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Abstract Choline is an essential nutrient, but is also
formed by de novo synthesis. Choline and its derivatives
serve as components of structural lipoproteins, blood and
membrane lipids, and as a precursor of the neurotransmitter
acetylcholine. Pre-and postnatal choline availability is
important for neurodevelopment in rodents. Choline is
oxidized to betaine that serves as an osmoregulator and is a
substrate in the betaine–homocysteine methyltransferase
reaction, which links choline and betaine to the folatedependent one-carbon metabolism. Choline and betaine are
important sources of one-carbon units, in particular, during
folate deficiency. Choline or betaine supplementation in
humans reduces concentration of total homocysteine
(tHcy), and plasma betaine is a strong predictor of plasma
tHcy in individuals with low plasma concentration of
folate and other B vitamins (B2, B6, and B12) in
combination TT genotype of the methylenetetrahydrofolate
reductase 677 C->T polymorphism. The link to one-carbon
metabolism and the recent availability of food composition
data have motivated studies on choline and betaine as risk
factors of chronic diseases previously studied in relation to

folate and homocysteine status. High intake and plasma
level of choline in the mother seems to afford reduced risk
of neural tube defects. Intake of choline and betaine shows
no consistent relation to cancer or cardiovascular risk or
risk factors, whereas an unfavorable cardiovascular risk
factor profile was associated with high choline and low
betaine concentrations in plasma. Thus, choline and betaine
showed opposite relations with key components of metabolic syndrome, suggesting a disruption of mitochondrial
choline oxidation to betaine as part of the mitochondrial
dysfunction in metabolic syndrome.
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Introduction
Choline and betaine are metabolically related quaternary
ammonium compounds (Fig. 1). They are metabolically
linked to both lipid and folate-dependent one-carbon
metabolism, and studies in animals and humans have
provided results suggesting their involvement in neurodevelopment and the pathogenesis of various chronic
diseases and points to a role in risk assessment and disease
prevention. This review covers key aspects of this growing
research field, from biochemistry and experimental inves-
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conversion of homocysteine to methionine. Homocysteine
remethylation is also catalyzed by the ubiquitous methionine synthase, which requires 5-methyltetrahydrofolate as
methyl donor and cobalamin as cofactor (Ueland et al.
2005). During choline deprivation leading to low betaine
content, more 5-methyltetrahydrofolate is used for homocysteine remethylation, thereby increasing folate requirements. Conversely, during folate deficiency, methyl groups
from choline and betaine are used, thereby increasing
choline requirements. Thus, 5-methyltetrahydrofolate and
choline/betaine have been regarded as fungible sources of
methyl groups (Kim et al. 1994; VarelaMoreiras et al. 1992).

Fig. 1 Chemical structures of choline and betaine

Metabolic ramifications
tigations to epidemiological studies, with emphasis on
recent data relevant to human disease.

Biochemistry
Choline and betaine are obtained from diet or by synthesis
de novo in tissues. Phosphatidylcholine (PC) is a
phospholipid and the most abundant choline species,
which accounts for 95% of the total choline pool in
mammalian tissue. It is synthesized de novo from
phosphatidylethanolamine (PE), a reaction catalyzed by the
S-adenosylmethionine-dependent enzyme phosphatidylethanolamine N-methyltransferase (PEMT). The remaining 5%
includes choline, phosphocholine, glycerophosphocholine,
cytidine 5-diphosphocholine, and acetylcholine (Ueland et
al. 2005; Zeisel 2000). Their metabolic relationships are
depicted in Fig. 2.
Synthesis of PC catalyzed by PEMT consumes 3
molecules of S-adenosylmethionine and generates 3 molecules of S-adenosylhomocysteine per molecule PC formed.
Recent animal studies on PEMT knockout mouse and
estimates of methyl balance in humans suggest that PC
synthesis (and not creatine synthesis) is quantitatively the
most important S-adenosylmethionine-dependent transmethylation reaction and therefore the most important source
of homocysteine in mammals (Stead et al. 2006). In the
liver and kidney, choline is oxidized to betaine. This is a
two-step enzymic reaction in which choline is first
converted to betaine aldehyde, a reaction catalyzed by the
mitochondrial choline oxidase (choline dehydrogenase, EC
1.1.99.1), and betaine aldehyde is further oxidized in the
mitochondria or cytoplasm to betaine by betaine aldehyde
dehydrogenase (EC 1.1.1.8) (Lin and Wu 1986). Formation
of betaine links choline to folate-mediated one-carbon
metabolism, because betaine serves as a methyl donor in
the betaine-homocysteine methyltransferase (BHMT) reaction (Fig. 2). In the liver and kidney, BHMT catalyzes the

Choline and betaine have ramifications to processes vital to
cellular structure and function. In cholinergic neurons, choline
is acetylated to form the neurotransmitter acetylcholine.
Choline is a precursor for the synthesis of membrane
phospholipids, including PC, which accounts for about 50%
of phospholipids in mammalian membranes and thereby
affect signalling and transport across membranes (Zeisel
2006b). PC, derived from both phosphatidylcholine biosynthetic pathways (the cytidine 5′-diphosphocholine and the PE
methylation pathways), is involved in very low density
lipoprotein (VLDL) assembly and secretion from the liver
(Vance 2008). Choline and betaine promote homocysteine
remethylation to methionine and thereby affect the concentration of the universal methyl donor S-adenosylmethionine.
Altered concentration of S-adenosylmethionine may influence DNA methylation at cytosine bases that are followed
by a guanosine (5-CpG-3 sites) via change in methyl group
availability and may thereby influence gene transcription,
genomic imprinting, and genomic stability. Increased DNA
methylation usually leads to gene silencing and reduced gene
expression (Robertson 2005). Animal experiments have
demonstrated changes in global and gene-specific DNA
methylation following altered choline intake (Christman et
al. 1993; Niculescu et al. 2006), and in mouse models during
gestation, consumption of diets abundant in methyl group
donors and cofactors (choline, betaine, methionine, folic
acid, and vitamin B12) affects the phenotype of offspring in a
way that relates to hypermethylation of the relevant genes
(Niculescu et al. 2006; Waterland et al. 2006; Waterland and
Jirtle 2003).

Betaine and osmoregulation
The concentrations of betaine in tissue are in the millimolar
range and orders of magnitude higher than in plasma (Slow
et al. 2009). Intracellular betaine serves as an osmolyte that
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Fig. 2 Metabolism of choline
and betaine and its relationship to
one-carbon metabolism. AdoHcy
S-adenosylhomocysteine,
AdoMet S-adenosylmethionine,
BADH betaine aldehyde
dehydrogenase, Bet betaine,
BHMT betaine-homocysteine
S-methyltransferase, CCT
CTP-phosphocholine
cytidylyltransferase, CHK
choline kinase, CHDH choline
dehydrogenase, CPT
cytidine 5-diphosphate (CDP)
choline: diacylglycerol
cholinephosphotransferase,
DDH dimethylglycine dehydrogenase, DMG dimethylglycine,
Gly glycine, GNMT glycine
N-methyltransferase, Hcy
homocysteine, Met methionine,
mTHF 5-methyltetrahydrofolate,
MTHF methylenetetrahydrofolate, MTR methionine synthase,
PC phosphatidylcholine, PE
phosphatidylethanolamine,
PEMT phosphatidylethanolamine N-methyltransferase, Sarc
sarcosine (monomethylglycine),
SDH sarcosine dehydrogenase,
Ser serine, SHMT serine
hydroxymethyltransferase, THF
tetrahydrofolate. Modified from
Ueland et al. (2005)
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regulates cell volume and thereby tissue integrity (Lang
2007; Schliess and Haussinger 2002). It also serves as a
“compensatory” or “counteracting” solute that stabilizes
proteins and is particularly effective at countering the
denaturing effect of urea (Venkatesu et al. 2009). These
functions of betaine have been most thoroughly studied in
renal medulla, where cells are normally exposed to high
extracellular osmolarity during normal operation of the
urinary concentrating mechanism (Neuhofer and Beck
2005). Cells in other tissues (Lang 2007), such as liver
(Haussinger 2004; Weik et al. 1998; Zhang et al. 1996),
brain (Olsen et al. 2005), intestine (Kettunen et al. 2001;
Lim et al. 2007), and skin (Warskulat et al. 2004), may also
be exposed to hyperosmolality, albeit to a lesser extent than
renal medulla, and they also accumulate methylamines
serving as organic osmolytes, including betaine. Betaine
has been shown to protect preimplantation mouse embryos
against increased osmolarity in vitro (Anas et al. 2008).

