WHO/UNU Expert Consultation: Rome, 17–24 October 2001. FAO Food and Nutrition 2101 

Technical Report Series, 103 pp. 2102 

Fayad LM, Salibi N, Wang X, Machado AJ, Jacobs MA, Bluemke DA and Barker PB, 2010. 2103 

Quantification of muscle choline concentrations by proton MR spectroscopy at 3 T: technical 2104 

feasibility. AJR: American Journal of Roentgenology, 194, W73-79. 2105 

Fischer LM, daCosta KA, Kwock L, Stewart PW, Lu TS, Stabler SP, Allen RH and Zeisel SH, 2007. 2106 

Sex and menopausal status influence human dietary requirements for the nutrient choline. 2107 

American Journal of Clinical Nutrition, 85, 1275-1285. 2108 

Fischer LM, da Costa KA, Kwock L, Galanko J and Zeisel SH, 2010a. Dietary choline requirements 2109 

of women: effects of estrogen and genetic variation. American Journal of Clinical Nutrition, 92, 2110 

1113-1119. 2111 

Fischer LM, da Costa KA, Galanko J, Sha W, Stephenson B, Vick J and Zeisel SH, 2010b. Choline 2112 

intake and genetic polymorphisms influence choline metabolite concentrations in human breast 2113 

milk and plasma. American Journal of Clinical Nutrition, 92, 336-346. 2114 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 50 

Gelenberg AJ, Doller-Wojcik JC and Growdon JH, 1979. Choline and lecithin in the treatment of 2115 

tardive dyskinesia: preliminary results from a pilot study. American Journal of Psychiatry, 136, 2116 

772-776. 2117 

Growdon JH, Cohen EL and Wurtman RJ, 1977. Huntington's disease: clinical and chemical effects of 2118 

choline administration. Annals of Neurology, 1, 418-422. 2119 

Hofvander Y, Hagman U, Hillervik C and Sjolin S, 1982. The amount of milk consumed by 1-3 2120 

months old breast- or bottle-fed infants. Acta Paediatrica Scandinavica, 71, 953-958. 2121 

Holmes-McNary MQ, Cheng WL, Mar MH, Fussell S and Zeisel SH, 1996. Choline and choline esters 2122 

in human and rat milk and in infant formulas. American Journal of Clinical Nutrition, 64, 572-576. 2123 

Holmes HC, Snodgrass GJ and Iles RA, 1996. The choline content of human breast milk expressed 2124 

during the first few weeks of lactation. Biochemical Society Transactions, 24, 350S. 2125 

Holmes HC, Snodgrass GJ and Iles RA, 2000. Changes in the choline content of human breast milk in 2126 

the first 3 weeks after birth. European Journal of Pediatrics, 159, 198-204. 2127 

Ibiebele TI, Hughes MC, Pandeya N, Zhao Z, Montgomery G, Hayward N, Green AC, Whiteman DC, 2128 

Webb PM, Study of Digestive H and Australian Cancer S, 2011. High intake of folate from food 2129 

sources is associated with reduced risk of esophageal cancer in an Australian population. Journal of 2130 

Nutrition, 141, 274-283. 2131 

Ilcol YO, Ozbek R, Hamurtekin E and Ulus IH, 2005. Choline status in newborns, infants, children, 2132 

breast-feeding women, breast-fed infants and human breast milk. Journal of Nutritional 2133 

Biochemistry, 16, 489-499. 2134 

IOM (Institute of Medicine), 1998. Dietary Reference Intakes for thiamin, riboflavin, niacin, vitamin 2135 

B6, folate, vitamin B12, pantothenic acid, biotin, and choline. Food and Nutrition Board. National 2136 

Academy Press, Washington, DC, USA, 591 pp. 2137 

Ivanov A, Nash-Barboza S, Hinkis S and Caudill MA, 2009. Genetic variants in 2138 

phosphatidylethanolamine N-methyltransferase and methylenetetrahydrofolate dehydrogenase 2139 

influence biomarkers of choline metabolism when folate intake is restricted. Journal of the 2140 

American Dietetic Association, 109, 313-318. 2141 

Jacob RA, Jenden DJ, Allman-Farinelli MA and Swendseid ME, 1999. Folate nutriture alters choline 2142 

status of women and men fed low choline diets. Journal of Nutrition, 129, 712-717. 2143 

Jiang X, Yan J, West AA, Perry CA, Malysheva OV, Devapatla S, Pressman E, Vermeylen F and 2144 

Caudill MA, 2012. Maternal choline intake alters the epigenetic state of fetal cortisol-regulating 2145 

genes in humans. FASEB Journal, 26, 3563-3574. 2146 

Jiang X, Bar HY, Yan J, Jones S, Brannon PM, West AA, Perry CA, Ganti A, Pressman E, Devapatla 2147 

S, Vermeylen F, Wells MT and Caudill MA, 2013. A higher maternal choline intake among third-2148 

trimester pregnant women lowers placental and circulating concentrations of the antiangiogenic 2149 

factor fms-like tyrosine kinase-1 (sFLT1). FASEB Journal, 27, 1245-1253. 2150 

Johnson AR, Lao S, Wang T, Galanko JA and Zeisel SH, 2012. Choline dehydrogenase polymorphism 2151 

rs12676 is a functional variation and is associated with changes in human sperm cell function. 2152 

PLoS ONE, 7, e36047. 2153 

Jope RS, Domino EF, Mathews BN, Sitaram N, Jenden DJ and Ortez A, 1982. Free and bound choline 2154 

blood levels after phosphatidylcholine. Clinical Pharmacology and Therapeutics, 31, 483-487. 2155 

Kim YI, Miller JW, da Costa KA, Nadeau M, Smith D, Selhub J, Zeisel SH and Mason JB, 1994. 2156 

Severe folate deficiency causes secondary depletion of choline and phosphocholine in rat liver. 2157 

Journal of Nutrition, 124, 2197-2203. 2158 

Kohlmeier M, da Costa KA, Fischer LM and Zeisel SH, 2005. Genetic variation of folate-mediated 2159 

one-carbon transfer pathway predicts susceptibility to choline deficiency in humans. Proceedings of 2160 

the National Academy of Sciences of the United States of America, 102, 16025-16030. 2161 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 51 

Kotsopoulos J, Hankinson SE and Tworoger SS, 2010. Dietary betaine and choline intake are not 2162 

associated with risk of epithelial ovarian cancer. European Journal of Clinical Nutrition, 64, 111-2163 

114. 2164 

Lang DH, Yeung CK, Peter RM, Ibarra C, Gasser R, Itagaki K, Philpot RM and Rettie AE, 1998. 2165 

Isoform specificity of trimethylamine N-oxygenation by human flavin-containing monooxygenase 2166 

(FMO) and P450 enzymes: selective catalysis by FMO3. Biochemical Pharmacology, 56, 1005-2167 

1012. 2168 

LASER Analytica, 2014. Comprehensive literature search and review of breast milk composition as 2169 

preparatory work for the setting of dietary reference values for vitamins and minerals. Project 2170 

developed on the procurement project RC/EFSA/NUTRI/2013/06 – OC/EFSA/SAS/2012/01. 2171 

EFSA Supporting publication 2014:EN-629, 154 pp. 2172 

Lawrence CM, Millac P, Stout GS and Ward JW, 1980. The use of choline chloride in ataxic 2173 

disorders. Journal of Neurology, Neurosurgery and Psychiatry, 43, 452-454. 2174 

Lazo M, Hernaez R, Eberhardt MS, Bonekamp S, Kamel I, Guallar E, Koteish A, Brancati FL and 2175 

Clark JM, 2013. Prevalence of nonalcoholic fatty liver disease in the United States: the Third 2176 

National Health and Nutrition Examination Survey, 1988-1994. American Journal of 2177 

Epidemiology, 178, 38-45. 2178 

Lee JE, Jacques PF, Dougherty L, Selhub J, Giovannucci E, Zeisel SH and Cho E, 2010a. Are dietary 2179 

choline and betaine intakes determinants of total homocysteine concentration? American Journal of 2180 

Clinical Nutrition, 91, 1303-1310. 2181 

Lee JE, Giovannucci E, Fuchs CS, Willett WC, Zeisel SH and Cho E, 2010b. Choline and betaine 2182 

intake and the risk of colorectal cancer in men. Cancer Epidemiology, Biomarkers and Prevention, 2183 

19, 884-887. 2184 

Lever M, Atkinson W, Sizeland PC, Chambers ST and George PM, 2007. Inter- and intra-individual 2185 

variations in normal urinary glycine betaine excretion. Clinical Biochemistry, 40, 447-453. 2186 

Lewis ED, Subhan FB, Bell RC, McCargar LJ, Curtis JM, Jacobs RL, Field CJ and team AP, 2014. 2187 

Estimation of choline intake from 24 h dietary intake recalls and contribution of egg and milk 2188 

consumption to intake among pregnant and lactating women in Alberta. British Journal of 2189 

Nutrition, 112, 112-121. 2190 

Li Z, Agellon LB and Vance DE, 2007. Choline redistribution during adaptation to choline 2191 

deprivation. Journal of Biological Chemistry, 282, 10283-10289. 2192 

Li Z and Vance DE, 2008. Phosphatidylcholine and choline homeostasis. Journal of Lipid Research, 2193 

49, 1187-1194. 2194 

Lin CS and Wu RD, 1986. Choline oxidation and choline dehydrogenase. Journal of Protein 2195 

Chemistry, 5, 193-200. 2196 

Lockman PR and Allen DD, 2002. The transport of choline. Drug Development and Industrial 2197 

Pharmacy, 28, 749-771. 2198 

Lu MS, Fang YJ, Pan ZZ, Zhong X, Zheng MC, Chen YM and Zhang CX, 2015. Choline and betaine 2199 

intake and colorectal cancer risk in Chinese population: a case-control study. PLoS ONE, 10, 2200 

e0118661. 2201 

Mazzetti S, Bracco C, Regge D, Caivano R, Russo F and Stasi M, 2013. Choline-containing 2202 

compounds quantification by 1H NMR spectroscopy using external reference and noise 2203 

measurements. Physica Medica, 29, 677-683. 2204 

Meck WH and Williams CL, 2003. Metabolic imprinting of choline by its availability during 2205 

gestation: implications for memory and attentional processing across the lifespan. Neuroscience 2206 

and Biobehavioral Reviews, 27, 385-399. 2207 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 52 

Mehedint MG and Zeisel SH, 2013. Choline's role in maintaining liver function: new evidence for 2208 

epigenetic mechanisms. Current Opinion in Clinical Nutrition and Metabolic Care, 16, 339-345. 2209 

Michel V and Bakovic M, 2012. The ubiquitous choline transporter SLC44A1. Central Nervous 2210 

