
Choline
An Essential Nutrient for 
Cognitive Function



Choline: A neurological building block

Choline is a precursor of numerous cellular metabolites that 
are important for their diverse purposes in the human body (1).     

•	 Choline	can	be	readily	converted	to	betaine, which func-
tions in one-carbon metabolism and in the regulation of 
water flux in and out of cells.  The former function frees 
the amino acid methionine, which is necessary for protein 
synthesis, from its role in regulatory methylation reactions.  
The activity of this pathway also spares folate for use in DNA 
synthesis (2).  

•	 Choline	is	part	of	phosphatidylcholine (PC), an important 
primary structural component of the phospholipid mem-
branes of all cells, including glial and neuronal cells.  This 
phospholipid is also needed in the construction of very low 
density lipoproteins, which have an important function in fat 
transport.   

•	 Choline	 is	also	a	precursor	of	 the	phospholipid	sphingo-
myelin (SM), which is important in the myelin sheath of 
neurons, and in the metabolism of molecules that function 
in intracellular signaling, specifically diacylglycerol and ce-
ramide.   

•	 Perhaps	most	significant	is	choline’s	necessity	for	the	syn-
thesis of acetylcholine (ACh), the primary agent of neuro-
transmission in cholinergic neurons.  
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   Figure 2. Choline: An important metabolic intermediate and precursor

   Figure 1. Choline structure

Daily dietary choices are the most important way to 
manipulate and improve human health.  In recent de-
cades, numerous micro- and macronutrients, miner-
als, and vitamins have been studied specifically to un-
derstand their roles in neurological function and their 
potential in enhancing cognitive performance.  Healthy 
and efficient function of the brain is unique in that its 
foundations are irrevocably laid in fundamental early 
developmental processes; it drives changes in quality-
of-life in later years.

Choline, an essential nutrient that is functionally com-
plementary to B-vitamins and omega-3 fats, has prov-
en to be significant in this regard.  It has irreplaceable 
structural and functional roles in the nervous system 
that resonate through the human life cycle.   Delib-
erate dietary intake of choline is extremely important, 
as biosynthesis and ad libitum eating habits are quite 
often inadequate to supply it to the body in the quan-
tities needed.  Fortification and supplementation with 
water-soluble forms of choline are appropriate means 
to ensure availability of this critically important nutrient 
from infancy to late adulthood.



Choline and the Brain

Neurotransmission and the  
cholinergic hypothesis of memory

The communication that occurs between cells in the brain is 
the mechanistic basis of memory.  Messaging may occur by 
primary agents, such as neurotransmitters, by the secondary 
messengers that influence them, or by other biochemicals  (3).    
Indeed, many of these processes operate simultaneously to 
transmit and store information.  A cholinergic neuron is said 
to “fire” when the transport of charged ions through its mem-
brane results in a local voltage change.  This electrical impulse 
is	transmitted	along	the	length	of	the	neuron’s	axon,	which	is	
insulated by the myelin sheath.  When the signal reaches the 
axon terminus, acetylcholine is synthesized from free choline 
by the enzyme choline aminotransferase.  It is released into 
the synaptic space between neurons, where the receptors on 
the dendritic spines of the next (postsynaptic) neuron will bind 
some of it.   When this nerve signal is interpreted as excitatory, 
it will be propagated to the next neuron.   Any synaptic ace-
tylcholine remaining unbound by the postsynaptic neuron is 
converted back into free choline by the enzyme acetylcholin-
esterase, and taken up again by the originating (presynaptic) 
neuron.    When neurons fire rapidly, during periods of high 
excitatory activity, they require large amounts of available free 
choline with which to synthesize acetylcholine.  

Neurotransmission is facilitated by better communication be-
tween neurons.  This can be achieved by better neuronal con-
nections and greater availability of neurotransmitters.    Synap-
tic contact can be directly improved by a greater density and 
branching of dendrites, which results in more contact points.   
Long-term potentiation (LTP), an enhancement of the strength 
of neuronal response to stimulation, occurs in parts of the 
brain thought to be central to its purpose in memory reten-
tion, such as the hippocampus (4-6).  It is thought to play an 
important role in learning and memory in both the developing 
and mature brain.  The availability of choline at different stages 
in human development and aging appears to be significant in 
these mechanisms, for example, in increasing the density of 
branching in dendrites (7), and in supplying raw materials for 
the enzyme that generates acetylcholine in the axon termini of 
neurons (8;9).
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   Figure 4. Choline’s role in neurotransmission
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   Figure 3. The cholinergic center of the brain (from reference (13))

Hippocampus

Stores information 
as memory

Basal forebrain

Center of thinking 
and problem solving

Cerebral cortex



Choline’s mode of action

Choline metabolism and transport

Choline is needed by the brain for the production of mem-
brane phospholipids and the neurotransmitter acetylcholine.  
To achieve these goals, choline is either biosynthesized, di-
rectly transported from circulation (9;10), or scavenged from 
local, endogenous stores.  Once in the brain, it is stored as the 
free base, most typically in phosphorylated form (11).   