THF

Ser

THF

Osmolyte-mediated volume regulation is under tight control
(Burg and Ferraris 2008; Haussinger 2004). Cellular
accumulation of betaine is mediated by the osmoregulated
betaine/γ-aminobutyric acid (GABA) transporter, designated BGT-1 (Yamauchi et al. 1992), which is expressed in
kidneys (Kempson and Montrose 2004) and other tissues
(Olsen et al. 2005; Petronini et al. 2000; Warskulat et al.
2008). Other osmoregulated mammalian betaine transporters exist that are not specific to betaine (Anas et al.
2008; Burg and Ferraris 2008). BHMT expression in kidney
and liver is decreased during high sodium chloride intake
(Delgado-Reyes and Garrow 2005), and osmoregulation of
BHMT (Schafer et al. 2007) may control the partitioning of
betaine between its use as a methyl donor and its
accumulation as an osmoprotectant. Betaine synthesis from
choline is not affected by hypertonicity (Burg and Ferraris
2008) but seems to be controlled by the choline transport
into the mitochondria (O’Donoghue et al. 2009).
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Homocysteine status in humans
The function of several B vitamins related to one-carbon
metabolism converges on homocysteine, and plasma total
homocysteine (tHcy) serves as a useful probe of changes in
overall one-carbon metabolism in clinical and epidemiological studies (Hustad et al. 2007). High doses (6 g/day
and higher) of betaine, alone or in combination with B
vitamins, have been used for years to treat patients with
homocystinuria (Ogier de Baulny et al. 1998; Yap 2003).
Such treatment reduces plasma tHcy and partly corrects
other biochemical abnormalities but also improves the
clinical condition. Betaine supplementation reduces the
increase in tHcy after methionine loading [post-methionine-load (PML) tHcy] but not fasting tHcy in renal
patients who are folate and vitamin B6 replete (McGregor
et al. 2002). In healthy individuals, supplementation with
betaine (Alfthan et al. 2004; Olthof et al. 2003; Olthof and
Verhoef 2005; Schwab et al. 2002) or phosphatidylcholine
(Olthof et al. 2005a) reduces fasting tHcy (by 20%) and
PML tHcy (by 29–40%). Folic acid exerts a similar effect
on fasting tHcy but does not affect PML tHcy. Betaine
seems be more efficient and acts faster than phosphatidylcholine, probably because phosphatidylcholine needs to be
metabolized to betaine to enhance homocysteine remethylation (Olthof et al. 2005a). Thus, oral betaine or choline, at
doses similar to the amounts found in some diets, have a
homocysteine-lowering effect.
PML tHcy is inversely associated with plasma betaine in
cardiovascular patients. This effect is attenuated after the
patients have been supplemented with B vitamins (folate,
vitamin B6 and cobalamin) (Holm et al. 2004). In a large
study on 500 healthy individuals (Holm et al. 2005), plasma
betaine was a stronger predictor of the PML tHcy (mean
change in tHcy of 7.2 μmol/L across the extreme betaine
quartiles) than folate, cobalamin, and vitamin B6. The
inverse association between the PML tHcy and plasma
betaine was strongest at low folate. Smaller studies on the
relationship between fasting tHcy and betaine provided
inconsistent results, demonstrating weak or no associations
(Allen et al. 1993; Lever et al. 2005; McGregor et al. 2001;
Schwahn et al. 2004). A large study of 10,700 healthy
individuals allowed the investigation of betaine as a
predictor of fasting tHcy in strata according to folate and
vitamins B2, B6, and B12 status and methylenetetrahydrofolate reductase (MTHFR) genotype. Betaine was a strong
determinant of fasting plasma tHcy in individuals with low
serum folate and the MTHFR TT genotype. The association
was further strengthened at low levels of the other B
vitamins. Thus, in individuals with the combination of
serum folate in the lowest quartile, low vitamin B2, B6, and
B12 status, and the MTHFR TT genotype, the difference in
tHcy across extreme plasma betaine quartiles was, amaz-
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ingly, 8.8 µmol/L. Thus, betaine takes over as a methyl
donor and sustains methionine synthesis under conditions
of impaired B-vitamin status (Holm et al. 2007).

Dietary requirements and intake
Dietary sources of choline are eggs, beef, pork, liver,
soybean, and wheat germ (Zeisel et al. 2003), whereas
betaine is obtained from wheat bran, wheat germ, and
spinach (Sakamoto et al. 2002; Slow et al. 2005). Recently,
a comprehensive database on the content of choline and
betaine in common foods was compiled (http://www.nal.
usda.gov/fnic/foodcomp/Data/Choline/Choline.html). Choline intake by humans on ad libitum diets averages 8.4 mg/kg
per day and 6.7 mg/kg per day for men and women,
respectively (Fischer et al. 2005), which equals the
recommended daily intake of 7 mg/kg per day (550 mg/d
for men and 425 mg/d for women) set in 1998 by the
Institute of Medicine (Yates et al. 1998). The intake by some
women is below this value (Fischer et al. 2005). A
recommended daily intake has not been established for
betaine, but the recently estimated dietary intake ranges from
100–300 mg/d (Bidulescu et al. 2007; Chiuve et al. 2007;
Cho et al. 2006; Detopoulou et al. 2008; Fischer et al. 2005).
De novo biosynthesis of phosphatidylcholine catalyzed
by PEMT in the liver is a significant source of choline
relative to dietary intake. The importance of the PEMT
pathway is demonstrated by animal experiments demonstrating low choline pool in the liver of Pemt -/- mice fed
adequate amounts of choline (Zhu et al. 2003). The PEMT
gene has multiple estrogen-responsive elements, and increased PEMT transcription has been demonstrated in
human hepatocytes exposed to 17-β-estradiol (Resseguie
et al. 2007). The estrogen-dependent PEMT increases the
capacity for the endogenous synthesis of PC in premenopausal women, which may become paramount under
conditions of increased requirements for choline, such as
pregnancy and lactation, and explain why premenopausal
women are relatively resistant to choline deficiency (Zeisel
2009b).
The choline and betaine intake estimates based on the
Food-Frequency Questionnaire (FFQ) have recently been
validated by investigating the relationship between intake
and plasma tHcy in 1,960 participants from the Framingham Offspring Study (Cho et al. 2006). High intakes of
choline and betaine were related to low tHcy. Notably, the
inverse associations were most pronounced in individuals
with low folate intake and in individuals consuming
alcohol, which is in line with observation based on
measurement of plasma concentrations of betaine and tHcy
(Holm et al. 2007), demonstrating that choline, betaine, and
folate are interchangeable sources of one-carbon units.
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Dietary deficiency of choline in humans causes fatty liver
(Buchman et al. 1995) and liver (Zeisel 1991) and muscle
(Fischer et al. 2007) damage. Fatty liver may reflect
impaired export of triacylglycerol from the liver, whereas
release of liver and muscle proteins into blood suggesting
tissue damage is attributable to induction of apoptosis and
muscle membrane fragility by choline deficiency (daCosta
et al. 2004; daCosta et al. 2006; Fischer et al. 2007). As
expected, choline deficiency caused an increase in plasma
tHcy (da Costa et al. 2005), which, however, was uniform
(20%) and unrelated to signs of organ damage (Fischer et
al. 2007). The amount of choline required to maintain
normal organ function showed large interindividual variability. Some individuals required more than the recommended adequate intake (AI) (550 mg/day), whereas others
required <50 mg/day. Signs of organ dysfunction developed
less commonly in premenopausal women than in men and
postmenopausal women, probably because of upregulation
of endogenous PC synthesis by estrogen (Fischer et al.
2007). Common genetic polymorphisms in genes
encoding for the phosphatidylethanolamine N-methyltransferase (PEMT; rs12325817), choline dehydrogenase
(CHDH; rs9001 and rs12676), and 5,10-methylenetetrahydrofolate dehydrogenase (MTHFD1; rs2236225) were
strongly related to the occurrence of organ damage (da
Costa et al. 2006; Kohlmeier et al. 2005).

developed steatohepatitis and drastic reduction in liver PC
combined with extremely low concentrations of triacylglycerol and cholesterol in plasma (Vance et al. 2007). These
observations demonstrate the importance of the PEMT
pathway to provide PC under conditions of insufficient
dietary choline and could be explained by the requirement
of PC for normal VLDL assembly and secretion. Chronic
alcohol consumption in rat causes liver steatosis. The
concurrent biochemical changes include impaired PC
formation via the PEMT pathway and reduced VLDL
secretion (Kharbanda et al. 2007). Betaine is known to
ameliorate the adverse effects of alcohol on the liver, in
particular, fatty liver (Barak et al. 1997; Barak et al. 1996;
Barak and Tuma 1983). Notably, dietary betaine supplementation of rats given alcohol enhanced the synthesis of
PC catalyzed by PEMT, normalized VLDL secretion, and
prevented the development of steatosis (Kharbanda et al.
2007; Kharbanda et al. 2009). The mechanism may involve
lowering homocysteine and stimulating methionine synthesis via the BHMT pathway, thereby increasing the
S-adenosylmethionine/S-adenosylhomocysteine ratio, which
leads to PEMT activation (Barak et al. 2003; Purohit et al.
2007). These experimental results point to a possible role of
betaine administration in treatments of hepatic steatosis.
Nonalcoholic fatty liver disease (NAFLD) is the most
common liver disease and is associated with all components
of the metabolic syndrome (Kotronen and Yki-Jarvinen
2008). Treatment of NAFLD with betaine has been evaluated
in four human studies (Purohit et al. 2007), including a shortterm, randomized, double-blind trial including 191 patients
(Miglio et al. 2000). Improved liver function, including
reduction of aminotransferases and liver steatosis, were
observed in a significant portion of the patients in most,
but not all (Abdelmalek et al. 2009), studies. A common
genetic variant of PEMT characterized by an amino acid
substitution (V175M) and reduced enzyme activity was more
frequent (67.9%) in patients with NAFLD (n=28) than in
healthy control (40.7%; n=59) (Song et al. 2005). Although
based on a small number of patients, this observation
emphasizes the importance of impaired PEMT pathway in
the pathogenesis of fatty liver in humans. Notably, the
incidence of NAFLD is lower in premenopausal women than
in men or postmenopausal women, which could be related to
a protective effect from induced expression of PEMT by
estrogens (Zeisel 2007).