System Agents in Medicinal Chemistry, 12, 70-81. 2211 

Miller CA, Corbin KD, da Costa KA, Zhang S, Zhao X, Galanko JA, Blevins T, Bennett BJ, O'Connor 2212 

A and Zeisel SH, 2014. Effect of egg ingestion on trimethylamine-N-oxide production in humans: a 2213 

randomized, controlled, dose-response study. American Journal of Clinical Nutrition, 100, 778-2214 

786. 2215 

Mischel W, 1956. [Chemical composition of the human placenta with special consideration of the 2216 

biogenous amine, choline]. Zentralblatt fur Gynakologie, 78, 1089-1099. 2217 

Mitchell SC and Smith RL, 2001. Trimethylaminuria: the fish malodor syndrome. Drug Metabolism 2218 

and Disposition, 29, 517-521. 2219 

Mygind VL, Evans SE, Peddie MC, Miller JC and Houghton LA, 2013. Estimation of usual intake and 2220 

food sources of choline and betaine in New Zealand reproductive age women. Asia Pacific Journal 2221 

of Clinical Nutrition, 22, 319-324. 2222 

Neville MC, Keller R, Seacat J, Lutes V, Neifert M, Casey C, Allen J and Archer P, 1988. Studies in 2223 

human lactation: milk volumes in lactating women during the onset of lactation and full lactation. 2224 

American Journal of Clinical Nutrition, 48, 1375-1386. 2225 

Niculescu MD, da Costa KA, Fischer LM and Zeisel SH, 2007. Lymphocyte gene expression in 2226 

subjects fed a low-choline diet differs between those who develop organ dysfunction and those who 2227 

do not. American Journal of Clinical Nutrition, 86, 230-239. 2228 

O'Donoghue N, Sweeney T, Donagh R, Clarke KJ and Porter RK, 2009. Control of choline oxidation 2229 

in rat kidney mitochondria. Biochimica et Biophysica Acta, 1787, 1135-1139. 2230 

Okuda T and Haga T, 2000. Functional characterization of the human high-affinity choline transporter. 2231 

FEBS Letters, 484, 92-97. 2232 

Olthof MR, Brink EJ, Katan MB and Verhoef P, 2005. Choline supplemented as phosphatidylcholine 2233 

decreases fasting and postmethionine-loading plasma homocysteine concentrations in healthy men. 2234 

American Journal of Clinical Nutrition, 82, 111-117. 2235 

Ouwerkerk R, Pettigrew RI and Gharib AM, 2012. Liver metabolite concentrations measured with 1H 2236 

MR spectroscopy. Radiology, 265, 565-575. 2237 

Ozarda Ilcol Y, Uncu G and Ulus IH, 2002. Free and phospholipid-bound choline concentrations in 2238 

serum during pregnancy, after delivery and in newborns. Archives of Physiology and 2239 

Biochemistry, 110, 393-399. 2240 

Ozarda Y, Cansev M and Ulus IH, 2014. Breast milk choline contents are associated with 2241 

inflammatory status of breastfeeding women. Breastfeeding Medicine, 9. 2242 

Park EI and Garrow TA, 1999. Interaction between dietary methionine and methyl donor intake on rat 2243 

liver betaine-homocysteine methyltransferase gene expression and organization of the human gene. 2244 

Journal of Biological Chemistry, 274, 7816-7824. 2245 

Pauwels S, Dopere I, Huybrechts I, Godderis L, Koppen G and Vansant G, 2015. Reproducibility and 2246 

validity of an FFQ to assess usual intake of methyl-group donors. Public Health Nutrition, 18, 2247 

2530-2539. 2248 

Poly C, Massaro JM, Seshadri S, Wolf PA, Cho E, Krall E, Jacques PF and Au R, 2011. The relation 2249 

of dietary choline to cognitive performance and white-matter hyperintensity in the Framingham 2250 

Offspring Cohort. American Journal of Clinical Nutrition, 94, 1584-1591. 2251 

Pomfret EA, daCosta KA, Schurman LL and Zeisel SH, 1989. Measurement of choline and choline 2252 

metabolite concentrations using high-pressure liquid chromatography and gas chromatography-2253 

mass spectrometry. Analytical Biochemistry, 180, 85-90. 2254 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 53 

Pynn CJ, Henderson NG, Clark H, Koster G, Bernhard W and Postle AD, 2011. Specificity and rate of 2255 

human and mouse liver and plasma phosphatidylcholine synthesis analyzed in vivo. Journal of 2256 

Lipid Research, 52, 399-407. 2257 

Reo NV, Adinehzadeh M and Foy BD, 2002. Kinetic analyses of liver phosphatidylcholine and 2258 

phosphatidylethanolamine biosynthesis using (13)C NMR spectroscopy. Biochimica et Biophysica 2259 

Acta, 1580, 171-188. 2260 

Resseguie M, Song J, Niculescu MD, da Costa KA, Randall TA and Zeisel SH, 2007. 2261 

Phosphatidylethanolamine N-methyltransferase (PEMT) gene expression is induced by estrogen in 2262 

human and mouse primary hepatocytes. FASEB Journal, 21, 2622-2632. 2263 

Resseguie ME, da Costa KA, Galanko JA, Patel M, Davis IJ and Zeisel SH, 2011. Aberrant estrogen 2264 

regulation of PEMT results in choline deficiency-associated liver dysfunction. Journal of 2265 

Biological Chemistry, 286, 1649-1658. 2266 

Richman EL, Kenfield SA, Stampfer MJ, Giovannucci EL, Zeisel SH, Willett WC and Chan JM, 2267 

2012. Choline intake and risk of lethal prostate cancer: incidence and survival. American Journal of 2268 

Clinical Nutrition, 96, 855-863. 2269 

Rozen R, 1996. Molecular genetic aspects of hyperhomocysteinemia and its relation to folic acid. 2270 

Clinical and Investigative Medicine, 19, 171-178. 2271 

Savendahl L, Mar MH, Underwood LE and Zeisel SH, 1997. Prolonged fasting in humans results in 2272 

diminished plasma choline concentrations but does not cause liver dysfunction. American Journal 2273 

of Clinical Nutrition, 66, 622-625. 2274 

SCF (Scientific Committee for Food), 1993. Nutrient and energy intakes for the European 2275 

Community. Reports of the Scientific Committee for Food, 31st Series. Food - Science and 2276 

Technique, European Commission, Luxembourg, 248 pp. 2277 

Schwahn BC, Hafner D, Hohlfeld T, Balkenhol N, Laryea MD and Wendel U, 2003a. 2278 

Pharmacokinetics of oral betaine in healthy subjects and patients with homocystinuria. British 2279 

Journal of Clinical Pharmacology, 55, 6-13. 2280 

Schwahn BC, Chen Z, Laryea MD, Wendel U, Lussier-Cacan S, Genest J, Jr., Mar MH, Zeisel SH, 2281 

Castro C, Garrow T and Rozen R, 2003b. Homocysteine-betaine interactions in a murine model of 2282 

5,10-methylenetetrahydrofolate reductase deficiency. FASEB Journal, 17, 512-514. 2283 

Sha W, da Costa KA, Fischer LM, Milburn MV, Lawton KA, Berger A, Jia W and Zeisel SH, 2010. 2284 

Metabolomic profiling can predict which humans will develop liver dysfunction when deprived of 2285 

dietary choline. FASEB Journal, 24, 2962-2975. 2286 

Shaw GM, Carmichael SL, Yang W, Selvin S and Schaffer DM, 2004. Periconceptional dietary intake 2287 

of choline and betaine and neural tube defects in offspring. American Journal of Epidemiology, 2288 

160, 102-109. 2289 

Solis C, Veenema K, Ivanov AA, Tran S, Li R, Wang W, Moriarty DJ, Maletz CV and Caudill MA, 2290 

2008. Folate intake at RDA levels is inadequate for Mexican American men with the 2291 

methylenetetrahydrofolate reductase 677TT genotype. Journal of Nutrition, 138, 67-72. 2292 

Song J, da Costa KA, Fischer LM, Kohlmeier M, Kwock L, Wang S and Zeisel SH, 2005. 2293 

Polymorphism of the PEMT gene and susceptibility to nonalcoholic fatty liver disease (NAFLD). 2294 

FASEB Journal, 19, 1266-1271. 2295 

Spencer MD, Hamp TJ, Reid RW, Fischer LM, Zeisel SH and Fodor AA, 2011. Association between 2296 

composition of the human gastrointestinal microbiome and development of fatty liver with choline 2297 

deficiency. Gastroenterology, 140, 976-986. 2298 

Stead LM, Brosnan JT, Brosnan ME, Vance DE and Jacobs RL, 2006. Is it time to reevaluate methyl 2299 

balance in humans? American Journal of Clinical Nutrition, 83, 5-10. 2300 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 54 

Svennerholm L and Vanier MT, 1972. The distribution of lipids in the human nervous system. II. 2301 

Lipid composition of human fetal and infant brain. Brain Research, 47, 457-468. 2302 

Sweiry JH, Page KR, Dacke CG, Abramovich DR and Yudilevich DL, 1986. Evidence of saturable 2303 

uptake mechanisms at maternal and fetal sides of the perfused human placenta by rapid paired-2304 

tracer dilution: studies with calcium and choline. Journal of Developmental Physiology, 8, 435-2305 

445. 2306 

Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, Wu Y and Hazen SL, 2013. Intestinal 2307 

microbial metabolism of phosphatidylcholine and cardiovascular risk. New England Journal of 2308 

Medicine, 368, 1575-1584. 2309 

Ueland PM, Holm PI and Hustad S, 2005. Betaine: a key modulator of one-carbon metabolism and 2310 

homocysteine status. Clinical Chemistry and Laboratory Medicine, 43, 1069-1075. 2311 

Ueland PM, 2011. Choline and betaine in health and disease. Journal of Inherited Metabolic Disease, 2312 

34, 3-15. 2313 

USDA (US Department of Agriculture), 2012. Nutrient intakes from food: mean amounts consumed 2314 

per individual, by gender and age, what we eat in America, NHANES 2009–2010. Agricultural 2315 

Research Service. Available online: http://www.ars.usda.gov/SP2UserFiles/Place/12355000/pdf/2316 

0910/Table_1_NIN_GEN_09.pdf  2317 

USDA (US Department of Agriculture), 2013. USDA National Nutrient Database for Standard 2318 

Reference, release 26. Agricultural Research Service. Available online: http://ndb.nal.usda.gov/2319 

ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nut2320 

rient3=&subset=0&fg=&sort=f&measureby=g  2321 

USDA (US Department of Agriculture), 2015. USDA National Nutrient Database for Standard 2322 

Reference, release 28. Agricultural Research Service. Available online: http://ndb.nal.usda.gov/2323 

ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nut2324 

rient3=&subset=0&fg=&sort=f&measureby=g  2325 

van Buuren S, Schönbeck Y and van Dommelen P, 2012. Collection, collation and analysis of data in 2326 

relation to reference heights and reference weights for female and male children and adolescents 2327 

(0-18 years) in the EU, as well as in relation to the age of onset of puberty and the age at which 2328 

different stages of puberty are reached in adolescents in the EU. Project developed on the 2329 

procurement project CT/EFSA/NDA/2010/01. EFSA Supporting publication 2012:EN-255, 59 pp. 2330 

Vance DE, Li ZY and Jacobs RL, 2007. Hepatic phosphatidylethanolamine N-methyltransferase, 2331 

unexpected roles in animal biochemistry and physiology. Journal of Biological Chemistry, 282, 2332 

33237-33241. 2333 

Vance DE, 2014. Phospholipid methylation in mammals: from biochemistry to physiological function. 2334 

Biochimica et Biophysica Acta, 1838, 1477-1487. 2335 

Varela-Moreiras G, Selhub J, da Costa KA and Zeisel SH, 1992. Effect of chronic choline deficiency 2336 

in rats on liver folate content and distribution. The Journal of Nutritional Biochemistry, 3, 519-522. 2337 

Veenema K, Solis C, Li R, Wang W, Maletz CV, Abratte CM and Caudill MA, 2008. Adequate Intake 2338 

levels of choline are sufficient for preventing elevations in serum markers of liver dysfunction in 2339 

Mexican American men but are not optimal for minimizing plasma total homocysteine increases 2340 

after a methionine load. American Journal of Clinical Nutrition, 88, 685-692. 2341 

Vennemann FB, Ioannidou S, Valsta LM, Dumas C, Ocke MC, Mensink GB, Lindtner O, Virtanen 2342 

SM, Tlustos C, D'Addezio L, Mattison I, Dubuisson C, Siksna I and Heraud F, 2015. Dietary intake 2343 

and food sources of choline in European populations. British Journal of Nutrition, 1-10. 2344 

Villamor E, Rifas-Shiman SL, Gillman MW and Oken E, 2012. Maternal intake of methyl-donor 2345 

nutrients and child cognition at 3 years of age. Paediatric and Perinatal Epidemiology, 26, 328-335. 2346 

Visentin CE, Masih S, Plumptre L, Malysheva O, Nielsen DE, Sohn KJ, Ly A, Lausman AY, Berger 2347 

H, Croxford R, El-Sohemy A, Caudill MA, O'Connor DL and Kim YI, 2015. Maternal Choline 2348 

http://www.ars.usda.gov/SP2UserFiles/Place/12355000/pdf/0910/Table_1_NIN_GEN_09.pdf
http://www.ars.usda.gov/SP2UserFiles/Place/12355000/pdf/0910/Table_1_NIN_GEN_09.pdf
http://ndb.nal.usda.gov/ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nutrient3=&subset=0&fg=&sort=f&measureby=g
http://ndb.nal.usda.gov/ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nutrient3=&subset=0&fg=&sort=f&measureby=g
http://ndb.nal.usda.gov/ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nutrient3=&subset=0&fg=&sort=f&measureby=g
http://ndb.nal.usda.gov/ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nutrient3=&subset=0&fg=&sort=f&measureby=g
http://ndb.nal.usda.gov/ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nutrient3=&subset=0&fg=&sort=f&measureby=g
http://ndb.nal.usda.gov/ndb/nutrients/report/nutrientsfrm?max=25&offset=0&totCount=0&nutrient1=421&nutrient2=&nutrient3=&subset=0&fg=&sort=f&measureby=g


Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 55 

Status, but Not Fetal Genotype, Influences Cord Plasma Choline Metabolite Concentrations. 2349 

Journal of Nutrition, 145, 1491-1497. 2350 

Wallace JM, McCormack JM, McNulty H, Walsh PM, Robson PJ, Bonham MP, Duffy ME, Ward M, 2351 

Molloy AM, Scott JM, Ueland PM and Strain JJ, 2012. Choline supplementation and measures of 2352 

choline and betaine status: a randomised, controlled trial in postmenopausal women. British Journal 2353 

of Nutrition, 108, 1264-1271. 2354 

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, Feldstein AE, Britt EB, Fu X, Chung 2355 

YM, Wu Y, Schauer P, Smith JD, Allayee H, Tang WH, DiDonato JA, Lusis AJ and Hazen SL, 2356 

2011. Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature, 472, 2357 

57-63. 2358 

Wang Z, Tang WH, Buffa JA, Fu X, Britt EB, Koeth RA, Levison BS, Fan Y, Wu Y and Hazen SL, 2359 

2014. Prognostic value of choline and betaine depends on intestinal microbiota-generated 2360 

metabolite trimethylamine-N-oxide. European Heart Journal, 35, 904-910. 2361 

Welsch F, 1976. Studies on accumulation and metabolic fate of (N-Me3h)choline in human term 2362 

placenta fragments. Biochemical Pharmacology, 25, 1021-1030. 2363 

West AA, Yan J, Jiang X, Perry CA, Innis SM and Caudill MA, 2013. Choline intake influences 2364 

phosphatidylcholine DHA enrichment in nonpregnant women but not in pregnant women in the 2365 

third trimester. American Journal of Clinical Nutrition, 97, 718-727. 2366 

WHO Multicentre Growth Reference Study Group (World Health Organization), 2006. WHO Child 2367 

Growth Standards: Length/height-for-age, weight-for-age, weight-for-length, weight-for-height and 2368 

body mass index-for-age: Methods and development. 312 pp. 2369 

Widdowson EM, 1963. Growth and composition of the fetus and newborn. In: Biology of gestation. 2370 

Ed Assali NS. Academic Press, New York, NY, USA, 1-51. 2371 

Wilcken DE, Wang XL, Sim AS and McCredie RM, 1996. Distribution in healthy and coronary 2372 

populations of the methylenetetrahydrofolate reductase (MTHFR) C677T mutation. 2373 

Arteriosclerosis, Thrombosis, and Vascular Biology, 16, 878-882. 2374 

Wu BT, Dyer RA, King DJ, Richardson KJ and Innis SM, 2012. Early second trimester maternal 2375 

plasma choline and betaine are related to measures of early cognitive development in term infants. 2376 

PLoS ONE, 7, e43448. 2377 

Xu X, Gammon MD, Zeisel SH, Lee YL, Wetmur JG, Teitelbaum SL, Bradshaw PT, Neugut AI, 2378 

Santella RM and Chen J, 2008. Choline metabolism and risk of breast cancer in a population-based 2379 

study. FASEB Journal, 22, 2045-2052. 2380 

Xu X, Gammon MD, Zeisel SH, Bradshaw PT, Wetmur JG, Teitelbaum SL, Neugut AI, Santella RM 2381 

and Chen J, 2009. High intakes of choline and betaine reduce breast cancer mortality in a 2382 

population-based study. FASEB Journal, 23, 4022-4028. 2383 

Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Devapatla S, Pressman E, Vermeylen F, Stabler 2384 

SP, Allen RH and Caudill MA, 2012. Maternal choline intake modulates maternal and fetal 2385 

biomarkers of choline metabolism in humans. American Journal of Clinical Nutrition, 95, 1060-2386 

1071. 2387 

Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Brenna JT, Stabler SP, Allen RH, Gregory JF, 2388 

3rd and Caudill MA, 2013. Pregnancy alters choline dynamics: results of a randomized trial using 2389 

stable isotope methodology in pregnant and nonpregnant women. American Journal of Clinical 2390 

Nutrition, 98, 1459-1467. 2391 

Yu D, Shu XO, Xiang YB, Li H, Yang G, Gao YT, Zheng W and Zhang X, 2014. Higher dietary 2392 

choline intake is associated with lower risk of nonalcoholic Fatty liver in normal-weight chinese 2393 

women. Journal of Nutrition, 144, 2034-2040. 2394 

Zeisel SH, Growdon JH, Wurtman RJ, Magil SG and Logue M, 1980. Normal plasma choline 2395 

responses to ingested lecithin. Neurology, 30, 1226-1229. 2396 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 56 

Zeisel SH, Char D and Sheard NF, 1986. Choline, phosphatidylcholine and sphingomyelin in human 2397 

and bovine milk and infant formulas. Journal of Nutrition, 116, 50-58. 2398 

Zeisel SH, Da Costa KA, Franklin PD, Alexander EA, Lamont JT, Sheard NF and Beiser A, 1991. 2399 

Choline, an essential nutrient for humans. FASEB Journal, 5, 2093-2098. 2400 

Zeisel SH and Blusztajn JK, 1994. Choline and human nutrition. Annual Review of Nutrition, 14, 269-2401 

296. 2402 

Zeisel SH, Mar MH, Howe JC and Holden JM, 2003. Concentrations of choline-containing 2403 

compounds and betaine in common foods. Journal of Nutrition, 133, 1302-1307. 2404 

Zeisel SH, 2006. Choline: critical role during fetal development and dietary requirements in adults. 2405 

Annual Review of Nutrition, 26, 229-250. 2406 

Zeisel SH, 2007. Gene response elements, genetic polymorphisms and epigenetics influence the 2407 

human dietary requirement for choline. IUBMB Life, 59, 380-387. 2408 

Zeisel SH, 2012. Dietary choline deficiency causes DNA strand breaks and alters epigenetic marks on 2409 

DNA and histones. Mutation Research, 733, 34-38. 2410 

Zhang AQ, Mitchell SC and Smith RL, 1999. Dietary precursors of trimethylamine in man: a pilot 2411 

study. Food and Chemical Toxicology, 37, 515-520. 2412 

 2413 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 57 

APPENDICES 2414 

Appendix A.  Concentrations of free and total choline in breast milk of healthy lactating mothers 2415 

Reference 

 

n (number 

of samples) 

Country Maternal 

dietary 

intake 

(mg/day) 

Stage of 

lactation 

Choline concentration 

(mg/L) 

 

Analytical method Comments 

   mean ± SE 

(range) 

 mean ± SE median   

Holmes-

McNary et al. 

(1996) 

16(16) US Not reported 27–32 days post 

partum 

Free choline 

12.1 ± 2.3 

 

Total choline (a) 

130.6 ± 25.3 

 Water soluble 

compounds extracted 

with HClO4, HPLC 

after hydrolysis; 

phospholipid-bound 

choline separated by 

TLC and analysed 

after hydrolysis by 

GC–MS or 

phosphorus 

quantification 

Hospital bank milk. 

 

Pumped milk samples. 

 

Full term infants. 

 

No information on 

polymorphism and 

supplementation of the 

mothers. 

 

Plasma choline concentration 

was not assessed. 