The cytidine diphosphocholine (CDP-choline) pathway for 
choline synthesis exists widely in tissues and organs of the 
body (10;12).   Choline can also be obtained via PC generated 
by methylation of phosphatidylethanolamine by an estrogen-
regulated enzyme.  Although this particular pathway predomi-
nates in the liver, presumably to ensure adequate PC for the 
synthesis of lipoproteins there (13;14), its proper function 
helps ensure metabolic balance of the “sources and sinks” 
of choline throughout the body.  The efficiency of the enzyme 
in certain population groups is impaired by virtue of their hor-
monal status, so this route may not be optimally productive, 
making dietary intake even more important in these individuals 
(15;16).   

The level of choline in the brain is directly affected by its levels 
in plasma, which is significantly influenced by intake of the 
nutrient (9;17;18).  Free choline reaches the brain by multiple 
mechanisms.  It can freely traverse the blood-brain-barrier by 
facilitated diffusion from plasma (9;19;20).  Once it is in the 
extracellular fluid, it can enter any cell in which it is needed 
by a non-specific, low affinity uptake mechanism, depending 

on the concentration gradient that exists between the plasma 
and the extracellular fluid (9). 

Oral administration of choline can affect both serum choline 
levels and acetylcholine (18;21-23).   In states of dietary cho-
line deprivation (24) or other metabolic stress, membrane 
phospholipids (PC and SM) may be catabolized by phospho-
lipase enzymes in an effort to maintain levels of brain choline 
(25) and provide for its release into the hippocampus (26). An 
organism’s	choline	status	can	also	up-	or	down-regulate	the	
activity of other enzymes.  It can affect the balance of choline 
acetyltransferase (ChAT) and acetylcholinesterase (AChE), the 
enzymes which synthesize acetylcholine and break it down, 
respectively (27).  This mechanism is also dependent on di-
etary manipulation (28).  

Although comparatively little neuronal choline is turned into 
acetylcholine, as compared to the proportion destined to be 
used in membrane phospholipids, the conversion is extremely 
important.  A high affinity mechanism transport exists in neu-
rons specifically to support it, and may be coupled to the 
process (9;29).  In studies of choline-deficient pregnancy in 
animals, increased expression of the gene for such a choline 
transporter has been observed; perhaps this is an adaptive 
mechanism (27) to best utilize the choline that is available (30).   
Administered choline also appears to affect the release of ace-
tylcholine into the synapse via a yet-uncharacterized mecha-
nism involving activation of tyrosine hydroxylase, an enzyme in 
another common type of neuron (31;32).
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Source Mechanism Dependence

Biosynthesis
Conversion of phosphatidylserine (PS) or phosphatidylethanolamine 
(PE) to phosphatidylcholine (PC), subsequent breakdown of PC.

Factors influencing  
enzyme activity

Plasma

Generic organic cation transporter to cerebrospinal fluid Membrane potential

Saturable, bidirectional facilitated diffusion between plasma and 
extracellular fluid (ECF) at the blood-brain-barrier (BBB).  

Choline in the ECF can be taken up by all cells by a  
low affinity uptake mechanism.

Concentration gradient

Synapse High affinity uptake mechanism to reclaim hydrolyzed acetylcholine Sodium, chloride, energy

Catabolism Action of phospholipase enzymes on membrane phospholipids Depolarization of neurons

   Table 1. Choline availability in the brain



One-carbon metabolism

Methyl groups [CH3—] are so-called “epigenetic markers” that 
can activate or suppress the expression of genes and the 
activity of catalytic proteins.  As a trimethylamine [(CH3)3N

+—] 
moiety, choline can substantially contribute to the pool of 
methyl groups that can be used for one-carbon transfer re-
actions with DNA and protein.     Choline operates via an 
epigenetic mechanism in the early stages of embryonic neu-
rological development.  Its availability mediates the balance 
of the opposing processes of cell proliferation and apoptosis 
(programmed cell death), which is critically important in the 
formation and perfection of the network of synaptic connec-
tions in the brain (33-37).   It is thought to activate part of 
a protein-mediated cell signaling sequence important in the 
synaptic communication events that underlie learning and 
memory (35;38;39).    The changes in DNA that the placement 
of a methyl group brings about are heritable and retained over 
generations.   Indeed, the methyl donor content in an expect-
ant	mother’s	diet	has	been	shown	to	affect	gene	expression	
in the offspring born of the pregnancy (33;40) throughout that 
offspring’s	life	(41;42).