Liver steatosis

Pregnancy

Deletion of the PEMT gene in Pemt -/- mice caused low
level of PC in the liver, but these animals had otherwise a
normal phenotype with no dyslipidemia and liver pathology. When fed a choline-deficient diet, they rapidly

During pregnancy, there is a high need for choline, which is
transported across a concentration gradient from the mother
to the fetus (Sweiry and Yudilevich 1985). The circulating
concentrations of free choline in the fetus and newborn are

In a population of middle-aged and elderly men and
women recruited from an area without folic-acid fortification and low folate intake (Norway), plasma free choline
showed a positive relationship to intake of eggs and
cholesterol but not to consumption of other food items rich
in choline. Plasma betaine was positively related to intake
of high-fiber bread and nutrients such as complex carbohydrates, fiber, folate, and thiamine. Thus, only a few food
items are major determinants of plasma choline and betaine
(Konstantinova et al. 2008b). Notably, betaine was negatively associated with a Western dietary pattern with a high
loading for meat, pizza, sugar, and fat and was positively
associated with total energy intake, whereas choline was
not significantly associated with any identified dietary
patterns or total energy intake (Konstantinova et al. 2008b)

Choline deficiency
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six- to sevenfold higher than in the mother (Ozarda Ilcol et
al. 2002; Zeisel et al. 1980), who actually may become
choline depleted (Zeisel et al. 1995). The increased need
concurs with stimulation of de novo choline synthesis by
estradiol, which increases progressively during pregnancy
(Adeyemo and Jeyakumar 1993). During pregnancy, choline and betaine in plasma show some unique features
compared with concentrations of other metabolites and
vitamins related to one-carbon metabolism (tHcy, folate,
and cobalamin). Plasma choline shows no relationship to
tHcy and increases throughout pregnancy (whereas other
metabolites decline) (VelzingAarts et al. 2005), which may
reflect maintenance of adequate blood choline concentrations to facilitate active transport to the fetus. Betaine
became a gradually stronger and folate a weaker predictor
of tHcy during the course of pregnancy (VelzingAarts et al.
2005); in pregnant women (from Seychelles) with high
choline intake (from eggs) and no folic acid supplementation, betaine was a tHcy predictor only in women low in
methionine (Wallace et al. 2008). Thus, betaine may serve
as a source of one-carbon units when other sources (folate,
methionine) become limited. At delivery, maternal (Molloy
et al. 2005) and cord (Braekke et al. 2007) plasma choline
shows a positive relationship to tHcy (which contrasts to
the negative relationship with folate and vitamin B12),
possibly because of enhanced homocysteine formation
during upregulation of PC synthesis (Stead et al. 2006).
Cord plasma concentration of free choline was threefold
higher than maternal plasma choline, and there was no
relationship between concentrations in the fetal and
maternal compartments. For other one-carbon metabolites,
concentration gradients were less dramatic, and there was a
positive relationship between concentrations in cord and
maternal plasma (Molloy et al. 2005). These observations
are in agreement with an active transport mechanism
delivering substantial amounts of choline to the fetus; after
birth, the choline decreases and approaches adult levels
within days (McMahon and Farrell 1985).

Choline and animal brain development and function
Choline is transported across the blood–brain barrier by a
specific carrier (Cornford et al. 1978; Lockman and Allen
2002), and choline supplementation increases the brain
content of choline and choline esters (Garner et al. 1995).
The neonatal brain has a high-capacity choline transporter
(Cornford et al. 1982) and very active form of PEMT
(Blusztajn et al. 1985), factors that favor delivery of high
amounts of choline to the developing brain. There is a large
body of experimental data suggesting that choline deficiency or supplementation during the second half of gestation
(E 11–17) and later in the newborn affects neurodevelop-
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ment in rodents. The offsprings of choline-supplemented
pregnant rats or mice have improved visuospatial and
auditory memory or performance in behavioral test,
whereas choline deficiency seems to have the opposite
effect. Prenatal and early postnatal choline supplementation
also prevents age-related memory decline and protects
against the adverse effects of some neurotoxic agents
(McCann et al. 2006; Zeisel 2006c), including alcohol
(Thomas et al. 2009), in offsprings. Notably, inhibition of
choline uptake and metabolism causes neural tube defects
(NTD) in mouse embryo in vitro (Fisher et al. 2002).
Increased levels of brain phosphatides and synaptic
proteins, improved cognition, and enhanced neurotransmitter
release was observed in several animal models after administration of choline in combination with uridine and docosahexaenoic acid, i.e., precursors of phosphatide biosynthesis.
These effects were markedly enhanced when animals received
all three compounds together and have been explained by
increasing the substrate saturation of low-affinity enzymes
involved (Wurtman et al. 2009). Experimental studies suggest
that cognitive dysfunction in folate-deficient rats was not
associated with plasma homocysteine or brain content of Sadenosylmethionine or S-adenosylhomocysteine but related
to depletion of PC in the brain; both cognitive impairment
and low PC were prevented by methionine supplementation
(Troen et al. 2008).
Electrophysiological, biochemical, and morphological
studies have been carried out to elucidate the mechanisms
behind the role of prenatal choline in neurodevelopment,
but the plethora of effects does not point to a unifying
hypothesis. Prenatal choline availability affects fetal hippocampal cell proliferation, apoptosis, and differentiation.
Choline supplementation during pregnancy enhances hippocampal neurogenesis, increases the size of cholinergic
neurons, and enhances acetylcholine storage and release in
the basal forebrain in adulthood, elevates brain concentrations of neurotrophins and growth factors, enhances
long-term potentiation and depolarization-induced mitogenactivated signal transmission in postnatal hippocampus, and
changes hippocampal and cerebral cortical gene expression
during postnatal development and in adulthood (McCann et
al. 2006; Zeisel 2006c). The view prevails that the change in
DNA methylation, gene expression, and genomic imprinting
rather than a change in acetylcholine neurotransmission
explains the effects of choline on neurodevelopment and
function (McCann et al. 2006; Zeisel 2009a).

Choline and the human central nervous system
development and function
Data on choline and the function of the central nervous
system (CNS) in humans are sparse. The elderly (Cohen et
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al. 1995) or patients with Alzheimer’s disease (Nitsch et al.
1992) have reduced levels of free choline and PC in the
brain. Some (Alvarez et al. 1997; Ladd et al. 1993; Levy
1982; Little et al. 1985; Sitaram et al. 1978; Spiers et al.
1996) but no all (Brinkman et al. 1982; Drachman et al.
1982; Fitten et al. 1990; Harris et al. 1983; Mohs and Davis
1980; Weinstein et al. 1991) studies including healthy or
demented individuals reported improved performance on
memory and learning tasks following supplementation with
choline, CDP-choline, or PC. A limited number of
individuals (n=9-95) was included in these studies. A
placebo-controlled study on the combination of choline,
uridine, and docosahexaenoic in 212 patients with Alzheimer’s disease demonstrated improved memory in
patients with mild disease (Wurtman et al. 2009). These
observations should be confirmed in larger trials.
Administration of citicoline, CDP-choline, increases
phosphatidylcholine concentration in the brain and inhibits
neuronal phospholipid membrane breakdown and enhances
repair of the neuronal membrane after neuronal injury and
ischemia (Saver 2008). A recent meta-analysis of ten trials
enrolling 2,279 patients with stroke suggests that patients
receiving citicoline had substantially reduced frequencies of
death and disability (Saver 2008).
In a recent large population-based study involving 5,918
men and women, low plasma concentrations of free choline
were significantly associated with high anxiety levels. No
relationship was observed between choline and depression
(Bjelland et al. 2009). Whether these results reflect an effect
of anxiety on choline level and intake or a predisposition to
anxiety in subjects with low choline status cannot be
ascertained from a study with a cross-sectional design.
The relationship between periconceptional choline intake
and NTD in pregnant women recruited from California
between 1989 and 1991 was investigated by Shaw and
colleagues (2004). Women in the highest quartile of choline
intake had a risk reduction of about 50% compared with
those in the lowest quartile. High betaine intake also
seemed to be association with risk reduction, which,
however, was attenuated after adjustment for covariates.
This is not surprising given that the BHMT pathway does
not appear to be active in the postimplantation embryo and
is only found in the early fetus, a time when neural tube
closure is nearly complete (Fisher et al. 2002). Shaw and
colleagues (2009) recently published an investigation of the
association between total choline (mainly PC) in midpregnancy serum specimens and NTD risk. The specimens were
collected in California from 2003 to 2005, i.e., after
implementation of mandatory folic acid fortification (Shaw
et al. 2009). Compared with the 25–75 percentiles, women
with low choline <25 percentile had increased risk [odds
ratio (OR) = 1.8] and those with high choline >75
percentile had decreased risk (OR=0.4). No other B
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vitamins were associated with NTD risk, which may reflect
widespread vitamins supplement use and vitamin fortification of food.
The first study on maternal choline status and intelligence in their children was recently published by Signore et
al. (2008). Free and total choline (mainly PC) in maternal
serum at gestational weeks 16–18, 24–26, 30–32, and 36–
38 and in cord blood were determined in 404 maternal–
child pairs. Intelligence (IQ) scores at the age of 5 years
were investigated in relationship to free and total choline in
maternal and cord blood by linear regression analyses, and
no associations were found.

