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Abstract
Background Choline deficiency leads to pathologies particularly of the liver, brain and lung. Adequate supply is important 
for preterm infants and patients with cystic fibrosis. We analysed the assimilation of four different enterally administered 
deuterium-labelled (D9-) choline supplements in adults.
Methods Prospective randomised cross-over study (11/2020–1/2022) in six healthy men, receiving four single doses of 
2.7 mg/kg D9-choline equivalent each in the form of D9-choline chloride, D9-phosphorylcholine, D9-alpha-glycerophos-
phocholine (D9-GPC) or D9-1-palmitoyl-2-oleoyl-glycero-3-phosphoryl-choline (D9-POPC), in randomised order 6 weeks 
apart. Plasma was obtained at baseline (t = − 0.1 h) and at 0.5 h to 7d after intake. Concentrations of D9-choline and its 
D9-labelled metabolites were analysed by tandem mass spectrometry. Results are shown as median and interquartile range.
Results Maximum D9-choline and D9-betaine concentrations were reached latest after D9-POPC administration versus 
other components. D9-POPC and D9-phosphorylcholine resulted in lower D9-trimethylamine (D9-TMAO) formation. The 
AUCs (0-7d) of plasma D9-PC concentration showed highest values after administration of D9-POPC. D9-POPC appeared 
in plasma after fatty acid remodelling, predominantly as D9-1-palmitoyl-2-linoleyl-PC (D9-PLPC), confirming cleavage to 
1-palmitoyl-lyso-D9-PC and re-acylation with linoleic acid as the most prominent alimentary unsaturated fatty acid.
Conclusion There was a delayed increase in plasma D9-choline and D9-betaine after D9-POPC administration, with no dif-
ferences in AUC over time. D9-POPC resulted in a higher AUC of D9-PC and virtually absent D9-TMAO levels. D9-POPC 
is remodelled according to enterocytic fatty acid availability. D9-POPC seems best suited as choline supplement to increase 
plasma PC concentrations, with PC as a carrier of choline and targeted fatty acid supply as required by organs. This study 
was registered at Deutsches Register Klinischer Studien (DRKS) (German Register for Clinical Studies), DRKS00020498, 
22.01.2020.
Study registration This study was registered at Deutsches Register Klinischer Studien (DRKS) (German Register for Clini-
cal Studies), DRKS00020498.

Keywords D9-betaine · D9-choline · D9-phosphatidylcholine remodelling · D9-phosphocholine · 
D9-glycerophosphocholine · Trimethylamine oxide
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FDA  US-Food and Drug Administration
αGPC  Alpha-glycerophosphocholine
GRAS  Generally recognised as safe
NAM  National Academy of Medicine of the 

USA
PC  Phosphatidylcholine
(D9-)POPC  (D9-)1-palmitoyl-2-oleoyl-PC
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(D9-)C20:4-PC  (D9-choline labelled)PC containing an 
arachidonic acid residue

(D9-)C20:5PC  (D9-choline labelled)PC containing an 
eicosapentaenoic acid residue

(D9-)C22:6PC  (D9-choline labelled)PC containing a 
docosahexaenoic acid residue

D9-SPH  D9-labelled sphingomyelin
D9-TMAO  D9-labelled trimethylamine oxide

Introduction

Nutritional supply of choline as an essential nutrient is often 
not sufficient [1–3], but needed for cell membrane forma-
tion of all tissues and many secretions (bile, lipoproteins, 
surfactant). It is also required for the synthesis of the neu-
rotransmitter acetylcholine, fundamental to foetal synap-
togenesis, development and function of the brain as well as 
to leucocyte function [4–6]. Via phosphatidylcholine (PC), 
choline is essential for sphingomyelin synthesis from (pro-
apoptotic) ceramides, and via its downstream metabolite, 
betaine, it is important as a methyl donor used for methio-
nine regeneration from homocysteine and to kidney function 
[7]. In utero, the foetus is supplied with free choline via 
active placental transport, whereas breast milk predomi-
nantly contains phosphorylcholine and alpha-glycerophos-
phorylcholine (GPC). After weaning, PC is the predominant 
choline carrier in regular food [8].

In preterm infants, plasma levels of choline rapidly fall by 
50% after birth, leading to an unphysiological decrease dur-
ing a time of exponential growth and choline requirements 
[1]. Patients with cystic fibrosis (CF) also have a risk of 
severe choline deficiency, caused by exocrine pancreas insuf-
ficiency and deficiency of phospholipase A2 activity being 
required to assimilate PC of food and recycle PC of bile [9].

The liver’s choline homeostasis is important to secrete 
bile PC for triglyceride emulsification and to synthesise 
lipoprotein PC for the assembly and secretion of very low-
density lipoproteins (VLDL). Notably, choline can be mobi-
lised from the lung as high-density lipoprotein PC, which 
may become ‘choline-exhausted’ as it comprises only ¼ of 
the hepatic choline pool, to compensate for the liver’s cho-
line deficiency [10, 11]. In line with this, both liver and lung 
function in CF patients correlated with choline status [3, 10, 
12] and this observation may also be relevant for preterm 
infants [1].

Choline requirement is not covered by endogenous 
synthesis. Choline was, therefore, defined as an essential 
nutrient by the US-Food and Drug Administration (FDA) 
and National Academy of Medicine of the USA (NAM) 
in 1998 and European Food Safety Authority (EFSA) by 
2016. NAM defined the adequate intake (AI) for male 
adults as 550 mg/d (= ~ 7–8 mg/kg/d) [13]. Nevertheless, 

choline requirements vary with sex, age, genetic polymor-
phisms, folic acid intake and lifestyle [14–16]. Moreover, 
supplementation of choline may have side effects differing 
amongst the various choline components. Choline may be 
partly degraded to trimethylamine (TMA) by small intes-
tinal bacteria and hence may not be fully available to the 
host. TMA, transported to the liver via the portal vein, is 
oxidised to trimethylamine oxide (TMAO), which may be 
a cardiovascular risk factor. Recent data indicate differ-
ences in TMAO formation following enteral administra-
tion of different choline components [17, 18].