Influence on homocysteine

Choline’s	ability	to	methylate	other	molecules	has	other	meta-
bolic effects as well.  Choline intake has been shown to have 
a direct inverse effect on total plasma homocysteine, a met-
abolically-generated amino acid to which various deleterious 
cytotoxic and vascular effects have been ascribed (43-46).   
Choline is oxidized in a two-step process and subsequently 
remethylates homocysteine to S-adenosylmethionine, a meth-
yl donor necessary for the synthesis of DNA and RNA, the my-
elin insulation for neurons, and other materials (47;48).  While it 
is not certain whether homocysteine is a biomarker, by-prod-
uct, risk-factor or active agent (49) of biochemical change, it is 
widely hypothesized that it is associated in some way with the 
cognitive decline that occurs with normal aging, as well as to 
cardiovascular disease and a variety of other negative health 
outcomes.    

Elevated homocysteine (homocysteinemia) appears to be 
involved with the incidence of oxidative events, including an 
increase in reactive oxygen species, spurring the oxidation of 
low density lipoproteins, DNA damage, the rampant growth of 
smooth muscle cells, and aggregation of platelets, which re-
sult in occlusive damage to tissues and organs (48;50;51).  El-
evated homocysteine is also related to stroke, and to atrophy 
of the hippocampus and cortex, areas of the brain involved 
in cholinergic activity (44;50).    It also interferes with calcium 
activity	 in	secondary	messaging	and	with	the	 ion’s	transport	
through N-methyl-D-aspartate (NMDA) receptors.  These re-
ceptors modulate the electrical potential of the cell membrane 
and the strength of synaptic connections, thought to be a key 
mechanism for learning and memory (50).

Homocysteinemia can arise from a strictly genetic cause 
(gene polymorphism), from nutritional habits that affect en-
zyme activity, or from genetic predisposition attenuated by 
nutritional habits, and its severity can vary considerably.   It is 
estimated to affect 5-10% of the US population, with three-
fold greater incidence in people above age 65 (47;52).  Its 
apparent relationship to neurological decline is most apparent 
in older individuals, perhaps because of the cumulative effects 
of time.   In cognitive performance testing in human subjects, 
diminished abilities were observed to be related to elevated 
homocysteine, including abstract reasoning, delayed recall in 
verbal and visual memory, executive performance, visual or-
ganization, object naming, concentration and language (53).    
Further research, in the form of prospective epidemiological 
tests and interventional trials, will be necessary to characterize 
the relationship between choline, homocysteine and cognitive 
decline.
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The class of B-vitamins, including folic acid, 
is inextricably linked with choline in homocys-
teine metabolism because of shared roles in 
methylation reactions and amino acid synthe-
sis (90;91).   As is true for choline, the status 
of certain B-vitamins appears to be inversely 
related to total plasma homocysteine.   

Both Vitamin B2 (riboflavin) and Vitamin B12 
(cobalamin) are involved as cofactors in reac-
tions related to the conversion of homocysteine 
to methionine.  Vitamin B12 is a cofactor for the 
enzyme which directly catalyzes this conver-
sion (92).  Dietary riboflavin is a key component 
of the cofactor for the enzyme which catalyzes 
the first steps of the biosynthesis of sulfur-con-
taining amino acids, including that of methio-
nine via homocysteine (93).   Vitamin B6 also 
contributes to the reduction of plasma homo-
cysteine by its involvement in the functionally 
complementary transsulfuration pathway. 

Homocysteine levels are also influenced by 
other substances, such as the drug metho-
trexate, that disrupt the metabolic balance of 
B-vitamins and choline in the body (51).   

