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Choline-related-inherited metabolic diseases—A mini review
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Abstract
In humans, the important water soluble, vitamin-like nutrient choline, is taken up

with the diet or recycled in the liver. Deficiencies of choline have only been

reported in experimental situations or total parenteral nutrition. Currently, no

recommended dietary allowances are published; only an adequate daily intake is

defined. Choline is involved in three main physiological processes: structural integ-

rity and lipid-derived signaling for cell membranes, cholinergic neurotransmission,

and methylation. Choline is gaining increasing public attention due to studies

reporting a relation of low choline levels to subclinical organ dysfunction (nonalco-

holic fatty liver or muscle damage), stunting, and neural tube defects. Furthermore,

positive effects on memory and a lowering of cardiovascular risks and inflamma-

tory markers have been proposed. On the other hand, dietary choline has been asso-

ciated with increased atherosclerosis in mice. This mini review will provide a

summary of the biochemical pathways, in which choline is involved and their

respective inborn errors of metabolism (caused by mutations in SLC5A7, CHAT,

SLC44A1, CHKB, PCYT1A, CEPT1, CAD; DHODH, UMPS, FMO3, DMGDH,

and GNMT). The broad phenotypic spectrum ranging from malodor, intellectual

disability, to epilepsy, anemia, or congenital myasthenic syndrome is presented,

highlighting the central role of choline within human metabolism.
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1 | INTRODUCTION

The important water soluble, vitamin-like nutrient choline (N,N,
N-trimethylethanolammonium), contains a quaternary ammo-
nium group determining the cationic nature of the substance. It
is the hydrophilic head group of the phospholipid lecithin (phos-
phatidylcholine [PC]). Humans take up choline with the diet
(eg, beef liver, egg yolk, and cruciferous vegetables) or synthe-
size it in the liver and redistribute it from kidney, lung, and
intestine.1 As de novo synthesis is possible, though complicated,

it is not a vitamin in the strictest sense. Deficiencies of choline
have not been reported in the general population, but have only
been observed in experimental situations and in total parenteral
nutrition.2–5 Currently, no recommended dietary allowances are
published by the European Food Safety Authority (EFSA), only
an adequate daily intake is defined (eg, infants 180 mg/day and
adults 400 mg/day) (EFSA Journal 2011;9[4]:2056 [23 pp.].).
No cases of choline intoxication have been reported to date.

Choline is involved in three main physiological pro-
cesses: structural integrity and lipid-derived signaling for
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cell membranes, cholinergic neurotransmission, and methyl-
ation (as a major source for methyl groups via its metabolite
trimethylglycine, Figure 1). Choline is recently gaining
increasing public attention. This is based on observations
that 77% of healthy men and 80% of postmenopausal women
were shown to have low choline and subclinical organ dys-
function (eg, nonalcoholic fatty liver disease and muscle
damage), which were resolved after 3 weeks of a choline
rich diet.6 Furthermore, low choline has been related to neu-
ral tube defects in infants, even when the mother supplemen-
ted folate,7 and to stunting.8 Many other (small) studies
speculate on further positive effects for some of the main
adult health problems such as a positive effect on memory, a
lowering effect on plasma homocysteine thereby lowering
cardiovascular risks, lowering of inflammatory markers,

decreased breast cancer risk, etc. (for overview: Reference
9). On the other hand, a choline- or carnitine-rich diet
resulted in increased formation of trimethylamine N-oxide
(TMAO) by gut bacteria in a mouse study and was associ-
ated with increased atherosclerosis.10

When considering the requirements for choline and
methionine, one needs to take into account the close interre-
lationships with other methyl donors. Choline, methionine,
and folate metabolism interact at the point that homocysteine
is converted to methionine (Figure 1).