In contrast to choline salts (like choline chloride) as 
common components in choline supplements, nutritional 
choline is physiologically provided as organic esters, with 
phosphorylcholine and GPC dominating in breast milk and 
PC dominating in regular food after weaning. We aimed 
to analyse differences in the metabolism and kinetics of 
these different choline supplements to define their differ-
ences in assimilation and effects on plasma concentration 
of choline and its metabolites and on TMAO formation. 
Aim was finding an effective and safe supplement result-
ing in low levels of TMAO in plasma after administration. 
This will be important for patient groups with typically 
low levels of choline like preterm infants or patients with 
cystic fibrosis. Beyond this, we found that PC as a choline 
supplement, other than water-soluble compounds, sub-
stantially affected the metabolism of polyunsaturated fatty 
acids (LC-PUFA), therefore possibly being a tool in con-
cert with LC-PUFA supplementation. We used D9-choline 
chloride, D9-phosphorylcholine, D9-GPC and D9-POPC 
as stable-isotope-labelled analogues of the respective natu-
ral choline supplements.

Methods

This is a randomised cross-over study, carried out at the 
Department of Neonatology, Tübingen University Hospital, 
Germany. Six healthy adult men were recruited and studied 
between November 2020 and January 2022. The Institutional 
Review Board (project number 322/2019BO1) approved the 
protocol, and written informed consent was obtained prior 
to enrolment.

Inclusion criteria

Test persons had to be male and at least 18 years old.
Exclusion criteria were alcohol abuse, acute illness, 

chronic diseases (like diabetes, metabolic syndrome, thyroid 
diseases, pancreas insufficiency), intake of choline contain-
ing nutritional supplements or missing consent.
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Supplements

The deuterium-labelled (D9) analogues choline-d9 chlo-
ride [N,N,N-trimethyl-d9] (D9-choline chloride), D9-phos-
phorylcholine chloride, calcium salt (D9-phosphorylcho-
line), D9-alpha-glycerophosphorylcholine (D9-GPC) and 
D9-1-palmitoyl-2-oleoyl-glycero-3-phosphorylcholine 
(D9-POPC) were from EQ Laboratories GmbH (Augs-
burg, Germany). Pure substances were aliquoted into screw 
capped opaque glass vials by Rainfarn-Apotheke (RAIN-
FARN Gesundheit, Munich, Germany). Substances were 
delivered as dry substance for oral application in suitable 
quantity for a single administration of 350 mg D9-choline 
chloride, 620 mg D9-phosphorylcholine, 620 mg D9-GPC 
and 1.8 g D9-POPC to achieve a single dose of 2.7 mg/kg 
D9-choline equivalent.

Study schedule

Directly prior to use, substances were dissolved/emul-
sified in 10 ml sterile water and topped up with 250 ml 
apple spritzer. Test subjects had to ingest in a randomised 
sequence at least 6 weeks (w) apart D9-choline metabolite 
for wash out.

• D9-choline chloride (3.6 mg/kg),
• D9-phosphorylcholine chloride (6.4 mg/kg),
• D9-alpha GPC (6.4 mg/kg) or
• D9-POPC (18.6 mg/kg)

Experiments started in the morning after overnight 
fasting, and the supplement was served in 250 mL apple 
spritzer together with a butter pretzel (102 g) containing 
16.9 mg total choline and 10.3 mg betaine as well as 12 g fat. 
Detailed composition of the study meal fatty acids is shown 
in Table s1 of the online supplement.

Blood (2.7 ml EDTA) was taken before intake (− 0.1 h) 
and at 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 4 h, 5 h, 6 h, 9 h, 24 h, 
33 h and 48 h, 3d, 4d and 7d after D9-choline intake. Test 
persons fasted until the 6 h-blood sample was collected. Col-
lected blood was immediately centrifuged at 1000xg at room 
temperature for 10 min, plasma was separated and stored at 
-80 °C until analysis.

Chemical analysis

The analyses of deuterium-labelled choline and its metabo-
lites were performed with electrospray ionisation tandem 
mass spectrometry (ESI–MS/MS) as previously described 
[3, 19, 20]. In brief, water-soluble components (like D9-cho-
line, -betaine, -phosphorylcholine and -GPC) were separated 
on a HILIC  Plus® column (Agilent Technologies, Böblingen, 
Germany) at 40 °C with an acetonitrile: water: ammonium 