    B-VITAMINS AND HOMOCYSTEINE
 METABOLISM 



Choline’s role in human cognitive 
function 
The beginnings of memory and its lifelong 
repercussions

Gestational choline supply has a significant influence on the 
structure and cholinergic functions of the fetal and infant ner-
vous system.  Choline availability to a fetus appears to have 
enduring significance in that individual at an advanced age 
(54).   Choline is needed before birth as a precursor of the 
structural phospholipids needed to construct the membranes 
of cholinergic neurons; in this way, it is complementary to doc-
osahexaenoic acid (DHA) (9;55).    Both choline and DHA have 
been shown to increase the extent of branching of dendrites in 
hippocampal neurons (6;55), which is believed to relate to an 
improved capacity for synaptic communication between the 
neural cells.   Metabolism of both choline and DHA is related 
to circulating levels of phosphatides and diacylglycerol, which 
function in a messaging capacity in the cell.  

Choline supplementation and deprivation studies have been 
conducted in cell culture and in animal models (7;28;41;56-63), 
and	have	probed	the	nutrient’s	role	 in	cell	differentiation	and	
migration in the hippocampus and cortex, regions of the brain 
that govern learning and memory (64).    It has been observed 
that prenatal choline availability corresponds to morphological 

changes and an overall increase in size in cholinergic neurons 
in the basal forebrain (6;63); such greater dendritic branching 
facilitates neurotransmission.    The neurophysiological devel-
opment of the hippocampus is affected by manipulation of 
choline intake as well (6;64).   In the hippocampus, choline 
also influences levels of nerve growth factor (65), a trophic fac-
tor that is important in the refinement of neural connections.  
It facilitates long term potentiation, an enhancement in neu-
ral communication that is implicated in learning and memory 
processes (5;62;66).   Synaptic connections continue to be 
formed in the hippocampus and basal forebrain in the months 
and years after birth (5;6;34;37;39;42;64), so choline nutrition 
postpartum is important as well.

The benefits of pre- and post-natal choline availability are evi-
dent as improved cognitive performance in offspring born of 
supplemented pregnancies.    Many of the behavioral stud-
ies that have been conducted in animal species have been 
recently reviewed in-depth (7).    The benefits seen are de-
pendent on the period and duration of supplementation (both 
pre- and post-natal > pre-natal only > post-natal only > con-
trol), and they appear to be lifelong (41).   Performance en-
hancement in these offspring is most evident in their better 
execution of complex memory-related tasks, particularly those 
involving visuo-spatial and serial learning and memory (e.g. 
references (6;41;56-61)).
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   Figure 5. Brain structure over the life span (from references (20) and (168))



Cognitive decline related to age and disease

Cognitive decline, particularly memory loss, is a normal con-
sequence of aging.   It is widely believed that malfunction of 
certain elements of the central nervous system is a potential 
cause; cholinergic neurotransmission has been the focus of 
much attention (67), although other modes of neurotransmis-
sion, and other neurochemical processes may be equally im-
portant.			Diseases	such	as	Alzheimer’s	disease	and	dementia	
might represent an extreme, perhaps premature, manifes-
tation of inevitable age-related decline, or a completely dis-
tinct etiology with an exaggerated, but similar presentation of 
symptoms.   Cholinergic neurons have been demonstrated to 
be especially labile in such neurodegenerative disease states 
(10;12).   

Potential modes of failure within the cholinergic system itself 
are numerous, and may include diminished choline uptake, 
reduced synthesis or uptake of acetylcholine, breakdown 
and insufficient repair of neurons, loss of myelin and dendrite 
branches, and cell death in the hippocampus (68).    Other 
hypotheses	 implicate	 a	 conflict	 over	 choline’s	 availability	 as	
a precursor of both acetylcholine and phospholipids in aging 
neurons (69) and for other biochemical processes (10).  Cho-
line availability in the body may affect many of these, directly 
(as a source of an important precursor) or indirectly (by epi-
genetic or enzyme feedback mechanisms).   

Age-related changes in individual nutrition have been implicat-
ed in many health issues, and may also contribute to cognitive 
decline.    The changes arise as the result of a variety of inter-
nal and external factors, including reduced availability of food 
and in the impaired absorption of nutrients from foods (52).   If 
one of the factors modulated by choline intake (70) is indeed 
a major cause underlying memory loss, a hypothesis might 
follow that choline administration would be a useful compen-
satory therapy to restore this cognitive function in otherwise 
healthy elderly.   