This mini review will provide a summary of the bio-
chemical pathways in which choline is involved and their
respective inborn errors of metabolism, highlighting the cen-
tral role of choline in human metabolism without going into
details for the disorder mentioned (Figure 1, Table 1). The
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FIGURE 1 Choline-related pathways. ALDH7A1, aldehyde dehydrogenase; BHMT, betaine-homocysteine methyltransferase; CAD,
carbamoyl phosphate synthetase/aspartate transcarbamoylase/dihydroorotase; CDP, cytidine diphosphate; C/EPT1, choline/ethanolamine
phosphotransferase 1; CHAT, choline acetyltransferase; CHDH, choline dehydrogenase; CHKA, choline kinase alpha; CHKB, choline kinase beta;
CHPT1, choline phosphotransferase 1; CHT1, high-affinity choline transporter; CTL1, choline transporter-like protein 1; DHODH, dihydroorotate
dehydrogenase; DMGDH, dimethylglycine dehydrogenase; FMO3, flavin-containing monooxygenases; GNMT, glycine N-methyltransferase;
OCTs, organic cation transporters; PCYT1A, choline-phosphate cytidyltransferase A; PEMT, phosphatidylethanolamine N-methyltransferase; PISD,
phosphatidylserine decarboxylase; PTDSS1, phosphatidylserine synthase 1; SLC, solute carrier; UMPS, uridine monophosphate synthase
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methylation-related disorders will only be mentioned with
regards to the catabolism of choline, the classical methyla-
tion disorders will not be discussed.

2 | UPTAKE OF CHOLINE INTO THE
CELL AND FURTHER TRANSPORT
INTO THE MITOCHONDRIA

Choline is taken up from the blood and transported via the
plasma membrane by CHT1/SLC5A7, OCTs/SLC22A1-3,
and CTLs/SLC44A1-5. SLC44A1, a member of the choline-
like transporter family, widely expressed in human tissues,
is detected in both plasma and mitochondrial membranes
and facilitates the choline uptake into the mitochondria,
where the oxidation of choline to betaine takes place.11

3 | CHOLINE AS PRECURSOR FOR
DE NOVO NEUROTRANSMITTER
BIOSYNTHESIS

Cholinergic neurons take up choline for acetylcholine syn-
thesis by the high-affinity choline transporter (CHT1,
encoded by SLC5A7). Biallelic variants in SLC5A7 underlie
congenital myasthenic syndrome 20 (MIM #617143) charac-
terized by muscular hypotonia and weakness, ptosis, poor
sucking, and swallowing and prominent episodic apnea with
a neonatal onset.12 Severity can vary, and acetylcholine
esterase inhibitors show good results in some patients. Inter-
estingly, heterozygous variants in the same gene lead to dis-
tal hereditary motor neuronopathy type VIIa (HMN7A,
MIM#158580) with progressive distal muscle wasting and
weakness affecting the upper and lower limbs from the sec-
ond decade onwards. Additionally, the tenth cranial nerve is
involved, which leads to vocal cord paresis.13 For both
defects, no studies on treatment with choline have been
published.

The biosynthesis of acetylcholine from choline is per-
formed by choline acetyltransferase (CHAT, CHAT). Bialle-
lic variants in this gene underlie congenital myasthenic
syndrome 6 (MIM #254210).14 The clinical signs are com-
parable to congenital myasthenic syndrome 20, and most
patients respond to treatment with acetylcholine esterase
inhibitors.15

4 | CHOLINE AS PRECURSOR FOR
DE NOVO PHOSPHOLIPID
BIOSYNTHESIS

Eugene Kennedy first identified the pathways predominant
for de novo synthesis of PC (cytidine diphosphate [CDP]-
choline pathway) and phosphatidylethanolamine (CDP-

ethanolamine pathway) in mammals.16 Choline transporter-
like protein 1 (CTL1, SLC44A1) is believed to be the main
choline transporter for the Kennedy pathway. SLC44A1
deficiency has been related to choline deficiency and mem-
brane alterations in skin fibroblasts of a single patient with
postural orthostatic tachycardia syndrome (no genetic data
presented).17

Choline kinase alpha (CHKA, CHKA) and beta (CHKB,
CHKB) phosphorylate choline. Deficiency of CHKB (auto-
somal recessive mutations in CHKB) was first described in a
natural occurring mouse model showing a muscular dystro-
phy with a unique mitochondrial morphology in muscle
fibres.18 Subsequently, the same phenotype was reported in
humans.19 Single-nucleotide polymorphisms in the CHKB
locus have been associated with susceptibility to narcolepsy
with cataplexy.20 No human phenotype has been associated
to defective CHKA to date.