formate gradient, whereas D9-PC, D3-PC, -lyso-PC and 
-SPH were separated from other phospholipids on a Polaris 
3 Si-A  column® (Agilent Technologies) at 40 °C with chlo-
roform: methanol:300 mM ammonium acetate (60:38:2,vol/
vol) as the mobile phase, with flow rates of 400µL/min for 
native and D9-labelled compounds and 200µL/min for 
D3-PC to increase sensitivity. Detection was at positive 
ionisation in the SRM mode for the respective diagnos-
tic fragments [20], These have mass/charge (m/z) ratios 
of + 184 for native PC, + 193 for D9-choline-labelled PC 
being synthesised by de novo synthesis (D9-PC) and + 187 
for D3-labelled PC from sequential methylation of phos-
phatidylethanolamine (PE) via the PEMT pathway (D3-PC) 
[7]. D9-PC and D3-PC were quantified as the sums of all 
detected D9/D3-PC molecular species (for details see: [3, 7, 
10]). For further sub-grouping of D9-PC, individual molecu-
lar species were then categorised by their content of an oleic 
acid [like D9-palmitoyl-oleoyl-PC and D9-stearoyl-oleoyl-
PC] (D9-C18:1-PC), a linoleic acid [like D9-palmitoyl-
linoleyl-PC and D9-stearoyl-linoleyl-PC] (D9-C18:2-PC), 
an arachidonic acid [like D9-palmitoyl-arachidonoyl-PC and 
D9-stearoyl-arachidonoyl-PC] (D9-C20:4-PC) or a doco-
sahexaenoic acid [like D9-palmitoyl-docosahexaenoyl-PC 
and D9-stearoyl-docosahexaenoyl-PC] (D9-C22:6-PC) resi-
due as described in detail before [20].

Statistics

Differences between the plasma kinetics and metaboliza-
tion of D9-labelled choline carriers in adults are unclear, as 
there are no comparative data on this in humans or animals 
[21]. Therefore, calculation of group sizes was explora-
tive, assuming a normal distribution. In adults, plasma 
choline concentrations were 5.2 ± 1.6 µmol/L without and 
13.7 ± 5.3 µmol/L with supplementation (2200 mg/d equiva-
lent to 34 mg/kg/d at a mean body weight of 65 kg) [3]. 
Assuming normally distributed data with equal sample size, 
use of analysis of variance for unrelated samples (because 
no data on related samples was available at that time), and 
an α ≤ 0.05 with a power of 80%, it was estimated that at 
least six subjects must be studied to demonstrate clinically 
relevant differences in mean concentration increases and 
area under the curve (AUC) of plasma D9-choline between 
test substances.

AUC of D9-choline plasma concentrations was cho-
sen as primary outcome. Secondary outcome parameters 
were AUCs and the maximum plasma concentrations of 
D9-choline metabolites (D9-betaine, D9-PC), time to 
reach the maximum plasma concentrations of D9-choline 
and its derivatives, and differences in concentrations over 
time of the D9-PC sub-groups resulting from D9-choline 
tracer assimilation and metabolism. JMP 14 (SAS Institute 
GmbH, Germany), and Excel 2010 (Microsoft Corporation, 
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USA) were used for statistical and graphical analyses. AUCs 
were calculated using the trapezoidal rule. Normal distri-
bution was tested with Shapiro–Wilk test. Because several 
parameters were not normally distributed, data are shown as 
median with 25th and 75th percentile and non-parametric 
Wilcoxon test were used. Correction for multiple testing was 
not applied, p < 0.05 was regarded as significant.

Results

Demographic data of the study subjects are shown in 
Table 1. Graphic presentation of demographic data in cor-
relation with AUC of choline and betaine is shown in graph 
1–4 of the online supplement.

D9‑choline and its water‑soluble downstream 
metabolites

Figure 1A demonstrates that, after single oral intake, plasma 
D9-choline reached maximum median concentrations of 
2.36[1.54–2.65]µmol/L at tmax = 0.5–1 h, with no significant 
differences between hydrophilic compounds (D9-choline, 
D9-phosphocholine, D9-glycerophosphocholine; p > 0.05). 
Notably, D9-phosphocholine had its maximum at 0.5 h, 
whereas D9-choline chloride and D9-GPC at 1 h. After 5 h 
and beyond, plasma D9-choline had returned to 0 µmol/L 
for all these compounds.

By contrast, ingestion of D9-POPC resulted in delayed 
(tmax = 1.5 h) and smaller (cmax = 0.60[0.43–0.75]µmol/L, 
p < 0.01) peak concentrations of D9-choline, and also a more 
delayed return to zero concentrations beyond 9 h.

Similarly, the kinetics and maximum concentrations of 
D9-betaine were different in response to D9-POPC com-
pared to water-soluble compounds (Fig. 1B). D9-choline 
chloride, D9-phosphocholine and D9-GPC rapidly increased, 
with a uniform tmax = 1.5 h and maximum D9-betaine val-
ues of 3.60[3.28–4.26]µmol/L, compared to 1.21[0.93–1.43]
µmol/L found at 5 h after D9-POPC (p < 0.001).

Finally, the concentrations of D6-dimethylglycine 
(D6-DMG), the demethylation product of D9-betaine used 
for (D3-)methionine synthesis from homocysteine, was 

Table 1  Demographic data of study participants

Data are shown as median, (interquartile range) and [full range]
BMI body mass index

Number of participants 6
Age (years) 37.5 (29.75/56) [26–65]
Weight (kg) 72 (68/84) [57–93]
Height (cm) 184.5 (176.5/187) [175–190]
BMI (kg/m2) 21.9 (20.2–24.4) [18.2–27.2]
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Fig. 1  Plasma kinetics of D9-choline (A) and D9-betaine (B) in 
response to deuterium-labelled (D9) choline supplements. Inserts also 
show concentrations over time, focussing on a shorter time period (6, 
9 h). Data are shown as medians and interquartile ranges. D9 ninefold 
deuterium labelled at the trimethylammonium group of the choline 

moiety; D9-GPC D9-glycerophosphorylcholine; h hours; D9-POPC 
D9-1-palmitoyl-2-oleoyl-phosphatidylcholine; *p < 0.001 D9-choline 
chloride vs. other compounds; †p < 0.01 D9-GPC vs. other com-
pounds
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lower after D9-POPC ingestion compared to the other deu-
terium-labelled compounds (Fig. 2A) (p < 0.001). Here, the 
water-soluble compound slowly reached a plateau at 3–9 h 
of 0.40[0.22–0.53]µmol/L, compared to 0.10[0.05–0.16]
µmol/L at 4–33 h for D9-POPC (p < 0.001) (Fig. 2A).