Holmes et al. 

(2000) 

8(8) UK Not reported 2–6 days post 

partum 

 

 

 

7–22 days post 

partum 

 

 

Free choline  

11 ± 2 

Total choline (a) 

63 ± 9 

 

Free choline  

22 ± 5 

Total choline (a) 

133 ± 15  

 Nuclear magnetic 

resonance 

spectrometry 

(extraction with 

perchloric acid and 

chloroform of water 

soluble and 

phopholipid-bound 

choline, 

respectively).  

Infants born at 28 to 38 weeks 

of gestation (preterm and term). 

 

No information on the 

supplementation of the 

mothers. 

 

Aliquots of expressed foremilk. 

 

Plasma choline concentration 

not reported. 
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Reference 

 

n (number 

of samples) 

Country Maternal 

dietary 

intake 

(mg/day) 

Stage of 

lactation 

Choline concentration 

(mg/L) 

 

Analytical method Comments 

   mean ± SE 

(range) 

 mean ± SE median   

Ilcol et al. 

(2005) 

(21) 

 

 

 

 

(95) 

 

 

 

 

(14) 

 

 

 

 

 

(12) 

 

 

 

 

(11) 

Turkey Not reported  Colostrum (0-2 

days after birth) 

 

 

 

12–180 days 

Post partum 

 

 

 

12–28 days post 

partum 

 

 

 

 

75–90 days 

postpartum 

 

 

 

165–180 days 

post partum 

Free choline  

13.8 ± 2.2  

Total choline (a) 

70.4 ± 3.6 

 

Free choline  

23.8 ± 1.04  

Total choline (a) 

153.8 ± 5.0 

 

Free choline  

31.1 ± 3.8  

Total choline (a) 

166.2 ± 8.5  

 

 

Free choline  

29.8 ± 2.2  

Total choline (a) 

150.1 ± 8.8 

 

Free choline  

13.8 ± 1.6  

Total choline (a) 

140.5 ± 10.9 

 

All breast-milk free choline 

and total choline mean 

values were significantly 

higher than colostrum 

values, except free choline 

value for days 165–180 

which was significantly 

lower than the value for 

days 12–180. 

 *Free choline in 

milk: measured with 

a modification of the 

enzymatic 

radiochemical 

method. 

*Phospholipid-

bound choline, PC 

and SPM in milk: 

measured with an 

enzymatic 

colorimetric method. 

*PChol and GPC: 

first hydrolyzed 

enzymatically to free 

choline then 

measured with high-

performance liquid 

chromatography– 

electrochemical 

detection system. 

116 breastfeeding women : 32 

smokers  

 

No information about the term 

of the infants and 

supplementation of the 

mothers. 

For colostrum analyses 0–2 

days, 57 full-term plus 24 pre-

term infants were investigated; 

milks from day 12–180 were 

provided by 95 mothers with 

no indication of gestational 

age. 

 

Maternal plasma choline 

concentration reported and 

correlation with breast milk 

concentration investigated. 

 

Inverse linear relationship 

between free choline 

concentration in breast milk 

and lactating days of the 

mothers  

(r = -0.625; p < 0.001). 
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Reference 

 

n (number 

of samples) 

Country Maternal 

dietary 

intake 

(mg/day) 

Stage of 

lactation 

Choline concentration 

(mg/L) 

 

Analytical method Comments 

   mean ± SE 

(range) 

 mean ± SE median   

Fischer et al. 

(2010b) 

51(51) 

 

 

 

 

 

 

 

 

 

 

 

48(48) 

US 

American 

(89%), 

African-

American 

(3%), Asian 

(6%), 

American 

Indian (1%), 

other (1%) 

Supplemented 

group (n = 48) 

(Supplement: 

750 mg 

choline/day) 

*Dietary 

choline: 338 ± 

14 (124-622) 

*Total choline 

intake:  

1 088 ± 14  

 

Placebo group 

(n = 46) 

* Dietary 

choline: 364 ± 

18 (139–671) 

*Total choline 

intake:  

364 ± 18 

45 days post 

partum 

 

 

 

 

 

 

 

 

 

 

45 days 

postpartum 

Free choline 

11.0 ± 1.0 

(Significantly higher than 

in placebo group). 

 

Total choline (a) 

149.4 

 

 

 

 

 

Free choline 

8.6 ± 0.8 

 

Total choline (a) 

124.8 

 

 

  

 Liquid 

chromatography/ 

electrospray 

ionization isotope 

dilution mass 

spectrometry 
 

103 participants: no breast milk 

data for 4 individuals and no 

dietary intakes for 9 individuals 

 

3 days dietary records at 45 

days postpartum.  

 

PC supplement or placebo from 

18 weeks of gestation to 90 

days postpartum 

 

Calculated duration of 

pregnancy (from duration of 

treatment) 34–42 weeks (for 

supplementation group) and 

35–43 weeks (for placebo 

group) 

 

Maternal plasma choline 

concentration reported. 

 

Genetic polymorphism 

investigated. 

 

Correlation between breast 

milk concentration of choline 

or plasma concentration of 

choline and total choline 

intake. 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 60 

Reference 

 

n (number 

of samples) 

Country Maternal 

dietary 

intake 

(mg/day) 

Stage of 

lactation 

Choline concentration 

(mg/L) 

 

Analytical method Comments 

   mean ± SE 

(range) 

 mean ± SE median   

Ozarda et al. 

(2014) 

53 

 

 

 

 

 

54 

Turkey Not reported 1–3 days post 

partum 

 

 

 

 

22–180 days post 

partum 

 Free choline  

7.4 (2.2–13.6) (c) 

Total choline 

42.4 (31.4–72.1) (b) (c) 

 

Free choline  

9.7 (7.0–13.9) (c) 

Total choline 

159.6 (130.2–176.6) 
(b) (c) 

 

Free and total choline 

median values at days 

1-3 were significantly 

lower than at days 

22-180. 

In colostrums 

positive correlation 

of water-soluble 

choline compounds 

with CRP in maternal 

serum and negative 

correlation with PC. 

No such correlation 

in mature milk. 

HPLC - 

electrochemical 

detection (HPLC-EC) 

for water-soluble 

choline compounds 

after hydrolysis; 

phospholipid-bound 

choline by enzymatic 

colorimetric method. 

 

Women who provided 

colostrum samples were not the 

same as the women who 

provided the mature milk 

samples. 

 

Term infants. 

 

Expressed milk. 

 

Supplementation of the 

mothers not reported. 

 

Plasma CRP concentration 

reported (relationship between 

serum CRP and breast milk 

content investigated). 

Davenport et 

al. (2015) 

28 

 

 

 

 

 

 

US *Dietary 

choline: 380 

 

(a) Supplement: 

100 

*Total choline 

intake: 480 

(n = 15) 

 

 

5 weeks post 

partum 

 

 

 

 

 

 

mean ± SD 

 

(a) Free choline 

Baseline: 8.9 ± 4.2 

Week 10: 16.5 ± 1.3  

 

(a) Total choline (a) 

Baseline: 136.5 ± 26.0 

Week 10: 104.2 ± 5.2 

 LC-MS/MS 

 

No information about the term 

of the infants. 

 

Expressed milk. 

 

Maternal plasma choline 

concentration reported. 

 

Correlation between breast 

milk concentration of choline 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 61 

Reference 

 

n (number 

of samples) 

Country Maternal 

dietary 

intake 

(mg/day) 

Stage of 

lactation 

Choline concentration 

(mg/L) 

 

Analytical method Comments 

   mean ± SE 

(range) 

 mean ± SE median   

 

(b) 

Supplement: 

550 

*Total choline 

intake:  

930 

(n = 13) 

 

 

 

(b) Free choline 

Baseline: 8.8 ± 5.7 

Week 10: 15.4 ± 1.4 

 

(b) Total choline (a) 

Baseline: 117.1 ± 22.8 

Week 10: 125.0 ± 6.3 

 

All subjects 

Free choline: 

Baseline: 8.8 ± 4.4 

Total choline (a) 

Baseline: 127.5 ± 26.0 

and total choline intake. 

 

Increased circulating plasma 

choline during lactation 

 

The study also had a control 

group (nonpregnant, 

nonlactating women). 

CRP, C-reactive protein; EC, electrochemical detection; GC-MS, gas chromatography-mass spectrometry; GPC, glycerophosphocholine; HPLC, high-performance liquid chromatography; LC-2416 
MS/MS, liquid chromatography–tandem mass spectrometry; PC, phosphatidylcholine; PChol, phosphocholine; SE, standard error; SPM, sphingomyelin; TLC, thin-layer chromatography. 2417 

 2418 
(a): Total choline was the result of the sum of: free choline, phosphatidylcholine, phosphocholine, glycerophosphocholine, sphingomyelin. 2419 
(b): Total choline was the result of the sum of: free choline, phosphocholine, glycerophosphocholine, phospholipid-bound choline. 2420 
(c): Median (P25-P75). 2421 
The values of free choline and total choline concentration in breast milk reported in the articles were expressed in nmol/mL or mmol/L, those values were converted in mg/L using the following 2422 

molecular mass (MM) (for free choline and total choline) = 104.17 g/mol. 2423 
2424 
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Appendix B.  Intervention and observational studies on the relationship between dietary choline and plasma homocysteine concentration 2425 

Author Type of study Subjects 

n, sex, age, 

country 

*Intervention/design 

(trials) 

* Intake 

measurement (cross-

sectional studies) 

* Duration 

(trials) 

* Choline intake 

(mg/day) (cross-

sectional studies) 

tHcy in plasma  

(µmol/L) 

Comment on tHcy in 

plasma  

 

Other outcomes 

     Plasma tHcy(fasting) Post-methionine 
(0.1g/kg) 

  

(Olthof et 

al., 2005) 

Double-blind 

cross-over RCT 

26 (male), 

50-71 years, 
NL 

 

2.6 g choline/day as 
PC, n = 13 

 
No supplement (wash-

out period) 

 
Placebo, n = 13 

 

2 weeks 
 

 
2 weeks 

 

 
2 weeks 

Mean ± SD 

Baseline 15.6 ± 4.0 
Day 15 13.6 ± 2.5 

  
 - 

 

 
Baseline 16.5 ± 4.2 

Day 15 16.6 ± 4.0 

Mean ± SD 

Baseline 27.0 ± 6.1 
Day 15 22.3 ± 3.3 

 
 

 

 
Baseline 31.8 ± 7.0 

Day 15 31.6 ± 6.0 

Choline 2.6 g/day for two 

weeks decreased 
significantly fasting 

plasma tHcy and 6-hour 
post-methionine plasma 

tHcy. 