Numerous studies (e.g. (70-80)) along these lines have been 
conducted in animals and in humans.   Interventional stud-
ies have employed a variety of methods, including increasing 
subjects’	 sensitivity	 to	 acetylcholine,	 inhibition	 of	 acetylcho-
linesterase, and by administration of choline or choline-like 
substances (80).  The clinical and behavioral endpoints that 
are typically monitored in such studies vary considerably in 
their scope and precision in quantifying certain subtle ele-
ments of cognition and memory (81).  The broad spectrum of 
results obtained from these studies reinforces the idea that the 
mechanism of cognitive decline is actually more complex than 
it is currently understood to be, perhaps the result of multiple 
convergent modes of cholinergic failure.    As neurobehav-
ioral research advances, choline will continue to be an active 
subject of research, for its unique characteristics suggest its 
enormous importance in the maintenance of human cognitive 
health.

 Choline is the subject of FDA-reviewed 
structure-function claims related to the lifelong 
benefits for cognitive development and function 
that it provides.

•		Prenatal use of choline may lead to lifelong 
improvement of visuospatial memory in chil-
dren born of the pregnancy.

•		Supplementation with choline during infancy 
and childhood may lead to improved lifelong 
memory.

•		Choline may help memory problems  
associated with aging.

•		Choline may reduce levels of plasma  
homocysteine.

   STRUCTURE-FUNCTION CLAIMS
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Choline in the diet

The free choline that is utilized for these diverse purposes in 
the brain and body is obtained either from metabolism by the 
body, primarily via release from phospholipids and efficient re-
cycling (27), or by ingestion.  The efficiency of endogenous 
choline production varies with age, gender, and hormonal sta-
tus, and is itself influenced by diet.   Individuals in low estro-
genic states (i.e. men and post-menopausal women) are most 
likely to become choline deficient with inadequate dietary in-
take (15), as synthesis is estrogen-regulated.   Pregnancy can 
induce choline deficiency in women because of the enormous 
need for the nutrient imposed by the fetus (82;83); choline 
availability to the fetus is directly affected by maternal dietary 
habits (33;84;85).   Individual genetic variations related to the 
activity of enzymes involved in one-carbon metabolism may 
also result in increased choline need (15;86).   Indeed, choline 
is considered an essential nutrient for humans (87) because 
biosynthesis does not ordinarily produce quantities sufficient 
to sustain normal organ function, even in a healthy human 
body. 

Most of the US population does not consume recommended 
quantities of dietary choline (88).      Many of the nutrient-
dense food sources that are especially choline-rich, includ-
ing beef liver, egg yolks and wheat germ (85;89), are often 
eschewed in the modern diet for reasons of their high fat 
or cholesterol content or their lack of palatability.    Dietary 
supplements, fortified foods and beverages, and choline-rich 
meal-replacement products are appropriate ways to deliver 
necessary choline to consumers.   Water-soluble choline salts 
are very easily added to these products, exhibiting excellent 
stability and high bioavailability.

Conclusion

Choline is a fundamental necessity for the development and 
ongoing healthy function of the human nervous system.  It is 
a material requirement of cells, for membrane structure and 
many essential biochemical conversions, and is significant in 
fetal neuronal development and the upkeep and turnover of 
adult cells.     Its presence is integral in maintaining the bal-
ance of key components needed for cell growth, function and 
repair.   The participation of choline in one-carbon transfer re-
actions underlies its cellular regulatory function and role in the 
reduction of cytotoxic homocysteine, which may otherwise 
exacerbate the processes of age-related cognitive decline.     
At	the	very	root	of	choline’s	biological	importance	in	cognitive	
function, though, is its function as the direct currency of neu-
rotransmission in cholinergic brain cells.

Dietary intake of choline is known to affect the availability of the 
nutrient to organs, especially to the brain, where it is acutely 
needed and actively transported.  Current population dietary 
trends indicate that choline intake is low, however, especially 
in the older segments of the population where it is especially 
needed.   Choline chloride and choline bitartrate are highly 
soluble, stable, bioavailable forms that can be incorporated 
into foods, beverages, and supplements to easily deliver im-
portant lifelong nutritional benefits to consumers.

____________________________________________________

This article is for informational purposes only and is not meant to be 
construed as authoritative legal or medical advice.  Balchem makes 
no representations as to its accuracy and assumes no liability or re-
sponsibility for the content of this article.

Choline supplements are not intended to diagnose, treat, cure or pre-
vent any disease.

©2011 Balchem Corporation.  All trademarks and servicemarks are 
property of Balchem Corporation.
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   Figure 6. Choline needs and intakes (from reference (88))
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