D9‑TMAO

D9-TMAO was absent in response to both D9-POPC and 
D9-phosphocholine ingestion, but was detected after 
D9-choline chloride and D9-GPC, with a tendency to a later 
increase after D9-GPC (Fig. 2B).

D9‑choline‑labelled phospholipids in response 
to different D9‑choline compounds

As demonstrated in Fig.  3A, water-soluble compounds 
exhibited a plateau of D9-PC at 24–33 h after their ingestion 
(17.6[16.3–18.7]µmol/L), with no significant differences 
amongst compounds. By contrast, after D9-POPC plasma 
D9-PC showed a more rapid and steeper increase that peaked 
at 9 h, with no plateau and maximum concentrations 2.3-fold 
higher (41.0[31.9–50.0]µmol/L; p < 0.001) than after water-
soluble compounds. Similar kinetics were seen for plasma 
D9-lyso-PC in response to D9-POPC compared to D9-cho-
line chloride, D9-phosphocholine and D9-GPC (Fig. 3B), 
whereas plasma D9-SPH showed a delayed increase, with 

higher values after D9-POPC as well (Fig. 3C). Notably, 
whilst D9-POPC exhibited a 2.3-fold higher peak concentra-
tion of plasma D9-PC, the decrease of plasma D9-PC fol-
lowed a similar kinetic as seen after water-soluble D9-cho-
line compounds (Fig. 3A, insert), reaching comparable 
concentrations at 72 h. Consequently, after 72 h, D9-PC had 
decreased by 26.3[25.9–28.5]µmol/L after D9-POPC, but 
only by 7.2[4.6–8.92]µmol/L after water-soluble D9-choline 
supplements (p < 0.01).

Differential D9‑PC metabolism in response 
to D9‑POPC compared to water‑soluble D9‑choline 
supplements

To differentially address the metabolism of fatty acids of PC 
in response to supplements, D9-PC was differentiated into 
sub-groups containing different unsaturated fatty acid resi-
dues [22], i.e. omega-9 monounsaturated oleic acid [C18:1] 
(to which D9-POPC belongs), the omega-6 compounds 
linoleic acid [C18:2] and arachidonic acid [C20:4], or the 
omega-3 compounds eicosapentaenoic acid [C20:5] and 
docosahexaenoic acid [C22:6]). Concentrations and molar 
fractions of these D9-PC sub-groups are shown in Figs. 4 
and 5, respectively, generally representing the time course 
of total D9-PC after supplement ingestion.

Concentration changes of D9-C18:1-PC were virtually 
identical for all D9-choline supplements (Fig. 4A). However, 
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Fig. 2  Plasma kinetics of D6-DMG (Panel A) and D9-TMAO (Panel 
B) in response to deuterium-labelled (D9-) choline supplements. 
Inserts also show concentrations over time, focussing on a shorter 
time period (9  h). Data are shown as medians and interquartile 

ranges. D9 ninefold deuterium labelled at the trimethylammonium 
group of the choline moiety; D6-DMG D6-dimethylglycine; D9-GPC 
D9-glycerophosphorylcholine; h hours; D9-POPC D9-1-palmitoyl-
2-oleoyl-phosphatidylcholine; *p < 0.001 vs. water-soluble
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Fig. 4  Plasma concentrations of D9-PC sub-groups in response to 
deuterium-labelled (D9-) choline supplements. D9-PC molecular spe-
cies were sub-grouped into those containing an oleic (D9-C18:1-PC) 
(A), linoleic (D9-C18:2-PC) (B), arachidonic (D9-C20:4-PC) (C), 
eicosapentaenoic (D9-C20:5-PC) (D) or docosahexaenoic (D9-C22:6-
PC) (E) acyl residue (for details see Materials and Methods). Data 

are shown as medians and interquartile ranges. D9 ninefold deute-
rium labelled at the trimethylammonium group of the choline moi-
ety; D9-GPC D9-glycerophosphorylcholine; h hours; D9-POPC 
D9-1-palmitoyl-2-oleoyl-phosphatidylcholine. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 D9-POPC vs. water-soluble D9-choline 
components
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its molar fraction was initially low and then increased in 
response to D9-POPC, whereas after water-soluble D9-cho-
line supplements, it was initially high and then decreased, 
reaching equilibrium after 48 h (Fig. 5A). By contrast, both 
concentration (Fig. 4B) and fraction (Fig. 5B) of D9-C18:2-
PC initially increased  ~ 2.5-fold after D9-POPC compared to 
water-soluble components, whilst equilibrium was achieved 
after 48 h as well. This similarly applied to D9-C20:4-PC 
and D9-C20:5-PC (Fig. 4C + D, Fig. 5C + D), however, 
with faster achievement of equilibrium concentrations. For 
D9-C22:6-PC, there were initially (2–6 h) higher concentra-
tions after D9-POPC compared to the other supplements 
(Fig. 4E). Nevertheless, its molar fraction amongst PC sub-
groups was initially lowest in response to D9-POPC due to 
higher increases of the other compounds (Fig. 5E).

Areas under the curve of D9‑choline and its 
metabolites

Areas under the curve were calculated for D9-choline and 
its deuterium-labelled metabolites as shown in Table 2. 
There were no significant differences between water-soluble 
D9-choline components, whereas AUC was significantly dif-
ferent for most plasma parameters in response to D9-POPC. 