Choline supplement 

decreased serum folate 
and alkaline 

phosphatase, increased 
serum B6 and TAG; no 

change in cobalamin, 

ALT, AST, GGT, 
creatinine, total, LDL 

and HDL cholesterol. 

(Wallace et 

al., 2012) 

Double-blind 

RCT 

42 (female, 

postmenopaus

al), 49–71 

years, Ireland 

1 g choline/day (as 

bitartrate), n = 19 

 

 

 
 

 

 
Placebo (2.4 g tartaric 

acid)/day, n = 23 

12 weeks Median 

Baseline 9.9 

6 weeks 9.5 

12 weeks 9.7 

 
 

 

 
Baseline 9.7 

6 weeks 10.1 

12 weeks 10.0 

 No significant difference 

of plasma tHcy at 6 and 12 

weeks.  

MTHFR genotype TT 

10.5% in choline group. 

Plasma choline, betaine 

and DMG at six weeks 

significantly higher in 
choline group than 

placebo group 

 
MTHFR genotype TT 

4.3% in placebo group. 

(Atkinson 

et al., 

2008) 

Randomised, 

single-event, 

cross-over 

8 (male), 

19-40 years, 

New Zealand 

500 mg choline as 

chloride 

 

High-choline meal 

(760 mg choline) 

 
High-choline meal 

(760 mg choline) plus 

methionine load 
(100 mg/kg body 

weight) 

 
Low-choline meal 

(< 1 mg choline) 

Once per week 

 

 

Once per week 

 

 
Once per week 

 

 
 

 

 
Once per week 

 

Non-significant decrease. 

 

 

Significant decrease by 

0.77 µmol after 4–6 h. 

 
 

 

 

 

 

 

 
Significant lower rise 

at 4–6 h compared to 

low-choline meal by 
6.9-7.6 µmol/L 

 

 

Choline from a meal has a 

greater tHcy lowering 

effect than supplemental 

choline. Overall the effect 

is moderate.  

Increase of plasma 

betaine except after the 

low-choline/low-betaine 

meal. 

Urinary betaine 

excretion did not change. 
Urinary DMG excretion 

increased after high-

choline meal, not after 
choline supplement 
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Author Type of study Subjects 

n, sex, age, 

country 

*Intervention/design 

(trials) 

* Intake 

measurement (cross-

sectional studies) 

* Duration 

(trials) 

* Choline intake 

(mg/day) (cross-

sectional studies) 

tHcy in plasma  

(µmol/L) 

Comment on tHcy in 

plasma  

 

Other outcomes 

     Plasma tHcy(fasting) Post-methionine 
(0.1g/kg) 

  

(Cho et al., 
2006) 

Cross-sectional 
study in a long-

term cohort, 

offspring of 
Framingham 

cohort, start 

1971, 5th 
examination 

1991–1994  

1 860, (1 040 
females), 

28-82 years, 

USA 

FFQ Energy-adjusted 
Intake 

Total choline (all 

forms): 313 ± 61 
(mean  ± SD) 

Quintiles (mean) 

Q1 234 
Q2 283 

Q3 311 

Q4 339 
Q5 401 

Adjusted for age, sex, 
folate, B6, cobalamine 

intake, smoking, alcohol, 

caffeine, medication, 
serum creatinine 

Geometric mean (95% CI) 

10.6 (10.2, 11.0)  
10.4 (10.0, 10.8) 

10.1 (9.7, 10.5) 

  9.7 (9.3, 10.1) 
  9.8 (9.5, 10.2) 

 Hcy lowering effect 
observed at choline intakes 

< 1 000 mg/day and 

stronger in men than in 
women. 

 

(Lee et al., 

2010a) 

(follow-up 

from (Cho 

et al., 

2006)) 

Cross-sectional 

study in long-

term cohort 

study, 

Framingham 

Offspring study 
started 

1971-1974 

2 732 (1 325 

male), 29–86 

years, USA 

FFQ, 6th examination 

1995-1998 

Energy-adjusted 

total intake  

Total choline (all 

forms): 308 ± 56 

(mean  ± SD) 

 
Quintiles 

(median ± SD) 
Q1 234±25 

Q2 278 ± 9 

Q3 305 ± 7 
Q4 334 ± 10 

Q5 379 ± 36 

Adjusted for age, sex, 

folate, B6, cobalamin 

intake, smoking, alcohol, 

caffeine, total energy, 

serum creatinine 

 
Geometric mean (95% CI) 

 
10.1 (9.8, 10.4)  

10.1 (9.8, 10.4) 

  9.7 (9.5, 10.0) 
  9.7 (9.4, 9.9) 

  9.7 (9.4, 9.9) 

p for trend 0.001 

 

 

 

 

 

 
Geometric mean (95% 

CI) 
24.5 (23.8, 25.3) 

25.6 (24.8, 26.4) 

24.0 (23.3, 24.8) 
24.4 (23.7, 25.2 

24.3 (23.6, 25.0) 

N.S. 

Inverse association 

between choline intake and 

either fasting or post-

methionine plasma tHcy 

before folic acid 

fortification in the USA, 
not after. 

Association strongest for 
GPC and stronger for men 

than women.  

Choline intake quintiles 

differ from 1 to 5 by 

145 mg/day only. 

(Chiuve et 
al., 2007) 

Cross-sectional 
study within 

long-term 

cohort, Nurses’ 
Health Study 

(NHS) and 

NHS 2; 
start 1976 

and 1989, 

respectively 

1 477 
(healthy 

premenopaus

al females), 
867 NHS 

(30–55 years 

at inclusion), 
510 NHS2 

(25-42 years 

at inclusion), 
USA 

FFQ 1984, 1986, 1990 
for NHS, and 1991, 

1995, 1999 for NHS 2;  

Energy-adjusted 
intake  

Total choline (all 

forms) 
Quintiles (median) 

Q1 265  

Q2 297 
Q3 323 

Q4 345 

Q5 385 
  

Adjusted for age 
 

 

 
Median ± SEM 

11.4 ± 0.3 

10.7 ± 0.2 
10.7 ± 0.2 

10.2 ± 0.2 

10.1 ± 0.3 

 Inverse relationship 
between plasma tHcy (age-

adjusted, or further 

adjusted for diet and other 
lifestyle factors) and 1) 

total choline intake or 2) 

choline intake from PChol 
and GPC, particularly if 

folate intake is low; 

no relationship when 
further adjusting for 

riboflavin and folate intake 

 

ALT, alanine transaminase; AST, aspartate transaminase; DMG, dimethylglycine; CI, confidence interval; FFQ, food frequency questionnaire; GGT, γ-glutamyltransferase; GPC, 2426 
glycerophosphocholine; HDL, high-density lipoproteins; LDL, low-density lipoproteins; MTHFR, methylene-tetrahydrofolate reductase; NHS, Nurses’ Health Study; NL, the Netherlands; 2427 
N.S., not significant; PC, phosphatidylcholine; Q, quintile; RCT, randomised controlled trial; SD, standard deviation; TAG, triacylgycerols; tHcy, total homocysteine. 2428 
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Appendix C.  SNPs of genes coding for enzymes involved in choline metabolism and their 2429 

impact on choline requirement and/or risk to develop organ dysfunction while 2430 

being fed a low-choline diet 2431 

Enzyme gene rs number Base pair and 

change 

Comments 

Phosphatidylethanolamine 

methyltransferase (PEMT) 

(about 100 SNPs),  
 

rs12325817 

rs4646343 

rs37601188 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

rs7946(3) 
 

 

 
 

 

 
 

 

-744G → C 

C → A 

G→ A  
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

+5465 G→ A 
 

Three SNPs that decrease the estrogen responsive PEMT induction (da Costa 

et al., 2014) associated with increased risk of choline deficiency on choline 

depletion. May increase the dietary requirement of choline. Eighteen of 
23 female carriers of the variant rs12325817 allele developed organ 

dysfunction on choline depletion (OR of 25; 95% CI 2.0-256.0; p = 0.002), 

but men did not (da Costa et al., 2006b). Fischer et al. (2010a) found a gene 
dose-response relationship in 27 premenopausal women to develop signs of 

choline deficiency on choline depletion: 80%, 43 % and 13% with two, one 
and zero variant alleles, repectively developed liver dysfunction. Eleven of 

22 postmenopausal women subjected to the standard choline 

depletion/repletion experiment who received oestrogen were four times less 
likely to develop choline-deficiency associated liver dysfunction than 

11 women who received placebo.  

The rs12325817 CC genotype was associated with an increased risk for 
breast cancer mortality compared to the GG genotype (OR 1.30, 95% CI 

1.01-1.67) (Xu et al., 2008). 

About 75% of the North Carolina population is carrier of at least one 
rs12325817 C allele and 18% are homozygous for the variant allele (Corbin 

and Zeisel, 2012). The rs12325817 allele was associated in 92% of 64 

women with a rs4646343 allele (Kohlmeier et al., 2005; da Costa et al., 
2006b; Resseguie et al., 2011). 

 

Despite 30% loss of function, no increased susceptibility to choline 
deficiency (da Costa et al., 2006b). The PEMT rs79463 SNP is found more 

frequently in people with fatty liver consuming a low-choline diet (Ivanov et 

al., 2009) and in 67.9% of patients with NAFLD (healthy subjects 40.7%) 
(Song et al., 2005) 

Attenuates rise in plasma Hcy in men with the MTHFR 677TT genotype 

(Caudill et al., 2009). 
Gene frequency in 43 Mexican-American women: GG 3, GA 19, AA 21 

(Ivanov et al., 2009).  

All effect alleles of PEMT occur frequently in American subjects of 
European origin (homozygosity 24-60%), followed by Mexican origin 

(9-12%) and least in subjects of Asian or African descent (Da Costa et al., 

2014). 
Carrier status of offspring without effect on umbilical cord blood choline and 

its metabolites (Visentin et al., 2015). 

Methylenetetrahydrofolate 
dehydrogenase1 

(MTHFD1) 

rs2236225  1958G → A  - 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

Decreases the availability of methyl-THF for Hcy remethylation and 
increases reliance on choline-derived methyl groups. May increase the 

dietary requirement of choline and reduce the synthesis of PC (Ivanov et al., 

2009): in a choline depletion/repletion study on 54 healthy adults (n = 26 
men and n = 28 women), more than half of the participants developed organ 

dysfunction associated with choline deficiency. Signs of choline deficiency 

were significantly (> 15 times in premenopausal women) more likely to 

occur in subjects who were carriers of the A allele of the SNP rs2236225 of 

MTHFD1 (OR 7.0; 95% CI 2.0-25.0, p < 0.01) than in non-carriers during 

the low-choline diet, unless they were also treated with a folic acid 
supplement (Kohlmeier et al., 2005). 