Cardiovascular disease and metabolic syndrome
Studies based on mice models of atherosclerosis point to
several mechanisms connecting choline and betaine to
atherogenesis. In apolipoprotein E (apoE)-deficient mice,
betaine administration had a dose-dependent antiatherogenic effect and reduced aortic inflammatory response.
These beneficial effects were explained by a cholinespearing effect, increasing PC available for VLDL assembly and section, and seemed to outweigh a marked
exacerbation of hyperlipidemia in mice given betaine (Lv
et al. 2009). In another study on LDL-receptor (Ldlr-/-)
knockout mice fed high-fat/high-cholesterol diet, lack of
PEMT (in Pemt -/- /Ldlr -/- mice) markedly attenuated
atherosclerosis by 80%. The effect was attributable to
decreased plasma concentration of apoB-containing lipoproteins, and the atheroprotective lipid profile was
explained by decreased synthesis and increased clearance
of VLDL particles with low content of PC (Zhao et al.
2009).
The homocysteine-lowering effect of choline and betaine
has motivated investigations in humans of the possible
relationship of cardiovascular disease and risk factors with
intake or plasma concentrations of choline and betaine.
High doses of betaine have been reported to increase
plasma LDL cholesterol (Olthof et al. 2005b), which might
offset the health benefit from homocysteine reduction, but
the significance of the lipid effects has been questioned
(Zeisel 2006a). Short- or long-term betaine supplementation
does not improve flow-mediated vasodilation, a marker of
endothelial function, despite reduction of tHcy (Olthof et al.
2006; Olthof and Verhoef 2005). One study demonstrated
impaired vasodilation in individuals given betaine and no
effect from low doses of folic acid and enhanced vasodilation in individuals given folic acid at doses exceeding
those required to obtain maximal homocysteine reduction,
suggesting improved endothelial function by mechanisms
independent of homocysteine (Moat et al. 2006). A recent
study on 3,000 healthy Greek men and women demonstrat-
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ed low plasma levels of inflammatory markers, such as Creactive protein, interleukin-6, and tumor necrosis factoralfa, in individuals with high intake of choline and betaine
(Detopoulou et al. 2008). Because inflammation plays a
role in atherogenesis, high intake of choline and betaine
may protect against cardiovascular disease. However, two
recent large prospective studies, based on the participants in
the Dutch PROSPECT–EPIC cohort (Dalmeijer et al. 2007)
and in the Atherosclerosis Risk in Communities (ARIC)
study (Bidulescu et al. 2007), respectively, demonstrated no
association between intake of choline and betaine and
cardiovascular disease. Whether these null findings are
related to the large measurement error of intake estimates
for micronutrients such choline and betaine (Bidulescu et
al. 2009) should be addressed in future studies.
Plasma choline and betaine were investigated in relation
to life style and cardiovascular risk factors in 7,074 healthy
men and women (Konstantinova et al. 2008a). Choline
showed a positive relationship to serum triglycerides,
glucose, body mass index (BMI), body fat, and waist
circumference, whereas plasma betaine was inversely
related to these factors in addition to non-high-densitylipoprotein (non-HDL) cholesterol, and systolic and diastolic blood pressure, and positively related to HDL
cholesterol. Thus, an unfavorable cardiovascular risk factor
profile is associated with high choline and low betaine
concentrations, and choline and betaine show opposite
relationships with key components of metabolic syndrome.
In the same cohort, neither plasma choline nor betaine was
positively associated with consumption of animal products,
fruit, or vegetables, but each was positively associated with
the intake of specific food items such as eggs (choline) and
bread (betaine) (Konstantinova et al. 2008b). These
observations do not support the contention that the link
between plasma choline and betaine and the metabolic
syndrome reflects dietary intake. We hypothesized that the
divergent associations of the substrate (choline) and product
(betaine) of mitochondrial choline oxidation reflect disruption of this pathway as part of the mitochondrial dysfunction that prevails in metabolic syndrome (Konstantinova et
al. 2008a).
Free choline in blood has recently been recognized as a
potentially useful marker for diagnosis and risk stratification of ischemic heart disease, especially if cardiac
troponins are negative on admission (Apple et al. 2005).
Choline in plasma (Adamczyk et al. 2006) or serum
(LeLeiko et al. 2009) has been associated with early events
related to tissue ischemia, whereas whole-blood choline
predicts events related to coronary plaque instability (such
as myocardial infarction) during follow-up (Danne et al.
2007), particularly in patients with low to moderate risk
(Mockel et al. 2008). The reported associations between
ischemic heart diseases and choline in plasma versus whole
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blood are complex and somewhat inconsistent (Body et al.
2009) and have been explained by activation of phospholipases A2 and D in ischemic heart tissue and activated
blood cells, leading to release of choline into plasma and
secondary uptake into blood cells (Danne et al. 2007).
Diagnostic performance of choline in blood is an important
subject for future research, which must address issues such
as possible interference from smoking (which reduces
plasma choline (Konstantinova et al. 2008a)), from postprandial increase in choline (Konstantinova et al. 2008a),
changes in choline metabolism in metabolic syndrome
(Konstantinova et al. 2008a), specificity and sensitivity in
various patient categories, and reliability coefficient as
obtained by longitudinal measurements.

Cancer
Aberrations in choline phospholipid metabolism have been
demonstrated in a variety of cancers, including breast
(Morse et al. 2009), prostate, and brain (Glunde and
Serkova 2006). These changes are characterized by elevated phosphocholine and total choline-containing compounds
and are explained by elevated choline uptake and increased
choline kinase and phospholipase C and D activities in
cancer cells. Altered choline phospholipid metabolism
detected by noninvasive magnetic resonance spectroscopy
is used as an endogenous biomarker of cancer (Glunde and
Serkova 2006), and enzymes involved in choline metabolism, such as choline kinase (Janardhan et al. 2006) and
phospholipase D (Huang and Frohman 2007), have been
suggested as new therapeutic targets. Dietary choline
deficiency is associated with an increased incidence of
spontaneous liver cancer and increased sensitivity to
carcinogenic chemicals in rats. Suggested mechanisms
include liver damage and regeneration, decreased DNA
methylation and impaired DNA repair, increased oxidative
stress, and activation of protein kinase C (Zeisel and
Blusztajn 1994). A recent study shows that increasing
maternal dietary choline from a deficient to an adequate
intake during the second half of pregnancy in rats slows
down the growth of mammary tumors induced later in life
by a carcinogen in female offspring. This beneficial effect
was associated with overexpression of genes that confer
favorable prognosis in human cancers and underexpression
of those associated with aggressive disease. Choline may
modulate DNA methylation of developing mammary cells,
thereby creating an epigenetic setting affecting tumor
growth (Kovacheva et al. 2009).
There are only a few studies on intake of choline and
betaine and cancer risk in humans, because food composition data have not been available until recently. In a large
population-based study (Xu et al. 2008b), breast cancer risk
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was reduced by 24% among women with choline intake in
the upper quintile and increased in women homozygous for
the variant allele of PEMT rs12325817, a single nucleotide
polymorphism (SNP) assumed to alter estrogen responsiveness of the promoter of the choline-synthesizing enzyme,
PEMT (Xu et al. 2008b). Investigations among women in
the Nurses’ Health Studies demonstrated no relationship
between breast cancer risk and intake of choline or betaine
(Cho et al. 2007b), whereas risk of distal colorectal
adenomas was inversely and weakly associated with
betaine intake and positively associated with choline intake
(Cho et al. 2007a). The positive association with choline
was strongest among women with low folate intake or high
alcohol consumption, an observation that supports the
involvement of one-carbon metabolism. The association
may reflect stimulation of growth of established adenomas
by choline or other dietary factors present in food rich in
choline (Cho et al. 2007a). Likewise, results of experimental studies and recent intervention trials with folic acid
suggest that folate deficiency promotes carcinogenesis,
whereas folate enhances the growth of established neoplasias (Kim 2008). Secondary analyses of the Aspirin/
Folate Polyp Prevention Study demonstrated that individuals treated with folic acid had an increased risk of prostate
cancer (Figueiredo et al. 2009). Notably, in the Northern
Sweden Health and Disease Cohort, doubling of plasma
choline was associated with 46% increase of prostate cancer
risk (Johansson et al. 2009). These findings point to a
possible role of one-carbon metabolism in growth enhancement of prostate cancer.