After D9-POPC, AUC was lower for plasma D9-choline 
as well as its downstream metabolites D9-betaine and 
D6-dimethyl glycine (D6-DMG) (Table 2A). By contrast, 
AUC was higher for D9-PC, D9-lyso-PC and D9-SPH after 
D9-POPC (Table 2B). Notably, this differentially applied 
to D9-PC sub-groups (Table 2C): whereas there were only 
minor differences for monounsaturated D9-C18:1-PC and 
no difference in D9-C22:6-PC, D9-POPC ingestion was 
followed by a major increase in omega-6 polyunsaturated 
D9-PC compounds (D9-C18:2-PC, D9-C20:4-PC) and in 
the omega-3 compound D9-C20:5-PC.

D3‑PC from the PEMT pathway

To estimate the use of different D9-choline supplements for 
their contribution to methyl group metabolism and PC syn-
thesis via PE methylation to form PC via the PEMT path-
way, we investigated the plasma concentrations of D3-PC in 
response to D9-choline supplements. In this pathway, (D9-)
betaine from (D9-)choline oxidation is required to synthesise 
(D3-) methionine, which after activation to (D3-)-S-aden-
osylmethionine is used to form D3- (and D6) PC [23]. As 
shown by supplementary Figure s5A, plasma concentrations 
of D3-PC correlated with the D9-enrichment of betaine as a 
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Fig. 5  Molar fractions of D9-PC sub-groups in plasma in response to 
deuterium-labelled (D9-) choline supplements. D9-PC molecular spe-
cies were sub-grouped into those containing an oleic (D9-C18:1-PC) 
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are shown as medians and interquartile ranges. D9 ninefold deute-
rium labelled at the trimethylammonium group of the choline moi-
ety; D9-GPC D9-glycerophosphorylcholine; h hours; D9-POPC 
D9-1-palmitoyl-2-oleoyl-phosphatidylcholine. *p < 0.05, **p < 0.01, 
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components
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methyl donor for this pathway, which was significant at 9 h. 
As shown in Figure s5B, appearance of D3-PC in plasma 
was uniformly delayed in response to all D9-choline sup-
plements. In contrast to D9-PC, D3-PC did not show the 
rapid and maximal increase after D9-POPC administration. 
Moreover, there were no significant differences in the con-
centrations of D3-PC in response to the different D9-choline 
supplements.

Discussion

Choline has been defined as an essential nutrient, with 
daily adequate intake (AI) values for healthy adult men of 
550 mg according to NAM [15] and 400 mg according to 
EFSA [24]. Whilst choline is a critical nutrient throughout 
the population [25, 26], its adequate supply is particularly 
important in preterm infants with higher needs because of 
exponential growth, and in patients in whom choline defi-
ciency is pathognomonic. The latter includes cystic fibrosis 
(CF) patients suffering from exocrine pancreas insufficiency 
and those with short bowl disease, both suffering from a 
disturbed enterohepatic cycle of bile PC, and the latter being 
additionally dependent on long-term total parenteral nutri-
tion, still mostly devoid of free choline [4, 9]. For all these 
patients, optimal ways of choline supplementation need to 
be investigated. In this study, we administered four differ-
ent deuterium-labelled choline (D9-choline) supplements, 

to follow their assimilation and the plasma kinetics of 
D9-choline and its deuterium-labelled metabolites. We 
compared free D9-choline in the form of its chloride salt, 
the water-soluble organic esters D9-glycerophosphocholine 
(D9-GPC) and D9-phosphocholine, whose native correlates 
predominate in milk [27], and 1-palmitoyl-2-oleoyl-D9-PC 
(D9-POPC) in analogy to the predominant PC compound 
in egg yolk.

All water-soluble supplements rapidly and similarly 
increased D9-choline and D9-betaine plasma levels, with 
maximum concentrations achieved at 0.5–1 h. This is con-
sistent with the results on single administration of an AI 
dosage of unlabeled choline supplements in adults [28]. 
Consistently, (D9-)choline in the form of salts or water-sol-
uble organic esters results in rapid absorption and via portal 
circulation and incomplete hepatic absorption increase in 
plasma D9-choline. In line with this process and the rapid 
plasma turnover of choline (~ 1 h), all these water-soluble 
choline compounds exhibited only a transient elevation of 
plasma choline concentrations after single oral intake. Con-
sequently, a continuous elevation of plasma concentration to 
physiological values requires either a retarded choline for-
mulation or a more frequent intake, i.e. during every meal, 
rather than once or twice per day [3, 28].

The increase in plasma D9-choline concentration after 
D9-POPC administration, however, was different in two 
ways. First, plasma concentrations increased later, peak 
concentrations were delayed from 0.5–1 h to ~ 1.5 h and 

Table 2  Area under curve (AUC) of plasma D9-choline and its metabolites in response to water-soluble (D9-choline chloride, D9-GPC, 
D9-phosphocholine) and lipidic (D9-POPC) choline supplements

Data are shown as medians (interquartile ranges) and are provided as µmol/l*h of plasma concentrations. For rapidly metabolised water-soluble 
compounds, shorter time intervals are indicated (0–72 h), compared to D9-labelled phospholipids (0–7d)
AUC  area under the curve; d days; D9-GPC D9-glycerophosphocholine; h hours, PC phosphatidylcholine; D9-POPC D9-1-palmitoyl-1-oleoyl-
PC; D9-TMAO D9-trimethylamine oxide; n.s. not significant
***p < 0.001; **p < 0.01*p < 0.01 vs water-soluble