Homozygous mothers for the SNP were found to have a 1.5–2 fold increased 

risk of carrying a child with an NTD (Brody et al., 2002). 
Carrier status of offspring without effect on umbilical cord blood choline and 

its metabolites (Visentin et al., 2015). 

63% of subjects investigated in North Carolina possessed at least one allele 
of this SNP and 11% were homozygous carriers (da Costa et al., 2006b; 

Corbin and Zeisel, 2012). 
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Enzyme gene rs number Base pair and 

change 

Comments 

Choline dehydrogenase 

(CHDH) 

rs9001 +114 A → C Carriers may be protected against organ dysfunction upon choline depletion 

(OR 0.2; 95% CI 0.05–0.7, p = 0.03) (da Costa et al., 2006b). 

 
 rs12676 +233 G → T May increase the dietary requirement of choline in carriers of the variant 

associated with increased susceptibiliy to choline deficiency upon choline 

depletion in premenopausal women (OR 20.0; 95% CI 1.0-282.0; p = 0.04) 
(da Costa et al., 2006b).  

The T allele was associated with an increased risk (OR 1.19, 95% CI 

1.00-1.41) for breast cancer compared to the major G allele (Xu et al., 2008).  
Forty and 75% lower ATP concentration in sperm of men with GT (n = 18) 

and TT (n = 5) genotypes compared to the GG (n = 17) genotype, 

respectively (Johnson et al., 2012). The TT genotype is present in 9% of the 
North Carolina population, the prevalence of the GT genotype is 45% 

(Johnson et al., 2012). 

Carrier status of offspring without effect on umbilical cord blood choline and 

its metabolites (Visentin et al., 2015). 

Betainehomocysteine 

methyltransferase 
(BHMT) 

rs3733890 +742G → A Not associated with susceptibility to choline deficiency (da Costa et al., 

2006b).  
This polymorphism was not associated with breast cancer risk (Xu et al., 

2008), but with a reduced risk of breast cancer mortality (Xu et al., 2009).  

Carrier status of offspring without effect on umbilical cord blood choline and 
its metabolites (Visentin et al., 2015). 

Choline kinase A (CHKA) rs7928739 

rs10791957 
rs2512612 

 

 
 

 

 
 

 

Rs6591331  
 

A → C  

A → C 
A → G 

 

 
 

 

 
 

 

A → T 
 

Three SNPs associated with a decreased risk for organ dysfunction on 

choline depletion in homozygotes (da Costa et al., 2014).  
Frequency is highest in subjects of African descent followed by Asian and 

European origin and least frequent in subjects of Mexican origin (da Costa et 

al., 2014). 
In a case control study on 103 cases of spina bifida and of 338 controls, the 

CHK SNP (rs7928739) genotype with at least one C allele was associated 

with a reduced risk of spina bifida (OR = 0.60, 95% CI = 0.38–0.94) (Enaw 
et al., 2006). 

 

Associated with increased risk for organ dysfunction in postmenopausal 
women on choline depletion in homozygotes (da Costa et al., 2014).  

Choline kinase B (CHKB) rs1557502 G → A 

 

Associated with an increased risk for muscle damage on choline depletion 

(da Costa et al., 2014). Most frequent in subjects of African descent, least 

frequent with European origin (da Costa et al., 2014). Nine of ten subjects 
who developed muscle damage were heterozygous or homozygous carriers 

of the effect alleles for SLC44A1 rs2771040 (G) and CHKB rs1557502 (A). 

CTP:phosphocholine 
cytidyltransferase (CCT) 

rs939883 T → A 
 

In a case control study on 103 cases of spina bifida and of 338 controls, the 
CCT rs939883 genotype AA was associated with an increased risk of spina 

bifida (OR = 1.89, 95% CI = 0.97–3.67) (Enaw et al., 2006). 

Solute carrier 44A1 

(choline transporter) 
(SLC44A1) 

rs7873937 

rs2771040 
rs6479313 

rs16924529 

rs3199966 

C → G 

A → G 
C → G 

G → A 

A → C 

Associated with an increased risk for muscle damage on choline depletion 

with a low-choline diet (da Costa et al., 2014). Nine of ten subjects who 
developed muscle damage were heterozygous or homozygous carriers of the 

effect alleles for SLC44A1 rs2771040 (G) and CHKB rs1557502 (A). 

Most frequent in subjects of African descent, least frequent with Asian origin 
(da Costa et al., 2014). 

Methylenetetrahydrofolate 

reductase (MTHFR) 

rs1801133 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

rs1801131 

 

677C → T 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

1298A → C 

Thermolabile enzyme, increases the reliance on choline-derived methyl 

groups for Hcy remethylation.when folate intake is insufficient (Yan et al., 

2011). Significantly increased plasma Hcy, decreased plasma PC and SPM 

with low folate status/intake in both men and women with either CC (n = 28) 

or TT (n = 17) genotype, but no change in plasma choline and leukocyte 
global DNA methylation. Women with the TT genotype had a 10.3% 

increase in plasma PC while consuming adequate amounts of folate and 

choline. No changes in plasma PC in response to diet in subjects with the CC 
genotype (Abratte et al., 2009). 

In 60 healthy men, 29 with the TT genotype and 31 with the CC genotype, an 

intake of 300 mg choline/day for 12 weeks was sufficient to maintain liver 
and kidney function, but 438 µg DFE/day did not prevent a rise in plasma 

tHcy in subjects with the TT genotype. Under these conditions, choline 

supplementation (up to 1 900 mg/day) had no effect on plasma tHcy and 
serum folate concentrations. Choline intake decreased DNA methylation in 

subjects with the CC genotype but not in TT subjects (Solis et al., 2008; 

Veenema et al., 2008; Caudill et al., 2009). 
Carrier status of offspring without effect on umbilical cord blood choline and 

its metabolites (Visentin et al., 2015). 

TT genotype frequency varies between ethnic groups (2-35%). 
 

Reduced enzyme activity; no association with risk for choline deficiency in 

choline depletion/repletion studies (Kohlmeier et al., 2005). 
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ATP, adenosine triphosphate; BHMT, betaine-homocysteine methyltransferase; CCT, CTP:phosphocholine 2432 
cytidyltransferase, CHDH, choline dehydrogenase; CHK, choline kinase; CI, confidence interval; DFE, dietary folate 2433 
equivalent; DNA, deoxyribonucleic acid; Hcy, homocysteine; MTHFD1, 5,10-methylene-tetrahydrofolate 2434 
dehydrogenase 1; MTHFR, methylene-tetrahydrofolate reductase; NTD, neural tube defect; OR, odds-ratio; PC, 2435 
phosphatidylcholine; PEMT, phosphatidylethanolamine N-methyltransferase; SLC44A1, solute carrier family 44 2436 
(choline transporter); SNP, single-nucleotide polymorphism; SPM, sphingomyelin. 2437 

 2438 
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Appendix D.  Depletion/repletion studies for choline 2439 

(choline intake per 70 kg body weight per day) 2440 

Author Aim of 

investigation 

Duration 

Outcome 

measurements 

Participants Design/duration Results Comment 

(Zeisel et 

al., 1991)  

 
 

1* 

Experimental 

choline 

deficiency in 
humans  

 

Choline, PC in 

plasma; PC in red 

blood cells; liver and 
kidney function, 

blood lipids, liver 

size and density by 
CT 

Male, n = 15, 

healthy 

A  controls n = 
6, mean age 

26.8 years;  

B depleted 
n = 8, mean 

age 29.1 years 

One recruited 
control subject 

was excluded 

(abnormal liver 
function tests 

on day 1) 

Metabolic unit; 

Week 1: A and B: baseline 

diet (13 mg/70 kg body 
weight per day) + 500 mg/day 

choline 

Week 2-4: 
A: baseline diet + 500 mg/day 

choline 

B: baseline diet + placebo 
 

 

 
 

Week 5 (i.e. 35 days): 

A: baseline diet + 500 mg/day 
choline 

B: baseline diet + 500 mg/day 

choline 

 

Week 1: choline in plasma 9.6–10.9 µmol/L; plasma PC 

1.3-2.0 mmol/L 
 

 

Week 4: 
A: no change in plasma choline/PC, increase by 14% in 

red blood cell PC, no change in ALT  

B: choline in plasma decreased by 30%, plasma PC (as % 
of day 7 value) decreased by 30%, decrease in red blood 

cell PC by 15%; significant increase in ALT by 50%; 

non-significant increase in liver size 
 

Week 5: 

A: no change 
 

B: plasma choline, plasma PC, ALT return to baseline 

Plasma choline, plasma PC and serum ALT 

activity expressed as a change from day 7 to 

day 28. 
Three-week depletion of dietary choline 

(513 to 13 mg choline/day) significantly 

decreased plasma choline and PC and 
increases serum ALT activity in all subjects. 

No effects on other hepatic or kidney 

function parameters. 

(Kohlmeier 
et al., 

2005) 
 

2 

Influence of 
genetic variants 

of folate 
metabolism on 

susceptibility to 

choline 

deficiency. 

 

Liver by MRI, 
CK in serum, 

Plasma folate, plasma 
tHcy, SAM, SAH;  

tHcy response to 

methionine load 

before and after 

depletion; genotyping 

for MTHFR, 
MTHFD1 and RFC1 

(reduced folate 

carrier1) 

n = 54,  
female n = 28, 

mean age 
38.7 years, 

healthy  

Metabolic unit 
Baseline: 10 days, 550 mg 

choline/70 kg body weight per 
day+ 400 µg folic acid 

Depletion (up to 42 days): 

< 50 mg choline/70 kg body 

weight per day and 100 µg 

folate/day 

A plus 400 µg folic acid/day 
B placebo 

Repletion (increasing amount 

(137–550 mg/70 kg body 
weight per day) up to 

> 550 mg choline per day for 

≥ 3 days)   

Organ dysfunction 

12/54 subjects 5-fold increase in CK 

24/54 increase (at least by 28 %) in liver fat content,  
no effect of folate intake 

Genotyping and % symptomatic choline deficiency:  

MTHFD1 1958 GG n = 20:   40% 

MTHFD1 1958 GA n = 28:   82% 

MTHFD1 1958 AA n = 6:     83% 

GG versus GA/AA OR 7.0 (95% CI 2.0–25) p = 0.007 

RFC1 80 AG n = 20:             70% 

RFC1 80 GG n = 15:             73% 

AA versus AG/GG OR 1.82 (95% CI 0.56-5.9) N.S. 
Mean serum folate significantly lower in subjects with 

low folate intake (22.1 (B) versus 28.3 mmol/L (A)) 

without effect by genetic polymorphism. 