Common polymorphism in the BHMT gene and disease
risk
A common single polymorphism (c.716G>A, also know as
742G>A) in the BHMT gene was first reported by Park and
Garrow (1999). BHMT c.716G>A was found not to be
related to plasma tHcy concentration (Fredriksen et al.
2007; Heil et al. 2000; Morin et al. 2003; Weisberg et al.
2003), but a recent large epidemiological study demonstrated decrease in dimethylglycine (the product of the
BHMT reaction) according to the number of c.716A alleles
(Fredriksen et al. 2007), suggesting that this polymorphism
may have metabolic effects. The variant c.716A allele has
been associated with increased risk (Morin et al. 2003),
decreased risk (Boyles et al. 2006), or no change in risk
(Zhu et al. 2005) of spina bifida, and decreased risk of
coronary artery disease (Weisberg et al. 2003) and no
association with risk of cardiovascular disease (Heil et al.
2000) or aortic aneurysm (Giusti et al. 2008). Furthermore,
carriers of the variant allele have been reported to have
increased risk of colorectal cancer (Koushik et al. 2006)
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and possibly decreased risk of colorectal adenoma when
combined with high methyl status (Hazra et al. 2007). The
BHMT c.716G>A polymorphism was not associated with
breast cancer risk (Xu et al. 2008b), but breast cancer
patients with the variant allele had increased overall
mortality (Xu et al. 2008a). Thus, studies on BHMT
c.716G>A and disease risk have provided somewhat
inconsistent results, which provide no clue to a role of
betaine in the pathogenesis of birth defects, cardiovascular
disease, and cancer.

Summary and conclusion
Choline is an essential nutrient in humans that serves as a
precursor of phospholipids and acetylcholine and has been
shown to effect neurodevelopment in rodents. Its oxidation
to betaine provides a link to folate-dependent, one-carbon
metabolism. The metabolic ramifications and results from
experimental studies demonstrate an important role of
choline and betaine in normal physiology and suggest the
involvement in pathogenesis of common diseases. Recent
establishment of analytical methods and food composition
data for choline and betaine have motivated clinical and
epidemiological studies on choline–betaine status and
disease risk, mainly for conditions previously investigated
in relation to folate status. Human data are sparse, the
number of studies is limited, and no large placebocontrolled intervention trial on choline/betaine supplementation has been published. Thus, choline and betaine in
humans is a research area in its infancy but with the
potential to generate data leading to strategies for disease
prevention.

References
Abdelmalek MF, Sanderson SO, Angulo P et al (2009) Betaine for
nonalcoholic fatty liver disease: results of a randomized placebocontrolled trial. Hepatology 50:1818–1826
Adamczyk M, Brashear RJ, Mattingly PG (2006) Choline concentration in normal blood donor and cardiac troponin-positive plasma
samples. Clin Chem 52:2123–2124
Adeyemo O, Jeyakumar H (1993) Plasma progesterone, estradiol-17
beta and testosterone in maternal and cord blood, and maternal
human chorionic gonadotropin at parturition. Afr J Med Med Sci
22:55–60
Alfthan G, Tapani K, Nissinen K, Saarela J, Aro A (2004) The effect
of low doses of betaine on plasma homocysteine in healthy
volunteers. Br J Nutr 92:665–669
Allen RH, Stabler SP, Lindenbaum J (1993) Serum betaine, N, Ndimethylglycine and N-methylglycine levels in patients with
cobalamin and folate deficiency and related inborn errors of
metabolism. Metabolism 42:1448–1460
Alvarez XA, Laredo M, Corzo D et al (1997) Citicoline improves
memory performance in elderly subjects. Methods Find Exp Clin
Pharmacol 19:201–210

Author's personal copy
12
Anas MK, Lee MB, Zhou C et al (2008) SIT1 is a betaine/proline
transporter that is activated in mouse eggs after fertilization and
functions until the 2-cell stage. Development 135:4123–4130
Apple FS, Wu AH, Mair J et al (2005) Future biomarkers for detection
of ischemia and risk stratification in acute coronary syndrome.
Clin Chem 51:810–824
Barak AJ, Tuma DJ (1983) Betaine, metabolic by-product or vital
methylating agent? Life Sci 32:771–774
Barak AJ, Beckenhauer HC, Tuma DJ (1996) Betaine, ethanol, and
the liver: a review. Alcohol 13:395–398
Barak AJ, Beckenhauer HC, Badakhsh S, Tuma DJ (1997) The effect
of betaine in reversing alcoholic steatosis. Alcohol Clin Exp Res
21:1100–1102
Barak AJ, Beckenhauer HC, Mailliard ME, Kharbanda KK, Tuma DJ
(2003) Betaine lowers elevated S-adenosylhomocysteine levels in
hepatocytes from ethanol-fed rats. J Nutr 133:2845–2848
Bidulescu A, Chambless LE, Siega-Riz AM, Zeisel SH, Heiss G
(2007) Usual choline and betaine dietary intake and incident
coronary heart disease: the Atherosclerosis Risk in Communities
(ARIC) study. BMC Cardiovasc Disord 7:20
Bidulescu A, Chambless LE, Siega-Riz AM, Zeisel SH, Heiss G
(2009) Repeatability and measurement error in the assessment of
choline and betaine dietary intake: the Atherosclerosis Risk in
Communities (ARIC) study. Nutr J 8:14
Bjelland I, Tell GS, Vollset SE, Konstantinova SV, Ueland PM (2009)
Choline in anxiety and depression: the Hordaland Health Study.
Am J Clin Nutr 90:1056–1060
Blusztajn JK, Zeisel SH, Wurtman RJ (1985) Developmental changes
in the activity of phosphatidylethanolamine N-methyltransferases
in rat brain. Biochem J 232:505–511
Body R, Griffith CA, Keevil B et al (2009) Choline for diagnosis and
prognostication of acute coronary syndromes in the Emergency
Department. Clin Chim Acta 404:89–94
Boyles AL, Billups AV, Deak KL et al (2006) Neural tube defects and
folate pathway genes: family-based association tests of gene-gene
and gene-environment interactions. Environ Health Perspect
114:1547–1552
Braekke K, Ueland PM, Harsem NK, Karlsen A, Blomhoff R, Staff
AC (2007) Homocysteine, cysteine, and related metabolites in
maternal and fetal plasma in preeclampsia. Pediatr Res 62:319–
324
Brinkman SD, Smith RC, Meyer JS et al (1982) Lecithin and memory
training in suspected Alzheimer’s disease. J Gerontol 37:4–9
Buchman AL, Dubin MD, Moukarzel AA et al (1995) Choline
deficiency: a cause of hepatic steatosis during parenteral nutrition
that can be reversed with intravenous choline supplementation.
Hepatology 22:1399–1403
Burg MB, Ferraris JD (2008) Intracellular organic osmolytes: function
and regulation. J Biol Chem 283:7309–7313
Chiuve SE, Giovannucci EL, Hankinson SE et al (2007) The
association between betaine and choline intakes and the plasma
concentrations of homocysteine in women. Am J Clin Nutr
86:1073–1081
Cho E, Willett WC, Colditz GA et al (2007a) Dietary choline and
betaine and the risk of distal colorectal adenoma in women. J
Natl Cancer Inst 99:1224–1231
Cho E, Zeisel SH, Jacques P et al (2006) Dietary choline and betaine
assessed by food-frequency questionnaire in relation to plasma
total homocysteine concentration in the Framingham Offspring
Study. Am J Clin Nutr 83:905–911
Cho EY, Holmes M, Hankinson SE, Willett WC (2007b) Nutrients
involved in one-carbon metabolism and risk of breast cancer
among premenopausal women. Cancer Epidemiol Biomarkers
Prev 16:2787–2790
Christman JK, Sheikhnejad G, Dizik M, Abileah S, Wainfan E (1993)
Reversibility of changes in nucleic acid methylation and gene