Supplement D9-choline chloride D9-GPC D9-phospho-choline D9-POPC

A: Water-soluble D9-choline metabolites
 D9-choline (0-6 h) 5.05 (4.52–6.04) 3.63 (3.11–5.00) 3.87 (3.12–5.90) 2.10 (1.84–2.43)***
 D9-betaine (0-6d) 14.9 (13.1–16.4) 12.1 (11.6–15.4) 14.1(11.6–15.5) 4.75(3.56–6.16)***
 D6-DMG (0-72 h) 2.13 (1.20–2.46) 1.80 (0.95–1.85) 1.49 (1.12–1.97) 0.32 (0.14–0.52)**
 D9-TMAO (0-7d) 0.52 (0.37–1.61) 0.20 (0.05–0.43) 0.02 (0.00–0.04) 0.00 (0.00–0.16)n.s

B: D9-choline-labelled phospholipid classes
 D9-PC (0-7d) 1666 (1395–183) 1683 (1294–1898) 1623 (1451–1798) 2904 (2414–3071)***
 D9-Lyso-PC (0-7d) 18.4 (14.8–25.0) 15.0 (10.5–16.1) 17.0 (15.9–17.5) 49.5 (37.8–57.8)***
 D9-SPH (0-7d) 135 (103–147) 75 (42–94 119 (109–157) 164 (148–200)*

C: D9-PC molecular sub-classes
 D9-C18:1-PC (0-7d) 370 (286–443) 355 (271–380 372 (295–470 471 (364–527)*
 D9-C18:2-PC (0-7d) 895 (789–940) 926 (708–1050) 841.16 (821–921) 1673 (1413–1909)***
 D9-C20:4-PC (0-7d) 250 (216–325) 263 (229–348) 274 (229–319) 478 (468–628)***
 D9-C20:5-PC (0-7d) 10.2 (7.4–18.0) 7.5 (6.7–11.8) 11.1 (8.0–20.7) 29.4 (22.3–40.8)*
 D9-C22:6-PC (0-7d) 49.1 (41.7–53.2) 41.6 (35.0–45.3) 43.2 (38.7–56.6) 66.7 (50.0–74.2)n.s
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the peaks were broader, indicating different mechanisms 
of D9-choline assimilation from lipidic D9-POPC. Such 
more retarded and longer lasting increase may be of ben-
efit for achieving a balanced increase in plasma choline 
concentrations. After ingesting the AI value of choline 
(550 mg) in the form of egg-PC (4012 mg), maximum 
values of plasma choline were delayed to 3 h, but maxi-
mum concentrations were similar to water-soluble choline 
components. This discrepancy may be due to the higher 
dosage of ~ 7 mg/kg choline in our previous study, com-
pared to 2.7 mg/kg D9-choline equivalent used here as a 
tracer, and the higher sensitivity of metabolic follow-up 
using deuterium-labelled compared to native compounds 
[3, 7, 28]. Such differences compared to water-soluble 
compounds are explained by the complex mechanisms 
involved: after formation of gastric chymus and participa-
tion of (D9-)PC in triglyceride (butter pretzel, Table s1) 
emulsification, all PC must first be cleaved, mainly by 
pancreatic phospholipase A2 (sPLA2IB), as only lyso-PC 
is absorbed by enterocytes. These further degrade a part 
of lyso-PC to release choline, but partly resynthesize PC 
from lyso-PC for chylomicron formation [29] (see below). 
Hence, D9-POPC was degraded to D9-lyso-PC within the 
duodenal lumen at the surface of lipid micelles, absorbed 
and further processed within enterocytes, finally resulting 
in a delayed and lower increase in plasma (D9-)choline. 
We used a standardised butter pretzel comprising ~ 12 g 
fat, content together with the ingestion of D9-choline com-
ponents. Similar to higher choline dosages in the form 
of PC, higher triglyceride amounts may further delay the 
increase of free (D9-) choline in response to (D9-PO)PC.

Second, the maximum value and AUC of plasma 
D9-choline were lower after D9-POPC compared to water-
soluble D9-choline components. It was suggested that 
lyso-PC is only partly degraded to free choline within the 
enterocytes, whereas ~ 50% are re-synthesised to PC, using 
available coenzyme A-activated fatty acids (acyl-CoA) 
and lyso-PC acyltransferases (LPCAT) [30]. From plasma 
analyses in humans, we cannot calculate D9-choline and 
D9-PC pools as is feasible in animal experiments [20]. 
Nevertheless, the lower AUC of D9-choline (-50%) and 
of its water-soluble downstream metabolites D9-betaine 
(-65%) and D6-DMG (-82%) together with a higher AUC 
of D9-PC (+ 50%) in response to D9-POPC compared to 
the water-soluble D9-choline compounds suggest that (D9-
PO)PC administration partly circumvents full hydrolysis 
to D9-choline for PC synthesis de novo and the synthesis 
of downstream metabolites for methyl donation [31, 32]. 
Nevertheless, endogenous (D3-)PC and (D3-)choline syn-
thesis via the PEMT pathway is not significantly inhibited 
in response to (D9-PO)PC as a choline supplement (see 
below).