In the next step, phosphocholine is activated by the addi-
tion of cytidine triphosphate (CTP) and CDP is formed. This
is the key rate-limiting step performed by choline-phosphate
cytidyltransferase A (PCYT1A, PCYT1A), which is ubiqui-
tously expressed, and by choline-phosphate cytidyltransfer-
ase B (PCYTB) expressed in selected tissues. Biallelic
variants in PCYT1A have been associated with cone-rod dys-
trophy, either isolated or in combination with spondylometa-
physeal dysplasia (MIM#123695).21,22 Additionally,
congenital lipodystrophy, fatty liver, severe insulin resis-
tance, and diabetes were seen in two patients, providing evi-
dence for an additional and essential role of PCYT1A-
generated PC in the normal function of white adipose tissue
and insulin action.23 The final step from CDP choline to PC
is performed by choline phosphotransferase 1 (CHPT1) or
choline/ethanolamine phosphotransferase 1 (CEPT1,
CEPT1). The latter has a dual specificity and also serves in
the CDP-ethanolamine biosynthesis, the second half of the
Kennedy pathway. Recently, one pedigree with biallelic var-
iants in CEPT1 has been described with a complex neuro-
logical phenotype with hereditary spastic paraparesis,
developmental delay, intellectual disability, dysarthria, reti-
nal pigmentary abnormalities, and cone-rod dystrophy.24

5 | CHOLINE DE NOVO SYNTHESIS

Although complicated, choline can be synthesized de novo
from PC as a secondary pathway. Phosphatidylserine
synthase (PTDSS) 1 as well as 2 catalyzes the conversion of
PC to Phosphatidyl serine (PS), thereby releasing choline.
Additionally, 30% of choline in the liver is generated via
phosphatidylethanolamine N-methyltransferase. In mice,
PTDSS1 and PTDSS2 can compensate for each other,25,26

but simultaneous disruption of both genes is lethal, implying
that PTDSS is absolutely required for viability.25 Dominant
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heterozygous mutations in PTDSS1, leading to a gain in
enzyme function, have been associated to a syndrome of
sclerosing bone dysplasia, intellectual disability and distinct
craniofacial, dental, cutaneous (cutis laxa) and distal-limb
anomalies (Lenz-Majewski syndrome [MIM #151050]).27

6 | THE ROLE OF CHOLINE IN DE
NOVO PYRIMIDINE METABOLISM

CTP is one of the end products of de novo pyrimidine syn-
thesis and is a central component of the Kennedy pathway
when converted to CDP and subsequently to CDP choline.
Biallelic variants in the multienzyme complex CAD (carba-
moyl phosphate synthetase 2, aspartate transcarbamylase,
and dihydroorotase, CAD, MIM #616457) have recently
been reported to lead to a progressive early infantile epileptic
encephalopathy with dyserythropoietic anemia and tetrapar-
esis. Anemia is a well-known feature of another defect in the
same pathway (uridine monophosphate synthase [UMPS]
deficiency, UMPS, MIM #258900) and can be explained by
the decreased red cell membrane stability due to lack of
pyrimidines. One could speculate that the epileptic encepha-
lopathy and other central nervous system findings are related
to defective phospholipid biosynthesis.28 Importantly, uri-
dine treatment leads to immediate cessation of seizures and
regaining of lost skills. One could wonder if additional cho-
line supplementation would also be beneficial for defects in
de novo pyrimidine synthesis. Uridine supplementation was
reported nonbeneficial in a dihydroorotate dehydrogenase
(DHODH) defect (MIM #263750).29