J Inherit Metab Dis (2011) 34:3–15
expression induced in rat liver by severe dietary methyl
deficiency. Carcinogenesis 14:551–557
Cohen BM, Renshaw PF, Stoll AL, Wurtman RJ, Yurgelun-Todd D,
Babb SM (1995) Decreased brain choline uptake in older adults.
An in vivo proton magnetic resonance spectrocospy study.
JAMA 274:902–907
Cornford EM, Braun LD, Oldendorf WH (1978) Carrier mediated
blood-brain barrier transport of choline and certain choline
analogs. J Neurochem 30:299–308
Cornford EM, Braun LD, Oldendorf WH (1982) Developmental
modulations of blood-brain barrier permeability as an indicator of
changing nutritional requirements in the brain. Pediatr Res
16:324–328
daCosta KA, Badea M, Fischer LM, Zeisel SH (2004) Elevated serum
creatine phosphokinase in choline-deficient humans: mechanistic
studies in C2C12 mouse myoblasts. Am J Clin Nutr 80:163–170
da Costa KA, Gaffney CE, Fischer LM, Zeisel SH (2005) Choline
deficiency in mice and humans is associated with increased
plasma homocysteine concentration after a methionine load. Am
J Clin Nutr 81:440–444
daCosta KA, Niculescu MD, Craciunescu CN, Fischer LM, Zeisel SH
(2006) Choline deficiency increases lymphocyte apoptosis and
DNA damage in humans. Am J Clin Nutr 84:88–94
da Costa K-A, Kozyreva OG, Song J, Galanko JA, Fischer LM,
Zeisel SH (2006) Common genetic polymorphisms affect the
human requirement for the nutrient choline. Faseb J 20:1336–
1344
Dalmeijer GW, Olthof MR, Verhoef P, Bots ML, van der Schouw YT
(2007) Prospective study on dietary intakes of folate, betaine, and
choline and cardiovascular disease risk in women. Eur J Clin
Nutr 62(3):386–394
Danne O, Lueders C, Storm C, Frei U, Mockel M (2007) Whole blood
choline and plasma choline in acute coronary syndromes:
prognostic and pathophysiological implications. Clin Chim Acta
383:103–109
Delgado-Reyes CV, Garrow TA (2005) High sodium chloride intake
decreases betaine-homocysteine S-methyltransferase expression
in guinea pig liver and kidney. Am J Physiol Regul Integr Comp
Physiol 288:R182–R187
Detopoulou P, Panagiotakos DB, Antonopoulou S, Pitsavos C,
Stefanadis C (2008) Dietary choline and betaine intakes in
relation to concentrations of inflammatory markers in healthy
adults: the ATTICA study. Am J Clin Nutr 87:424–430
Drachman DA, Glosser G, Fleming P, Longenecker G (1982) Memory
decline in the aged: treatment with lecithin and physostigmine.
Neurology 32:944–950
Figueiredo JC, Grau MV, Haile RW et al (2009) Folic acid and risk of
prostate cancer: results from a randomized clinical trial. J Natl
Cancer Inst 101:432–435
Fisher MC, Zeisel SH, Mar MH, Sadler TW (2002) Perturbations in
choline metabolism cause neural tube defects in mouse embryos
in vitro. Faseb J 16:619–621
Fischer LM, Scearce JA, Mar MH et al (2005) Ad libitum choline
intake in healthy individuals meets or exceeds the proposed
adequate intake level. J Nutr 135:826–829
Fischer LM, Dacosta KA, Kwock L et al (2007) Sex and menopausal
status influence human dietary requirements for the nutrient
cholin. Am J Clin Nutr 85:1275–1285
Fitten LJ, Perryman KM, Gross PL, Fine H, Cummins J, Marshall C
(1990) Treatment of Alzheimer’s disease with short-and longterm oral THA and lecithin: a double-blind study. Am J
Psychiatry 147:239–242
Fredriksen A, Meyer K, Ueland PM, Vollset SE, Grotmol T, Schneede
J (2007) Large-scale population-based metabolic phenotyping of
thirteen genetic polymorphisms related to one-carbon metabolism. Hum Mutat 28:856–865

Author's personal copy
J Inherit Metab Dis (2011) 34:3–15
Garner SC, Mar MH, Zeisel SH (1995) Choline distribution and
metabolism in pregnant rats and fetuses are influenced by the
choline content of the maternal diet. J Nutr 125:2851–2858
Giusti B, Saracini C, Bolli P et al (2008) Genetic analysis of 56
polymorphisms in 17 genes involved in methionine metabolism
in patients with abdominal aortic aneurysm. J Med Genet
45:721–730
Glunde K, Serkova NJ (2006) Therapeutic targets and biomarkers
identified in cancer choline phospholipid metabolism. Pharmacogenomics 7:1109–1123
Harris CM, Dysken MW, Fovall P, Davis JM (1983) Effect of lecithin
on memory in normal adults. Am J Psychiatry 140:1010–1012
Haussinger D (2004) Neural control of hepatic osmolytes and
parenchymal cell hydration. Anat Rec A Discov Mol Cell Evol
Biol 280:893–900
Hazra A, Wu K, Kraft P, Fuchs CS, Giovannucci EL, Hunter DJ
(2007) Twenty-four non-synonymous polymorphisms in the onecarbon metabolic pathway and risk of colorectal adenoma in the
Nurses’ Health Study. Carcinogenesis 28:1510–1519
Heil SG, Lievers KJ, Boers GH et al (2000) Betaine-homocysteine
methyltransferase (BHMT): genomic sequencing and relevance
to hyperhomocysteinemia and vascular disease in humans. Mol
Genet Metab 71:511–519
Holm PI, Bleie O, Ueland PM et al (2004) Betaine as a determinant of
postmethionine load total plasma homocysteine before and after
B-vitamin supplementation. Arterioscler Thromb Vasc Biol
24:301–307
Holm PI, Hustad S, Ueland PM, Vollset SE, Grotmol T, Schneede J
(2007) Modulation of the homocysteine-betaine relationship by
methylenetetrahydrofolate reductase 677 C->T genotypes and Bvitamin status in a large-scale epidemiological study. J Clin
Endocrinol Metab 92:1535–1541
Holm PI, Ueland PM, Vollset SE et al (2005) Betaine and folate status
as cooperative determinants of plasma homocysteine in humans.
Arterioscler Thromb Vasc Biol 25:379–385
Huang P, Frohman MA (2007) The potential for phospholipase D as a
new therapeutic target. Expert Opin Ther Targets 11:707–716
Hustad S, Midttun O, Schneede J, Vollset SE, Grotmol T, Ueland PM
(2007) The methylenetetrahydrofolate reductase 677C–>T polymorphism as a modulator of a B vitamin network with major effects
on homocysteine metabolism. Am J Hum Genet 80:846–855
Janardhan S, Srivani P, Sastry GN (2006) Choline kinase: an
important target for cancer. Curr Med Chem 13:1169–1186
Johansson M, Van Guelpen B, Vollset SE et al (2009) One-carbon
metabolism and prostate cancer risk: prospective investigation of
seven circulating B vitamins and metabolites. Cancer Epidemiol
Biomarkers Prev 18:1538–1543
Kempson SA, Montrose MH (2004) Osmotic regulation of renal betaine
transport: transcription and beyond. Pflugers Arch 449:227–234
Kettunen H, Tiihonen K, Peuranen S, Saarinen MT, Remus JC (2001)
Dietary betaine accumulates in the liver and intestinal tissue and
stabilizes the intestinal epithelial structure in healthy and
coccidia-infected broiler chicks. Comp Biochem Physiol A Mol
Integr Physiol 130:759–769
Kharbanda KK, Mailliard ME, Baldwin CR, Beckenhauer HC, Sorrell
MF, Tuma DJ (2007) Betaine attenuates alcoholic steatosis by
restoring phosphatidylcholine generation via the phosphatidylethanolamine methyltransferase pathway. J Hepatol 46:314–321
Kharbanda KK, Todero SL, Ward BW, Cannella JJ 3rd, Tuma DJ
(2009) Betaine administration corrects ethanol-induced defective
VLDL secretion. Mol Cell Biochem 327:75–78
Kim YI (2008) Folic acid supplementation and cancer risk: point.
Cancer Epidemiol Biomarkers Prev 17:2220–2225
Kim YI, Miller JW, Dacosta KA et al (1994) Severe folate deficiency
causes secondary depletion of choline and phosphocholine in rat
liver. J Nutr 124:2197–2203