Plasma D9‑PC and D3‑PC metabolism in response 
to D9‑choline supplements

PC is the major carrier for the plasma transport of long-
chain polyunsaturated fatty acids (LC-PUFA), mainly ara-
chidonic (ARA) and docosahexaenoic acid (DHA) to organs, 
via lipoproteins [33]. ARA and DHA deficiencies in preterm 
infants are associated with neonatal morbidity [34] and the 
clinical status of CF patients [10]. LC-PUFA are integrated 
in structural and functional membrane phospholipids of 
organs, like PC, phosphatidylethanolamine (PE) and oth-
ers. Plasma transport of LC-PUFA via PC may, therefore, 
be essential for adequate development of the organs’ ‘lipi-
dome’, especially that of the cerebrum, cerebellum and ret-
ina. Whereas hepatic very low-density lipoproteins (VLDL) 
comprise ~ 20% PC, chylomicrons contain ~ 8% PC as a coat-
ing so that their assembly within enterocytes requires PC 
formation. Such enterocytic PC synthesis partly originates 
from absorbed lyso-PC, using LPCAT3 that prefers polyun-
saturated acyl-CoA as a substrate, and is, therefore, essential 
for plasma lipid transport of LC-PUFA [30]. Our results 
clearly show that LA, ARA, DHA and EPA are preferentially 
incorporated into (D9-)PC by the intestine, when (D9-PO)
PC is used as a (D9-)choline supplement. In contrast, how-
ever, in the liver, DHA-PC is primarily and ARA-PC by 50% 
formed by methylation of PE via the PEMT pathway, requir-
ing the formation of (D9-)betaine from (D9-)choline that is 
demethylated to (D6-) dimethylglycine for (D3-)methionine 
synthesis from homocysteine (Figs. 1B, 2A) [7].

In general, the formation of betaine, and its D9-enrich-
ment correlated with the plasma concentrations of D3-PC 
(see supplementary Figure s5A). In this context, the lower 
increase in plasma D9-betaine and, subsequently, in D3-PC 
in response to D9-POPC, compared to its water-soluble 
D9-choline analogues, may be important for the homeostasis 
of methyl groups. In response to the ingestion of D9-POPC, 
compared to that of D9-choline chloride, D9-GPC and 
D9-phosphocholine, the generation of free D9-choline, 
D9-betaine and D6-dimethylglycine was decreased and, 
instead, (D9-PO)PC was used by the enterocytes via (D9-) 
lyso-PC re-acylation to PC for chylomicron formation. In 
line with this, D9-PC concentrations in plasma rapidly 
increase and maximal concentrations are highest after 
(D9-PO)PC as a choline supplement. Whilst D9-POPC 
resulted in lower plasma concentrations of free D9-choline, 
D9-betaine and D6-dimethylglycine (D6-DMG), it should be 
noticed that the administration of any water-soluble compo-
nents not only normalises plasma choline concentrations, but 
may increase plasma betaine above physiological values [9, 
35]. On the other hand, whereas the plasma concentrations 
of free (D9-)choline and (D9-)betaine were lower follow-
ing (D9-PO)PC compared to water-soluble choline supple-
ments, the synthesis of D3-PC via PE methylation by PEMT 
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was not significantly decreased (Supplemental Fig. 5), sug-
gesting that (D9-PO)PC as a choline source did not impair 
hepatic methyl group homeostasis.

Differential kinetics of plasma D9‑PC in response 
to D9‑choline supplements

Administration of water-soluble D9-choline compounds 
resulted in an increase of plasma D9-PC that showed uni-
form peak concentrations at 24-33 h, and a plasma half-life 
of 2-3d as previously demonstrated after both enteral and 
parenteral D9-choline chloride administration [3, 7]. They 
all result in the preferential hepatic synthesis and secre-
tion of D9-PC species that are dominated by linoleic (LA) 
(D9-C18:2-PC) and oleic acid (OA) (D9-C18:1-PC) PC spe-
cies, followed by those containing an ARA (D9-C20:4-PC), 
DHA (D9-C22:6-PC) or eicosapentaenoic acid (EPA) resi-
due (D9-C20:5-PC) as described before [3, 7, 10].

Such fatty acid specificity is consistent with the PC syn-
thesis de novo by adult liver, and contrasts to the prefer-
ential synthesis of C22:6-PC and C20:4-PC synthesis by 
the PEMT pathway using betaine as a methyl donor [7]. 
However, such fatty acid specificity does not apply to other 
organs, foetuses and newborns, where large amounts of 
C22:6-PC and C20:4-PC are derived from de novo PC syn-
thesis, depending on fatty acid availability [1, 20, 35].

Importantly, assimilation of D9-POPC resulted in an ear-
lier (9 h) and twofold higher peak concentration of D9-PC 
without plateau and an increased AUC. This indicates that 
(D9-)choline assimilation from (D9-PO)PC is faster with 
respect to plasma (D9-)PC increase, suggesting preferen-
tial use of ingested (D9-PO)PC for the (D9-)PC moiety 
of chylomicrons (see above). The similarly rapid decrease 
of D9-PC after D9-POPC and other compounds, reaching 
similarly low levels at 72 h (see Fig. 3a, insert), suggests 
that (D9-PO)PC results in higher (D9-) PC disposal in other 
organs. This is consistent with animal experiments showing 
high accretion of plasma PC by the brain and lung [20]. 
Finally, our data suggest that the intestine does not have a 
reservoir function for choline or PC like the liver, but only 
a ‘permissive’ function for peripheral supply derived from 
actually administered choline sources.