More than 50% of the participants developed 
signs of organ dysfunction when consuming 

< 50 mg/70 kg body weight per day. 
Susceptibility to develop signs of choline 

deficiency on a 50 mg/70 kg body weight 

per day-choline diet greater in carriers of the 

MTHFD1 G1958A polymorphism: OR 7.0 

(95% CI 2.0–25; p < 0.01) unless they 

received additional folic acid. 
Susceptibility to develop signs of choline 

deficiency not influenced by polymorphism 

of MTHFR or RFC1. 
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Author Aim of 

investigation 

Duration 

Outcome 

measurements 

Participants Design/duration Results Comment 

(da Costa 

et al., 
2005) 

 

3 

Choline 

deficiency and 
capacity to 

methylate tHcy 

 
 

Total plasma tHcy, 

before and after Met 
load (100 mg/kg 

body weight) before 

and after choline 
depletion and 

repletion, 

plasma choline, 
betaine, PC, folate 

liver fat by MRI. 

n = 8 males, 

age 
20-46 years, 

healthy 

Standardised 

depletion/repletion design 
Baseline diet (10 days): 

550 mg choline/70 kg body 

weight per day + 400 
DFE/day 

Depletion diet (up to 42 

days): < 50 mg choline/70 kg 
body weight per day 

Repletion diet: 

1) subjects not clinically 
choline deficient: 550 mg 

choline diet for three days 

2) subjects clinically choline 
deficient: graded amounts of 

choline sequentially in 

10 days periods (138, 275, 
413, 550 mg/70 kg body 

weight per day until hepatic 

steatosis resolved). 

Organ dysfunction 

4/8 increase in liver fat 

tHcy in plasma 

Depletion fasting tHcy significantly increased by 

1.3 µmol/L in clinically choline-deficient participants (no 
significant change in the non-deficient subjects) 

Choline in plasma (mean) 

Before depletion 10 µmol/L 
Clinically depleted 7 µmol/L 

Not clinically depleted 7 µmol/L 

PC in plasma (mean) 

Before depletion 1 818 µmol/L 

Clinically depleted 1 564 µmol/L 

Not clinically depleted 1 834 µmol/L 

Betaine in plasma (mean) 

Before depletion 66 µmol/L 

Clinically depleted 36 µmol/L 
Not clinically depleted 34 µmol/L 

Half of the participants developed signs of 

liver dysfunction when consuming < 50 mg 
choline/70 kg body weight per day; no 

difference in change in plasma choline (or 

betaine) between those with and without 
organ dysfunction. 

 

(da Costa 

et al., 

2006b) 
 

 

3 

Choline 

deficiency and 

lymphocyte 
apoptosis and 

DNA damage 

 
 

CK, liver fat by MRI, 

24 h-urine choline 

and betaine, plasma 
folate,  

peripheral 

lymphocytes at 
baseline, after 

depletion and 

repletion: DNA 

fragmentation 

(TUNEL) and strand 

breaks (COMET), 
activated caspase-3 

(used as a marker for 

apoptosis). 

n = 51, 

n = 31 female, 

age 
18-70 years, 

healthy 

Metabolic unit. 

Standardised 

depletion/repletion design 
Baseline diet (10 days): 

550 mg choline/70 kg body 

weight per day + 400 
DFE/day 

Depletion diet (up to 42 

days): < 50 mg choline/70 kg 

body weight per day and 100 

DFE/day 

A plus 400 µg folic acid/day, 
n = 26 

B placebo, n = 25 

Repletion diet 
1) subjects not clinically 

choline deficient: 550 mg 

choline diet for three days 
2) subjects clinically choline 

deficient: graded amounts of 

choline sequentially in 

10 days periods (137.5, 275, 

412.5 and 550 mg/70 kg body 

weight per day and > 550 mg 
for three days. 

Organ dysfunction 

33/51, including 

26/51 liver dysfunction (18 females) 
1/51 muscle dysfunction only 

6/51 both liver and muscle dysfunction  

returning to normal after choline repletion 

Plasma folate 

Significant decrease during choline depletion without 

extra folic acid: 26.0 to 21.4 µmol/L (and p = 0.0003 

without folate supplementation) 

24-h urine choline and betaine  

Decrease from about 25 to 10 and from 80 to about 
30 µmol/g creatinine, respectively with choline depletion 

Activated caspase-3 assay in lymphocytes 

Higher amounts in cells from clinically choline deficient 
subjects, compared to non-deficient subjects (p < 0.05) 

TUNEL assay 

More TUNEL-positive lymphocyte cells during choline 
depletion with or without organ dysfunction, without 

folic acid supplement (p = 0.026). 

COMET assay 

COMET-Tail moment increase during choline depletion 

compared to baseline 

Choline deficiency is associated with in vitro 

signs of DNA damage and of apoptosis in 

peripheral lymphocytes. 
 



Dietary Reference Values for choline 

 

EFSA Journal 2016;volume(issue):NNNN 69 

Author Aim of 

investigation 

Duration 

Outcome 

measurements 

Participants Design/duration Results Comment 

(Fischer et 

al., 2007) 
 

 

3 
 
 

Dietary 

requirement in 
healthy men 

and women and 

clinical 
sequelae of 

choline 

deficiency 
 

 

Plasma choline, PC, 

SAM, SAH, Met, 
tHcy, methylglycine 

and DMG 

CK, 
Fat in liver by MRI  

n = 57, 

n = 16 pre-
menopausal 

women, 

n = 15 post-
menopausal 

women, 

n = 26 men 
Age 

18-70 years, 

healthy 

Metabolic unit. 

Standardised 
depletion/repletion design  

 

Baseline diet (10 days): 
550 mg choline/70 kg body 

weight per day + 400 

DFE/day 
Depletion diet (up to 42 

days): < 50 mg choline/70 kg 

body weight per day + 100 
DFE/day 

A plus 400 µg folic acid/day 

B placebo 
Repletion diet: 

1) subjects not clinically 

choline deficient: 550 mg 
choline diet for three days 

2) subjects clinically choline 

deficient: graded amounts of 
choline sequentially in 10 

days periods (137.5, 275, 
412.5 and 550 mg/70 kg body 

weight per day, then > 550 mg 

for three days). 

Organ dysfunction 

39/57 as by changes in CK, AST, ALT, LDH or by 
hepatic steatosis, of which: 

1) 6 while on 550 mg choline baseline diet 

(550 mg/70 kg body weight per day), all men 
2) 33 while on low-choline diet (50 mg/70 kg body 

weight per day): 14/20 men (70%), 7/16 (44%) 

premenopausal women 12/15 (80%) postmenopausal 
women;  

with liver steatosis alone: in 8/20 men, 

12/15 postmenopausal women and 6/16 premenopausal 
women. . 

Choline (metabolites) in plasma on depletion:  

Choline decrease by 28–33%, betaine by ≈50%, PC only 

in subjects with organ dysfunction, Met decreased only 
in subjects with organ dysfunction, DMG and MG 

decreased, tHcy increased, SAM and SAH did not 

change. 

Serum uric acid increased in all subjects during depletion 

Repletion of choline depleted subjects: see Table 2, 

Section 5.1.1.3 

Most men and postmenopausal women 

(68.4%) developed clinical choline 
deficiency when on < 50 mg choline/day 

independent on folate intake.  

18/57 subjects did not develop signs of 
choline deficiency with < 50 mg 

choline/day;  

(Niculescu 
et al., 

2007) 

 

 

3 

Organ 
dysfunction on 

low-choline diet 

and SNPs in 

genes involved 

in choline and 

folate 
metabolism/  

Liver fat by MRI, 
CK in serum, 

Peripheral 

lymphocytes at 

10 days and after 

depletion for 

genotyping 
MTHFD1, PEMT, 

CHDH and for 

change in expression 
with low-choline diet 

and DNA 

methylation 

n = 33, age 
20-67 years, 

19 women, 

healthy 

Metabolic unit. 
Standardised 

depletion/repletion design. 

Baseline diet (10 days): 

550 mg choline/70 kg body 

weight/day + 400 DFE/day 

Depletion diet (up to 42 
days): < 50 mg choline/70 kg 

body weight per day 

A plus 400 µg folic acid/day 
B placebo 

Repletion diet 

No outcome measurements indicative of choline 
requirement 

Previous studies showed that the PEMT 
(rs12325817) and MTHFD1 (rs2236225) 

SNPs predispose subjects to develop organ 

dysfunction when they consume a low-

choline diet (Kohlmeier et al., 2005; da 

Costa et al., 2006b). 

At baseline, subjects with the PEMT 
(rs12325817) and MTHFD1 (rs2236225) 

SNPs, compared with subjects without the 

SNPs, had a different expression of genes 
involved in apoptosis, the DNA damage 

checkpoint, and cell proliferation control.  

This suggests that the presence of the PEMT 
and MTHFD1 genotypes can lead to 

differences in the phenotypes at baseline (i.e. 

even before consuming a low-choline diet). 

Subjects may differ in their susceptibility to 

dietary choline deficiency. In women who 

are carriers of the PEMT allele, the risk of 
choline deficiency is higher. 
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Author Aim of 

investigation 

Duration 

Outcome 

measurements 

Participants Design/duration Results Comment 

(Fischer et 

al., 2010a) 
 

 

4 

Low-choline 

related organ 
dysfunction, in 

relation to 

number of 
alleles of 

rs12325817 in 

premenopausal 
women, and in 

relation to 

oestrogen in 
postmenopausal 

women 

Liver fat by MRI , 

CK, AST, ALT 
Plasma choline 

(metabolites)  

Genotyping for 
PEMT rs12325817 

 

A: n = 27 pre-

menopausal 
women, age 

18–49 years. 

B: n = 22 post- 
menopausal 

women, age 

50–73 years, 
randomised to 

receive 

oestrogen (B1) 
or placebo 

(B2). 

Healthy. 

Metabolic unit. 

Standardised 
depletion/repletion 

 

Baseline diet (10 days): 
550 mg choline/70 kg body 

weight per day 

Depletion diet (up to 42 
days): < 50 mg choline/70 kg 

body weight per day 

Repletion diet: 
550–850 mg/70 kg body 

weight per day for up to 10 

days. If signs of organ 
dysfunction did not resolve 

after 10 days of repletion diet: 

ad libitum diet for two weeks 

Among premenopausal women: 11/27 developed 

choline deficiency/organ dysfunction. There was a dose-
response effect of rs12325817 on the risk of choline 

related organ dysfunction: 80%, 43%, and 13% of 

women with 2, 1, or 0 alleles, respectively, developed 
organ dysfunction during the low-choline diet. 

Among postmenopausal women: only 2/11 (18%) who 

received oestrogen (B1) and 8/11 (73%) who received 
placebo (B2), developed organ dysfunction during the 

low-choline diet. 

Dietary requirement for choline is higher in 

postmenopausal women (because of their 
lower oestrogen concentrations) than in 

premenopausal women.  