7 | THE ROLE OF CHOLINE AS
METHYL DONOR

The oxidation of choline is irreversible, and formation of tri-
methylglycine (betaine) is performed in two steps by choline
dehydrogenase (CHDH, no MIM entry) and aldehyde dehy-
drogenase (ALDH7A1, also known as antiquitin, ALDH7A).
The latter is also an alpha-aminoadipic semialdehyde dehy-
drogenase in the pipecolic acid pathway of lysine catabolism
and leads to pyridoxine-dependent epilepsy when deficient
(MIM #266100).30 No deficiency of CHDH in humans has
been reported to date. It is worth mentioning that two other
disorders in the context of this article as the three enzymes—
and their corresponding deficiencies—involved in the conver-
sion of homocysteine to methionine, are not often mentioned
in the context of methylation disorders. Betaine-homocysteine
methyltransferase (BHMT, MIM *602888) catalyzes the first
step, here no corresponding human disorder is known.
Dimethylglycine dehydrogenase (DGMDH) converts
dimethylglycine into sarcosine. Deficiency has been reported

in a single case: an adult with abnormal body odor resembling
fish and elevated serum creatine kinase as well as muscle fati-
gability (MIM #605850).31,32 While the malodor is seen in
another defect related to choline (as detailed below), one can-
not exclude that the other signs may be attributable to another
disorder. How excessive dimethylglycine leads to fish odor is
not described by the authors. Conversion of sarcosine to gly-
cine is performed by glycine N-methyltransferase (GNMT).
Deficiency has been described in four patients (MIM
#606664) with hepatomegaly and elevated transaminases and
seems to be less severe than a knock out mouse model also
showing hepatic glycogen storage, hypercholesterinemia,
hypoglycemia, and low white blood cell count.33–36

8 | THE ROLE OF CHOLINE IN
MALODOR

Gut microbiota specifically processes choline, PC, carnitine,
and other dietary nutrients to produce trimethylamine
(TMA). TMA is absorbed in the gut and converted in the
liver to TMA N-oxide (TMAO) by hepatic flavin-containing
monooxygenases (eg, FMO3). Autosomal recessive variants
in FMO3 (MIM #602079) were shown to underlie trimethy-
laminuria or fish odor syndrome.37 Affected individuals suf-
fer from a strong, fishy body odor as the excess TMA is
released in the person's sweat, urine, reproductive fluids, and
breath. There are no other organic signs, but from a psycho-
social perspective the condition can be devastating for
affected individuals, attempted suicides have been
reported.38,39

9 | CONCLUDING REMARKS

Choline is a central metabolite in human metabolism. Given
its good bioavaibility after oral intake, more research is
needed to identify the good effects on human health but also
potential harmful side effects.

ACKNOWLEDGMENTS

This study was supported by the ERA-Net E-Rare project
GENOMIT FWF I 2741-B26 to J.A.M. J.A.M. and
S.B.W. were supported by the Vereinigung zur Förderung
Pädiatrischer Forschung und Fortbildung Salzburg. We
thank Florence van den Broek for language corrections.

AUTHOR CONTRIBUTIONS

Both authors jointly concepted and designed the study, ana-
lyzed and interpreted the data, drafted the article, and criti-
cally revised it for important intellectual content.

240 WORTMANN AND MAYR



REFERENCES

1. Li Z, Vance DE. Phosphatidylcholine and choline homeostasis.
J Lipid Res. 2008;49:1187-1194.

2. Buchman AL, Dubin M, Jenden D, et al. Lecithin increases plasma
free choline and decreases hepatic steatosis in long-term total par-
enteral nutrition patients. Gastroenterology. 1992;102:1363-1370.

3. Chawla RK, Wolf DC, Kutner MH, Bonkovsky HL. Choline may
be an essential nutrient in malnourished patients with cirrhosis.
Gastroenterology. 1989;97:1514-1520.

4. Sheard NF, Tayek JA, Bistrian BR, Blackburn GL, Zeisel SH.
Plasma choline concentration in humans fed parenterally.
Am J Clin Nutr. 1986;43:219-224.

5. Zeisel SH, Da Costa KA, Franklin PD, et al. Choline, an essential
nutrient for humans. FASEB J. 1991;5:2093-2098.

6. Fischer LM, daCosta KA, Kwock L, et al. Sex and menopausal
status influence human dietary requirements for the nutrient cho-
line. Am J Clin Nutr. 2007;85:1275-1285.

7. Shaw GM, Carmichael SL, Yang W, Selvin S, Schaffer DM. Peri-
conceptional dietary intake of choline and betaine and neural tube
defects in offspring. Am J Epidemiol. 2004;160:102-109.