13
Kohlmeier M, daCosta KA, Fischer LM, Zeisel SH (2005) Genetic
variation of folate-mediated one-carbon transfer pathway predicts
susceptibility to choline deficiency in humans. Proc Nat Acad Sci
Usa 102:16025–16030
Konstantinova SV, Tell GS, Vollset SE, Nygard O, Bleie O, Ueland
PM (2008a) Divergent associations of plasma choline and betaine
with components of metabolic syndrome in middle age and
elderly men and women. J Nutr 138:914–920
Konstantinova SV, Tell GS, Vollset SE, Ulvik A, Drevon CA, Ueland
PM (2008b) Dietary patterns, food groups, and nutrients as
predictors of plasma choline and betaine in middle-aged and
elderly men and women. Am J Clin Nutr 88:1663–1669
Kotronen A, Yki-Jarvinen H (2008) Fatty liver: a novel component of
the metabolic syndrome. Arterioscler Thromb Vasc Biol 28:27–
38
Koushik A, Kraft P, Fuchs CS et al (2006) Nonsynonymous
polymorphisms in genes in the one-carbon metabolism pathway
and associations with colorectal cancer. Cancer Epidemiol
Biomarkers Prev 15:2408–2417
Kovacheva VP, Davison JM, Mellott TJ et al (2009) Raising
gestational choline intake alters gene expression in DMBAevoked mammary tumors and prolongs survival. Faseb J
23:1054–1063
Ladd SL, Sommer SA, LaBerge S, Toscano W (1993) Effect of
phosphatidylcholine on explicit memory. Clin Neuropharmacol
16:540–549
Lang F (2007) Mechanisms and significance of cell volume
regulation. J Am Coll Nutr 26:613S–623S
LeLeiko RM, Vaccari CS, Sola S et al (2009) Usefulness of elevations
in serum choline and free F2)-isoprostane to predict 30-day
cardiovascular outcomes in patients with acute coronary syndrome. Am J Cardiol 104:638–643
Lever M, George PM, Dellow WJ, Scott RS, Chambers ST (2005)
Homocysteine, glycine betaine, and N, N-dimethylglycine in
patients attending a lipid clinic. Metabolism 54:1–14
Levy R (1982) Lecithin in Alzheimer’s disease. Lancet 2:671–672
Lim CH, Bot AG, de Jonge HR, Tilly BC (2007) Osmosignaling and
volume regulation in intestinal epithelial cells. Methods Enzymol
428:325–342
Lin CS, Wu RD (1986) Choline oxidation and choline dehydrogenase.
J Protein Chem 5:193–200
Little A, Levy R, Chuaqui-Kidd P, Hand D (1985) A double-blind,
placebo controlled trial of high-dose lecithin in Alzheimer’s
disease. J Neurol Neurosurg Psychiatry 48:736–742
Lockman PR, Allen DD (2002) The transport of choline. Drug Dev
Ind Pharm 28:749–771
Lv S, Fan R, Du Y et al (2009) Betaine supplementation attenuates
atherosclerotic lesion in apolipoprotein E-deficient mice. Eur J
Nutr 48:205–212
McCann JC, Hudes M, Ames BN (2006) An overview of evidence for
a causal relationship between dietary availability of choline
during development and cognitive function in offspring. Neurosci
Biobehav Rev 30:696–712
McGregor DO, Dellow WJ, Lever M, George PM, Robson RA,
Chambers ST (2001) Dimethylglycine accumulates in uremia and
predicts elevated plasma homocysteine concentrations. Kidney
Int 59:2267–2272
McGregor DO, Dellow WJ, Robson RA, Lever M, George PM,
Chambers ST (2002) Betaine supplementation decreases postmethionine hyperhomocysteinernia in chronic renal failure.
Kidney Int 61:1040–1046
McMahon KE, Farrell PM (1985) Measurement of free choline
concentrations in maternal and neonatal blood by micropyrolysis
gas chromatography. Clin Chim Acta 149:1–12
Miglio F, Rovati LC, Santoro A, Setnikar I (2000) Efficacy and safety
of oral betaine glucuronate in non-alcoholic steatohepatitis. A

Author's personal copy
14
double-blind, randomized, parallel-group, placebo-controlled
prospective clinical study. Arzneimittelforschung 50:722–727
Moat SJ, Madhavan A, Taylor SY et al (2006) High-but not low-dose
folic acid improves endothelial function in coronary artery
disease. Eur J Clin Invest 36:850–859
Mockel M, Danne O, Muller R et al (2008) Development of an
optimized multimarker strategy for early risk assessment of patients
with acute coronary syndromes. Clin Chim Acta 393:103–109
Mohs RC, Davis KL (1980) Choline chloride effects on memory:
correlation with the effects of physostigmine. Psychiatry Res
2:149–156
Molloy AM, Mills JL, Cox C et al (2005) Choline and homocysteine
interrelations in umbilical cord and maternal plasma at delivery.
Am J Clin Nutr 82:836–842
Morin I, Platt R, Weisberg I et al (2003) Common variant in betainehomocysteine methyltransferase (BHMT) and risk for spina
bifida. Am J Med Genet 119A:172–176
Morse DL, Carroll D, Day S et al (2009) Characterization of breast
cancers and therapy response by MRS and quantitative gene
expression profiling in the choline pathway. NMR Biomed
22:114–127
Neuhofer W, Beck FX (2005) Cell survival in the hostile environment
of the renal medulla. Annu Rev Physiol 67:531–555
Niculescu MD, Craciunescu CN, Zeisel SH (2006) Dietary choline
deficiency alters global and gene-specific DNA methylation in
the developing hippocampus of mouse fetal brains. Faseb J
20:43–49
Nitsch RM, Blusztajn JK, Pittas AG, Slack BE, Growdon JH,
Wurtman RJ (1992) Evidence for a membrane defect in
Alzheimer disease brain. Proc Natl Acad Sci USA 89:1671–1675
O’Donoghue N, Sweeney T, Donagh R, Clarke KJ, Porter RK (2009)
Control of choline oxidation in rat kidney mitochondria. Biochim
Biophys Acta 1787:1135–1139
Ogier de Baulny H, Gerard M, Saudubray JM, Zittoun J (1998)
Remethylation defects: guidelines for clinical diagnosis and
treatment. Eur J Pediatr 157(Suppl 2):S77–S83
Olsen M, Sarup A, Larsson OM, Schousboe A (2005) Effect of
hyperosmotic conditions on the expression of the betaine-GABAtransporter (BGT-1) in cultured mouse astrocytes. Neurochem
Res 30:855–865
Olthof MR, Verhoef P (2005) Effects of betaine intake on plasma
homocysteine concentrations and consequences for health. Curr
Drug Metab 6:15–22
Olthof MR, vanVliet T, Boelsma E, Verhoef P (2003) Low dose
betaine supplementation leads to immediate and long term
lowering of plasma homocysteine in healthy men and women. J
Nutr 133:4135–4138
Olthof MR, Brink EJ, Katan MB, Verhoef P (2005a) Choline
supplemented as phosphatidylcholine decreases fasting and
postmethionine-loading plasma homocysteine concentrations in
healthy men. Am J Clin Nutr 82:111–117
Olthof MR, van Vliet T, Verhoef P, Zock PL, Katan MB (2005b)
Effect of homocysteine-lowering nutrients on blood lipids: results
from four randomised, placebo-controlled studies in healthy
humans. PLoS Med 2:446–456
Olthof MR, Bots ML, Katan MB, Verhoef P (2006) Acute effect of
folic acid, betaine, and serine supplements on flow-mediated
dilation after methionine loading: a randomized trial. PLoS Clin
Trials 1(1):e4
Ozarda Ilcol Y, Uncu G, Ulus IH (2002) Free and phospholipid-bound
choline concentrations in serum during pregnancy, after delivery
and in newborns. Arch Physiol Biochem 110:393–399
Park EI, Garrow TA (1999) Interaction between dietary methionine
and methyl donor intake on rat liver betaine-homocysteine
methyltransferase gene expression and organization of the human
gene. J Biol Chem 274:7816–7824

J Inherit Metab Dis (2011) 34:3–15
Petronini PG, Alfieri RR, Losio MN et al (2000) Induction of BGT-1
and amino acid system A transport activities in endothelial cells
exposed to hyperosmolarity. Am J Physiol Regul Integr Comp
Physiol 279:R1580–R1589
Purohit V, Abdelmalek MF, Barve S et al (2007) Role of Sadenosylmethionine, folate, and betaine in the treatment of
alcoholic liver disease: summary of a symposium. Am J Clin
Nutr 86:14–24
Resseguie M, Song JN, Niculescu MD, daCosta KA, Randall TA,
Zeisel SH (2007) Phosphatidylethanolamine N-methyltransferase
(PEMT) gene expression is induced by estrogen in human and
mouse primary hepatocytes. Faseb J 21:2622–2632
Robertson KD (2005) DNA methylation and human disease. Nat Rev
Genet 6:597–610
Sakamoto A, Nishimura Y, Ono H, Sakura N (2002) Betaine and
homocysteine concentrations in foods. Pediatr Int 44:409–413
Saver JL (2008) Citicoline: update on a promising and widely
available agent for neuroprotection and neurorepair. Rev Neurol
Dis 5:167–177
Schafer C, Hoffmann L, Heldt K et al (2007) Osmotic regulation of
betaine homocysteine-S-methyltransferase expression in H4IIE
rat hepatoma cells. Am J Physiol Gastrointest Liver Physiol 292:
G1089–G1098
Schliess F, Haussinger D (2002) The cellular hydration state: a critical
determinant for cell death and survival. Biol Chem 383:577–583
Schwab U, Törrönen A, Toppinen L et al (2002) Betaine supplementation decreases plasma homocysteine concentrations but does
not affect body weight, body composition, or resting energy
expenditure in human subjects. Am J Clin Nutr 76:961–967
Schwahn BC, Laryea MD, Chen ZT et al (2004) Betaine rescue of an
animal model with methylenetetrahydrofolate reductase deficiency. Biochem J 382:831–840
Shaw GM, Carmichael SL, Yang W, Selvin S, Schaffer DM (2004)
Periconceptional dietary intake of choline and betaine and neural
tube defects in offspring. Am J Epidemiol 160:102–109
Shaw GM, Finnell RH, Blom HJ et al (2009) A prospective casecontrol study of choline and risks of neural tube defect-affected
pregnancies in a folate fortified population. Epidemiology
20:714–719
Signore C, Ueland PM, Troendle J, Mills JL (2008) Choline
concentrations in human maternal and cord blood and intelligence at 5 y of age. Am J Clin Nutr 87:896–902
Sitaram N, Weingartner H, Caine ED, Gillin JC (1978) Choline:
selective enhancement of serial learning and encoding of low
imagery words in man. Life Sci 22:1555–1560
Slow S, Donaggio M, Cressey P, Lever M, George P, Chambers S
(2005) The betaine content of New Zealand foods and estimated
intake in the New Zealand diet. J Food Composit Anal 18:473–
485
Slow S, Lever M, Chambers ST, George PM (2009) Plasma dependent
and independent accumulation of betaine in male and female rat
tissues. Physiol Res 58:403–410
Song JN, daCosta KA, Fischer LM et al (2005) Polymorphism of the
PEMT gene and susceptibility to nonalcoholic fatty liver disease
(NAFLD). Faseb J 19:1266–1271
Spiers PA, Myers D, Hochanadel GS, Lieberman HR, Wurtman RJ
(1996) Citicoline improves verbal memory in aging. Arch Neurol
53:441–448
Stead LM, Brosnan JT, Brosnan ME, Vance DE, Jacobs RL (2006) Is
it time to reevaluate methyl balance in humans? Am J Clin Nutr
83:5–10
Sweiry JH, Yudilevich DL (1985) Characterization of choline
transport at maternal and fetal interfaces of the perfused guineapig placenta. J Physiol 366:251–266
Thomas JD, Abou EJ, Dominguez HD (2009) Prenatal choline
supplementation mitigates the adverse effects of prenatal alcohol