Impact of different choline supplements 
on endogenous PC synthesis by PEMT

Our data show that, in response to (D9-PO)PC, the plasma 
concentrations of free (D9-)choline and (D9-)betaine are 
decreased but their hepatic use for the synthesis of (D3-)
methionine as a methyl donor and (D3-)PC synthesis from 
PE via the PEMT pathway is not decreased. Hence, hepatic 
secretion of VLDL, where both PC synthesis de novo and 
via the PEMT pathway are essential [23], should not be 

impaired by POPC supplementation compared to supple-
mentation with water-soluble choline compounds. The con-
tribution of the PEMT pathway to PC synthesis is low in 
many humans, just like in adult males studied here, e.g. in 
postmenopausal women, women with characteristic single 
nucleotide polymorphisms (SNPs) and, particularly, preterm 
infants. Notably, such individuals with low PEMT (e.g. SNP 
rs12325817) activity only suffer from decreased VLDL for-
mation and hepatosteatosis in severe choline deficiency [36]. 
Moreover, the selectivity of ARA- and DHA-PC synthesis 
via the PEMT pathway only exists in the liver, whereas foetal 
(and preterm infant) requirements and plasma concentrations 
of ARA- and DHA-PC are high in spite low PEMT activity, 
and extrahepatic synthesis of these PC components is high, 
although they do not express PEMT (lung, intestine) [20, 
29]. Our data are consistent with this, as after D9-POPC, 
there was a rapid and increased formation of polyunsaturated 
D9-PC, with increased contents not only of LA, but also of 
ARA, DHA and EPA.

Potential consequences of choline supplementation 
via PC instead of water‑soluble components

The assimilation of D9-POPC, via cleavage to D9-lyso-
PC, preferential small intestinal re-acylation to D9-PC 
and chylomicron assembly (see above), contrasted the 
hepatic D9-choline, -betaine, -PC and -VLDL metabo-
lism as represented by the other D9-choline supplements. 
Although D9-POPC belongs to the D9-C18:1-PC subgroup, 
D9-C18:1-PC concentration was not increased here, but con-
trary to the other D9-choline supplements, remained a minor 
fraction of plasma D9-PC (see Figs. 4A and 5A). Instead, 
D9-POPC resulted in twofold to –threefold increases in 
D9-PC comprising LA, ARA and EPA. As the butter pret-
zels’ fat was dominated by OA (24%) over LA (22%), ARA 
(0.1%) and DHA (0%), the domination of polyunsaturated 
D9-PC is explained by the molecular specificity of LPCAT3 
[31]. Such specificity of LPCAT3 suggests that, simultane-
ous supplementation of POPC as well as ARA and DHA 
at the expense of LA, might increase the ARA and DHA 
supply of organs. Further investigation is required to assess 
the quantitative impact of such combinations of increased 
LC-PUFA and reduced LA in combination with PC as a 
choline supplement.

Formation of (D9‑)TMAO in response to (D9‑)choline 
supplements

In addition to the efficacy of a choline supplement, safety is 
paramount. Therefore, we also investigated the concentration 
of D9-TMAO, the hepatic oxidation product of D9-TMA that 
is a bacterial D9-choline degradation product. TMAO has 
been described as a cardiovascular risk factor [17]. Notably, 
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neither D9-POPC nor D9-phosphocholine resulted in detect-
able D9-TMAO concentrations. Whereas this was previously 
shown for (egg-)PC [28], absence of TMAO formation from 
phosphocholine is a new finding. Notably, D9-phospho-
choline showed the earliest peak concentration of plasma 
D9-choline (0.75 h), compared to any other choline com-
pound. Further research is required here to address phos-
phocholine assimilation as a choline supplement, possibly 
occurring earlier and more proximally in the small intestine 
than other compounds.

Differences in absorption may also apply to (D9-) cho-
line chloride and (D9-)GPC, where the latter showed a later 
increase of TMAO (> 6 h) that was not detected in a previ-
ous study at 0–6 h [28]. Unfortunately, phosphocholine as 
a rapidly absorbed choline compound is not commercially 
available in nutritional bulk quantities, but taking the effects 
on (D9-)choline, (D9-)betaine and (D9-)PC levels as well as 
those on D9-PC fatty acid kinetics and (D9-) TMAO forma-
tion into account, we conclude that (PO)PC might be the 
best suitable supplement for adults, possibly in combination 
with phosphocholine. A water-soluble choline supplement 
in combination with PC appears important, as adults with 
choline deficiency also have low betaine concentrations in 
plasma and free choline is an important source of betaine as 
the major methyl donor [1, 3, 6, 20].

Limitations

The main limitation of the study is the small number of par-
ticipants which limited the power to detect smaller differ-
ences in plasma kinetics, particularly between the different 
water-soluble supplements. Additionally, we only assessed 
healthy male adults, excluding the oestrogen impact on cho-
line metabolism via higher PEMT expression in pre-meno-
pausal women [36]. Moreover, adult men’s metabolic rate 
does not represent that of the fast growing preterm infant, 
nor is the impact of exocrine pancreas dysfunction, small 
intestinal pathologies and dysbiosis represented by these 
volunteers [9]. Nevertheless, a significant number of healthy 
pre-menopausal women have deleterious single nucleotide 

polymorphisms resulting in low PEMT expression like 
males [36]. Finally, in spite of exocrine pancreas insuffi-
ciency in CF patients, and massive fecal choline losses due 
to pancreatic phospholipase A2 deficiency, these patients 
profit from choline administration in the form of PC as 
intestinal phospholipase activity is not fully absent [9, 37, 
38]. Hence, whilst further studies must follow with specific 
clinical cohorts, our data provide a frame work to optimise 
choline supplementation (Table 3).

Conclusion

There was a retarded increase in plasma D9-choline and 
D9-betaine as well as higher peak concentrations and AUCs 
of D9-PC and virtually absent D9-TMAO formation after 
D9-POPC and D9-phosphocholine administration. The 
use of (D9-PO)PC as a choline supplement for preferential 
enterocytic synthesis of polyunsaturated (D9-)PC implies 
the option of optimising DHA, and ARA supply for pre-
term infants [1, 22], by co-supplementation with lipidic (PC) 
rather than water-soluble choline supplements. Therefore, 
PC—alone or in combination—may be a suitable choline 
supplement for adults, and potentially other patient groups. 
All data are included in this article or the supplementary 
information.
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