8. Semba RD, Zhang P, Gonzalez-Freire M, et al. The association of
serum choline with linear growth failure in young children from
rural Malawi. Am J Clin Nutr. 2016;104:191-197.

9. Zeisel SH, da Costa KA. Choline: an essential nutrient for public
health. Nutr Rev. 2009;67:615-623.

10. Zhu W, Gregory JC, Org E, et al. Gut microbial metabolite TMAO
enhances platelet hyperreactivity and thrombosis risk. Cell. 2016;
165:111-124.

11. Traiffort E, O'Regan S, Ruat M. The choline transporter-like fam-
ily SLC44: properties and roles in human diseases. Mol Aspects
Med. 2013;34:646-654.

12. Bauche S, O'Regan S, Azuma Y, et al. Impaired presynaptic high-
affinity choline transporter causes a congenital myasthenic syn-
drome with episodic apnea. Am J Hum Genet. 2016;99:753-761.

13. Barwick KE, Wright J, Al-Turki S, et al. Defective presynaptic
choline transport underlies hereditary motor neuropathy.
Am J Hum Genet. 2012;91:1103-1107.

14. Ohno K, Tsujino A, Brengman JM, et al. Choline acetyltransferase
mutations cause myasthenic syndrome associated with episodic
apnea in humans. Proc Natl Acad Sci U S A. 2001;98:2017-2022.

15. McMacken G, Whittaker RG, Evangelista T, Abicht A, Dusl M,
Lochmuller H. Congenital myasthenic syndrome with episodic
apnoea: clinical, neurophysiological and genetic features in the
long-term follow-up of 19 patients. J Neurol. 2017;265(1):194-203.

16. Kennedy EP, Smith SW, Weiss SB. New synthesis of lecithin in
an isolated enzyme system. Nature. 1956;178:594-595.

17. Schenkel LC, Singh RK, Michel V, et al. Mechanism of choline
deficiency and membrane alteration in postural orthostatic tachy-
cardia syndrome primary skin fibroblasts. FASEB J. 2015;29:
1663-1675.

18. Sher RB, Aoyama C, Huebsch KA, et al. A rostrocaudal muscular
dystrophy caused by a defect in choline kinase beta, the first
enzyme in phosphatidylcholine biosynthesis. J Biol Chem. 2006;
281:4938-4948.

19. Mitsuhashi S, Ohkuma A, Talim B, et al. A congenital muscular
dystrophy with mitochondrial structural abnormalities caused by
defective de novo phosphatidylcholine biosynthesis. Am J Hum
Genet. 2011;88:845-851.

20. Miyagawa T, Kawashima M, Nishida N, et al. Variant between
CPT1B and CHKB associated with susceptibility to narcolepsy.
Nat Genet. 2008;40:1324-1328.

21. Hoover-Fong J, Sobreira N, Jurgens J, et al. Mutations in
PCYT1A, encoding a key regulator of phosphatidylcholine metab-
olism, cause spondylometaphyseal dysplasia with cone-rod dystro-
phy. Am J Hum Genet. 2014;94:105-112.

22. Yamamoto GL, Baratela WA, Almeida TF, et al. Mutations in
PCYT1A cause spondylometaphyseal dysplasia with cone-rod
dystrophy. Am J Hum Genet. 2014;94:113-119.

23. Payne F, Lim K, Girousse A, et al. Mutations disrupting the Ken-
nedy phosphatidylcholine pathway in humans with congenital
lipodystrophy and fatty liver disease. Proc Natl Acad Sci U S A.
2014;111:8901-8906.

24. Ahmed MY, Al-Khayat A, Al-Murshedi F, et al. A mutation of
EPT1 (SELENOI) underlies a new disorder of Kennedy pathway
phospholipid biosynthesis. Brain. 2017;140:547-554.

25. Arikketh D, Nelson R, Vance JE. Defining the importance of
phosphatidylserine synthase-1 (PSS1): unexpected viability of
PSS1-deficient mice. J Biol Chem. 2008;283:12888-12897.