Choline requirements for both groups of 
women are further increased by rs12325817. 

80% of homozygous women develop organ 

dysfunction on the depletion diet versus 43% 
of those with one copy and 13% of women 

homozygous for the wildtype. 

No oestrogen versus oestrogen increases 
four-fold the risk for organ dysfunction on 

the depletion diet. OEstrogen mitigates the 

effect of the PEMT SNP. OEstrogen may 
decrease choline requirement in 

postmenopausal women. 

(Sha et al., 

2010) 

 
 

 

3 

Metabolomic 

profiling to 

predict organ 
dysfunction 

with deficient 

choline intake 

Liver fat by MRI 

CK,  

AST, ALT 
Plasma choline 

(metabolites), Met, 

Hcy, sarcosine, 
DMG, cysteine, 

cystathionine,  

Metabolomic 
analysis of plasma  

n = 53, n = 30 

women, age 

18–70 years, 
healthy 

Metabolic unit. 

Standardised 

depletion/repletion design  
 

Baseline diet (10 days): 

550 mg choline/70 kg body 
weight per day 

Depletion diet (up to 42 

days): < 50 mg choline/70 kg 
body weight per day 

Repletion diet (≥ three days, 

(≥ 550 mg/70 kg body weight 

per day) 

 

Organ dysfunction 

Baseline diet: 9 (17%) developed fatty liver (n = 4) or 

muscle dysfunction (n = 5), without special metabolome 
Depletion (n = 44): 

23 fatty liver, 5 muscle dysfunction 

Higher plasma Hcy, cysteine, cystathionine, keto-acids at 
baseline in subjects who later develop fatty liver. 

Choline deficiency increased plasma carnitine and acyl-

carnitine, decreased pyridoxate.  
Baseline plasma choline has no predictive value. 

Metabolomic profiles of subjects at baseline 

could predict the development of liver 

dysfunction when deprived of dietary 
choline 

(Spencer et 
al., 2011) 

 

4 
 

Choline 
deficiency and 

hepatic steatosis 

and gut 
microbiome  

/2 months 

Liver fat by MRI 
CK 

AST, ALT  

Sequencing of the 
16S RNA bacterial 

genes in stool; 

genotyping of PEMT 
promoter SNP 

rs12325817  

n = 15 females, 
age not 

reported, 

healthy 

Standardised 
depletion/repletion design 

 

Baseline diet (10 days): 
550 mg choline/70 kg body 

weight per day 

Depletion diet (up to 42 
days): < 50 mg choline/70 kg 

body weight per day 

Repletion diet (10 days, 

(≥ 850 mg/70 kg body weight 

per day) 

 

No statistically significant general microbial convergence 
with choline depletion 

Host factors as well as gut bacteria respond 
to dietary choline deficiency, but individual 

microbiota persist although all subjects 

consumed the same diets.  
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Author Aim of 

investigation 

Duration 

Outcome 

measurements 

Participants Design/duration Results Comment 

Da Costa et 

al., 2011 
 

3+4 

PC-DHA 

plasma 
concentration 

used as a non-

invasive marker 
of liver PEMT 

activity 

Plasma DHA, PC-

DHA, ratio PC-
DHA/total PC 

n = 72, age 

18-70 years; 
n = 20 men; 

n = 52 women 

of which 
n = 25 post-

menopausal 

and n = 27 pre-
menopausal 

Standardised 

depletion/repletion design. 
 

Baseline diet (10 days): 

550 mg choline/70 kg body 
weight/day  

Depletion diet (up to 42 

days): < 50 mg choline/70 kg 
body weight per day 

Repletion diet 

70% of the subjects possess at least one 

PEMTrs12325817 allele. 
 

Plasma ratio PC-DHA/total PC higher in 

pre-menopausal women than men or post-
menopausal (at baseline and even when a 

low-choline diet).  

Plasma PC-DHA/total PC at baseline and 
PEMT activity in liver: lower in pre-

menopausal women homozygous for the 

rs12325817 polymorphism in the PEMT 
gene. 

Da Costa et 
al., 2014 

 

3+4 

Identification of 
effect alleles of 

SNPs known to 

influence 
dietary 

requirement for 

choline 

DNA concentration 
by spectrometry; 

genotyping of alleles 

n = 79, 
18-70 years 

old; 

n = 26 men 
n = 53 women 

of which 

n = 26 post- 
and n = 27 pre-

menopausal 

Standardised 
depletion/repletion design 

 

Baseline diet (10 days): 
550 mg choline/70 kg body 

weight/day  

Depletion diet (up to 42 
days): < 50 mg choline/70 kg 

body weight per day 

Repletion diet 

Effect alleles identified of SNPs in genes for the choline 
transporter (SCC44A1) and choline kinase A and B (see 

Appendix C). 

Choline deficiency related organ dysfunction (liver or 
muscle: 50/79, including 

20 of 26 postmenopausal women,  

11 of 27 premenopausal women 
19 of 26 men  

29 of 79 healthy subjects did not develop 
organ dysfunction while consuming a low-

choline diet for six weeks. 

 

*Same numbers in the column “author” indicate references providing data from the same cohort. 2441 
ALT, alanine aminotransferase; AST, aspartate aminotransferas; CHDH, choline dehydrogenase; CK, creatine kinase; CT, computerised tomography; DHA, docosahexaenoic acid; DMG, 2442 

dimethylglycine; CI, confidence interval; COMET, single-cell gel electrophoresis, DFE, dietary folate equivalent, DNA, deoxyribonucleic acid; LDH, lactate deshydrogenase; Met, 2443 
methionine; MRI, magnetic resonance imaging; MG, methylglycine; MTHFD1, 5,10-methylene-tetrahydrofolate dehydrogenase 1; MTHFR, Methylene-tetrahydrofolate reductase; N.S., not 2444 
significant; OR, odds-ratio; PC, phosphatidylcholine; PEMT, phosphatidylethanolamine N-methyltransferase; RFC1, reduced folate carrier 1; RNA, ribonucleic acid; SAH, S-2445 
adenosylhomocysteine; SAM, S-adenosyl-methionine; SNP, single-nucleotide polymorphism; tHcy, total homocysteine; TUNEL, terminal deoxynucleotidyl transferase mediated dUTP 2446 
nick end labeling. 2447 

 2448 
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ABBREVIATIONS  2449 

Afssa Agence française de sécurité sanitaire des aliments 

AI Adequate intake 

ALT Alanine aminotransferase 

AR Average requirement 

ARA Arachidonic acid 

ARIC Atherosclerosis Risk in Communities 

AST Aspartate aminotransferase 

ATP Adenosine triphosphate 

BADH  Betaine aldehyde dehydrogenase  

BE Barrett esophagus 

BHMT Betaine-homocysteine methyltransferase 

BMI Body mass index 

bw Body weight 

CCT  Phosphocholine cytidyltransferase 

CDP Cytidine 5-diphosphate 

CHK Choline kinase 

CHKA Choline kinase A 

CHKB Choline kinase B 

CHD Coronary heart disease 

CHDH Choline dehydrogenase or choline oxidase 

CI Confidence Interval 

CK Creatine (phospho)kinase 

COMA Committee on Medical Aspects of Food Policy 

COMET Single-cell gel electrophoresis 

CPT Cytidine 5-diphosphate-choline 

CRC Colorectal cancer 

CRP C-reactive protein 
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CT Computerised tomography 

CTL1 Choline transporter-like protein 1 

CTP Cytidine triphosphate 

CVA Cerebrovascular accident 

CVD Cardiovascular disease 

D-A-CH Deutschland-Austria-Confoederatio Helvetica 

DFE Dietary folate equivalent 

DMG Dimethylglycine 

DH Department of Health 

DHA Docosahexaenoic acid 

DNA Deoxyribonucleic acid 

DRV Dietary Reference Values  

EAC Oesophageal adenocarcinoma 

EAR Estimated Average Requirement 

EC European Commission 

ECG Electrocardiogram 

EFSA European Food Safety Authority 

EGJAC Oesophagogastric junction adenocarcinoma 

ESCC Oesophageal squamous cell carcinoma 

EU European Union 

FAO Food and Agriculture Organization 

FFQ Food frequency questionnaire 

FMO3 Flavin-containing monooxygenase isoform 3 

GC-MS Gas chromatographys-mass spectrometry 

GGT γ-glutamyltransferase 

GPC Glycerophosphocholine 

Hcy Homocysteine 

HDL High-density lipoprotein 
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HILIC LC-MS/MS Hydrophilic interaction liquid chromatography-tandem mass 

spectrometry 

HPLC High-performance liquid chromatography 

HR Hazard ratio 

IOM U.S. Institute of Medicine of the National Academy of Sciences 

Km Michaelis constant 

LDH Lactate dehydrogenase 

LDL Low-density lipoprotein 

LOAEL Lowest Observed Adverse Effect Level 

Met Methionine 

MG Methylglycine 

MI Myocardial Infarction 

MIDA Multiple isotopomerdistribution analysis 

MM Molecular mass 

MRI Magnetic resonance imaging 

MRS Magnetic resonance spectrometry 

MS Methionone synthase 

MTHFD1 5,10-methylenetetrahydrofolate dehydrogenase 1 

MTHFR Methylenetetrahydrofolate reductase 

NAFLD Non-alcoholic fatty liver disease 

NHS Nurses’ Health Study 

NHANES National Health and Nutrition Examination Survey 

NORCCAP Norwegian Colorectal Cancer Prevention  

N.S. Not significant 

NTD Neural tube defect 

OR Odds ratio 

PC Phosphatidylcholine 

PChol Phosphocholine 
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PE Phosphatidylethanolamine 

PEMT Phosphatidylethanolamine N-methyltransferase 

PL Phospholipase 

Q Quintile 

RCT Randomised controlled trial 

RDA Recommended Dietary Allowance 

RFC1 Reduced folate carrier 1 

RNA Ribonucleic acid 

RR Relative risk 

SAH S-adenosylhomocysteine 

SAH-H S-adenosylhomocysteine hydrolase 

SAM S-adenosyl-methionine 

SCF Scientific Committee for Food 

SD Standard deviation 

SEM Standard error of the mean 

SLC44A1 Solute carrier family 44 (choline transporter) 

SNP Single nucleotide polymorphism 

SPM Sphingomyelin 

TAG Triacylglycerol 

tHcy Total homocysteine 

THF Tetrahydrofolate 

TMA Trimethylamine 

TMAO Trimethylamine-N-oxide 

TNF-α Tumor necrosis factor-α 

TTMA Total trimethylamine 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling 

UK United Kingdom 

UL Tolerable upper intake level 
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UNU United Nations University 

US United States 

USDA United States Department of Agriculture 

VLDL Very low density lipoproteins 

WHO World Health Organization 

 2450 
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