Author's personal copy
J Inherit Metab Dis (2011) 34:3–15
exposure on development in rats. Neurotoxicol Teratol 31:303–
311
Troen AM, Chao WH, Crivello NA et al (2008) Cognitive impairment
in folate-deficient rats corresponds to depleted brain phosphatidylcholine and is prevented by dietary methionine without
lowering plasma homocysteine. J Nutr 138:2502–2509
Ueland PM, Holm PI, Hustad S (2005) Betaine: a key modulator of
one-carbon metabolism and homocysteine status. Clin Chem Lab
Med 43:1069–1075
Vance DE (2008) Role of phosphatidylcholine biosynthesis in the
regulation of lipoprotein homeostasis. Curr Opin Lipidol 19:229–
234
Vance DE, Li Z, Jacobs RL (2007) Hepatic phosphatidylethanolamine
N-methyltransferase, unexpected roles in animal biochemistry
and physiology. J Biol Chem 282:33237–33241
VarelaMoreiras G, Selhub J, Da Costa KA, Zeisel SH (1992) Effect of
chronic choline deficiency in rats on liver folate content and
distribution. J Nutr Biochem 3:519–522
VelzingAarts FV, Holm PI, Fokkema MR, vanderDijs FP, Ueland PM,
Muskiet FA (2005) Plasma choline and betaine and their relation
to plasma homocysteine in normal pregnancy. Am J Clin Nutr
81:1383–1389
Venkatesu P, Lee MJ, Lin HM (2009) Osmolyte counteracts ureainduced denaturation of alpha-chymotrypsin. J Phys Chem B
113:5327–5338
Wallace JMW, Bonham MP, Strain JJ et al (2008) Homocysteine
concentration, related B vitamins, and betaine in pregnant women
recruited to the Seychelles Child Development Study. Am J Clin
Nutr 87:391–397
Warskulat U, Reinen A, Grether-Beck S, Krutmann J, Haussinger D
(2004) The osmolyte strategy of normal human keratinocytes
in maintaining cell homeostasis. J Invest Dermatol 123:516–
521
Warskulat U, Brookmann S, Felsner I, Brenden H, Grether-Beck S,
Haussinger D (2008) Ultraviolet A induces transport of compatible organic osmolytes in human dermal fibroblasts. Exp
Dermatol 17:1031–1036
Waterland RA, Jirtle RL (2003) Transposable elements: targets for
early nutritional effects on epigenetic gene regulation. Mol Cell
Biol 23:5293–5300
Waterland RA, Dolinoy DC, Lin JR, Smith CA, Shi X, Tahiliani KG
(2006) Maternal methyl supplements increase offspring DNA
methylation at Axin Fused. Genesis 44:401–406
Weik C, Warskulat U, Bode J, Peters-Regehr T, Haussinger D (1998)
Compatible organic osmolytes in rat liver sinusoidal endothelial
cells. Hepatology 27:569–575
Weinstein HC, Teunisse S, van Gool WA (1991) Tetrahydroaminoacridine and lecithin in the treatment of Alzheimer’s disease.
Effect on cognition, functioning in daily life, behavioural
disturbances and burden experienced by the carers. J Neurol
238:34–38
Weisberg IS, Park E, Ballman KV et al (2003) Investigations of a
common genetic methyltransferase (BHMT) variant in betainehomocysteine in coronary artery disease. Atherosclerosis
167:205–214
Wurtman RJ, Cansev M, Sakamoto T, Ulus IH (2009) Use of
phosphatide precursors to promote synaptogenesis. Annu Rev
Nutr 29:59–87

15
Xu X, Gammon MD, Wetmur JG et al (2008a) B-vitamin intake, onecarbon metabolism, and survival in a population-based study of
women with breast cancer. Cancer Epidemiol Biomarkers Prev
17:2109–2116
Xu XR, Gammon MD, Zeisel SH et al (2008b) Choline metabolism
and risk of breast cancer in a population-based study. Faseb J
22:2045–2052
Yamauchi A, Uchida S, Kwon HM et al (1992) Cloning of a Na(+)and Cl(-)-dependent betaine transporter that is regulated by
hypertonicity. J Biol Chem 267:649–652
Yap S (2003) Classical homocystinuria: vascular risk and its
prevention. J Inherit Metab Dis 26:259–265
Yates AA, Schlicker SA, Suitor CW (1998) Dietary Reference Intakes:
the new basis for recommendations for calcium and related
nutrients, B vitamins, and choline. J Am Diet Assoc 98:699–706
Zeisel SH (1991) Choline, an essential nutrient for humans. Faseb J
5:2093–2098
Zeisel SH (2000) Choline: an essential nutrient for humans. Nutrition
16:669–671
Zeisel SH (2006a) Betaine supplementation and blood lipids: fact or
artifact? Nutr Rev 64:77–79
Zeisel SH (2006b) Choline: critical role during fetal development and
dietary requirements in adults. Annu Rev Nutr 26:229–250
Zeisel SH (2006c) The fetal origins of memory: the role of dietary
choline in optimal brain development. J Pediatr 149:S131–S136
Zeisel SH (2007) Gene response elements, genetic polymorphisms
and epigenetics influence the human dietary requirement for
choline. Iubmb Life 59:380–387
Zeisel SH (2009a) Epigenetic mechanisms for nutrition determinants
of later health outcomes. Am J Clin Nutr 89:1488S–1493S
Zeisel SH (2009b) Importance of methyl donors during reproduction.
Am J Clin Nutr 89:673S–677S
Zeisel SH, Blusztajn JK (1994) Choline and human nutrition. Annu
Rev Nutr 14:269–296
Zeisel SH, Epstein MF, Wurtman RJ (1980) Elevated choline
concentration in neonatal plasma. Life Sci 26:1827–1831
Zeisel SH, Mar MH, Howe JC, Holden JM (2003) Concentrations of
choline-containing compounds and betaine in common foods. J
Nutr 133:1302–1307
Zeisel SH, Mar MH, Zhou Z, da Costa KA (1995) Pregnancy and
lactation are associated with diminished concentrations of choline
and its metabolites in rat liver. J Nutr 125:3049–3054
Zhang F, Warskulat U, Wettstein M, Haussinger D (1996) Identification of betaine as an osmolyte in rat liver macrophages (Kupffer
cells). Gastroenterology 110:1543–1552
Zhao Y, Su B, Jacobs RL et al (2009) Lack of phosphatidylethanolamine N-methyltransferase alters plasma VLDL phospholipids
and attenuates atherosclerosis in mice. Arterioscler Thromb Vasc
Biol 29:1349–1355
Zhu HP, Curry S, Wen S et al (2005) Are the betaine-homocysteine
methyltransferase (BHMT and BHMT2) genes risk factors for
spina bifida and orofacial clefts? Am J Med Genet Part A
135A:274–277
Zhu XN, Song JN, Mar MH, Edwards LJ, Zeisel SH (2003)
Phosphatidylethanolamine N-methyltransferase (PEMT) knockout mice have hepatic steatosis and abnormal hepatic choline
metabolite concentrations despite ingesting a recommended
dietary intake of choline. Biochem J 370:987–993