26. Bergo MO, Gavino BJ, Steenbergen R, et al. Defining the impor-
tance of phosphatidylserine synthase 2 in mice. J Biol Chem.
2002;277:47701-47708.

27. Sousa SB, Jenkins D, Chanudet E, et al. Gain-of-function muta-
tions in the phosphatidylserine synthase 1 (PTDSS1) gene cause
Lenz-Majewski syndrome. Nat Genet. 2014;46:70-76.

28. Koch J, Mayr JA, Alhaddad B, et al. CAD mutations and uridine-
responsive epileptic encephalopathy. Brain. 2017;140:279-286.

29. Duley JA, Henman MG, Carpenter KH, et al. Elevated plasma
dihydroorotate in miller syndrome: biochemical, diagnostic and
clinical implications, and treatment with uridine. Mol Genet
Metab. 2016;119:83-90.

30. Mills PB, Struys E, Jakobs C, et al. Mutations in antiquitin in indi-
viduals with pyridoxine-dependent seizures. Nat Med. 2006;12:
307-309.

31. Binzak BA, Wevers RA, Moolenaar SH, et al. Cloning of
dimethylglycine dehydrogenase and a new human inborn error of
metabolism, dimethylglycine dehydrogenase deficiency.
Am J Hum Genet. 2001;68:839-847.

32. Moolenaar SH, Poggi-Bach J, Engelke UF, et al. Defect in
dimethylglycine dehydrogenase, a new inborn error of metab-
olism: NMR spectroscopy study. Clin Chem. 1999;45:
459-464.

33. Augoustides-Savvopoulou P, Luka Z, Karyda S, et al. Glycine N-
methyltransferase deficiency: a new patient with a novel mutation.
J Inherit Metab Dis. 2003;26:745-759.

34. Baric I, Erdol S, Saglam H, et al. Glycine N-methyltransferase
deficiency: a member of dysmethylating liver disorders? JIMD
Rep. 2017;31:101-106.

35. Liu C, Marioni RE, Hedman AK, et al. A DNA methylation bio-
marker of alcohol consumption.Mol Psychiatry. 2018;23(2):422-433.

36. Mudd SH, Cerone R, Schiaffino MC, et al. Glycine N-
methyltransferase deficiency: a novel inborn error causing persistent
isolated hypermethioninaemia. J Inherit Metab Dis. 2001;24:448-464.

37. Dolphin CT, Janmohamed A, Smith RL, Shephard EA,
Phillips IR. Missense mutation in flavin-containing mono-
oxygenase 3 gene, FMO3, underlies fish-odour syndrome. Nat
Genet. 1997;17:491-494.

WORTMANN AND MAYR 241



38. Mountain H, Brisbane JM, Hooper AJ, Burnett JR, Goldblatt J.
Trimethylaminuria (fish malodour syndrome): a "benign" genetic
condition with major psychosocial sequelae. Med J Aust. 2008;
189:468.

39. Todd WA. Psychosocial problems as the major complication of an
adolescent with trimethylaminuria. J Pediatr. 1979;94:936-937.

How to cite this article: Wortmann SB, Mayr JA.
Choline-related-inherited metabolic diseases—A mini
review. J Inherit Metab Dis. 2019;42:237–242.
https://doi.org/10.1002/jimd.12011

242 WORTMANN AND MAYR

https://doi.org/10.1002/jimd.12011

	 Choline-related-inherited metabolic diseases-A mini review
	1  INTRODUCTION
	2  UPTAKE OF CHOLINE INTO THE CELL AND FURTHER TRANSPORT INTO THE MITOCHONDRIA
	3  CHOLINE AS PRECURSOR FOR DE NOVO NEUROTRANSMITTER BIOSYNTHESIS
	4  CHOLINE AS PRECURSOR FOR DE NOVO PHOSPHOLIPID BIOSYNTHESIS
	5  CHOLINE DE NOVO SYNTHESIS
	6  THE ROLE OF CHOLINE IN DE NOVO PYRIMIDINE METABOLISM
	7  THE ROLE OF CHOLINE AS METHYL DONOR
	8  THE ROLE OF CHOLINE IN MALODOR
	9  CONCLUDING REMARKS
	9  ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  References


