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ABSTRACT
Background: Homozygosity for the variant 677T allele in the meth-
ylenetetrahydrofolate reductase (MTHFR) gene increases the re-
quirement for folate and may alter the metabolic use of choline.
The choline adequate intake is 550 mg/d for men, although the met-
abolic consequences of consuming extra choline are unclear.
Objective: Deuterium-labeled choline (d9-choline) as tracer was
used to determine the differential effects of the MTHFR C677T
genotype and the effect of various choline intakes on the isotopic
enrichment of choline derivatives in folate-compromised men.
Design: Mexican American men with the MTHFR 677CC or 677TT
genotype consumed a diet providing 300 mg choline/d plus supple-
mental choline chloride for total choline intakes of 550 (n = 11; 4
with 677CC and 7 with 677TT) or 1100 (n = 12; 4 with 677CC and
8 with 677TT ) mg/d for 12 wk. During the last 3 wk, 15% of the
total choline intake was provided as d9-choline.
Results: Low but measurable enrichments of the choline metabolites
were achieved, including that of d3-phosphatidylcholine (d3-PtdCho)
—a metabolite produced in the de novo pathway via choline-derived
methyl groups. Men with the MTHFR 677TT genotype had a higher
urinary enrichment ratio of betaine to choline (P = 0.041), a higher
urinary enrichment of sarcosine (P = 0.041), and a greater plasma en-
richment ratio of d9-betaine to d9-PtdCho with the 1100 mg choline/d
intake (P = 0.033).
Conclusion: These data show for the first time in humans that cho-
line itself is a source of methyl groups for de novo PtdCho biosyn-
thesis and indicate that theMTHFR 677TT genotype favors the use of
choline as a methyl donor. Am J Clin Nutr 2011;93:348–55.

INTRODUCTION

Choline is an essential micronutrient that serves as the pre-
cursor molecule for several important compounds, including the
phospholipids phosphatidylcholine (PtdCho) and sphingomyelin,
the neurotransmitter acetylcholine, and the methyl donor betaine
(1) (Figure 1). PtdCho and sphingomyelin are abundant in
cellular membranes and have structural and signaling functions;
PtdCho is also the major phospholipid in lipoproteins, with in-
fluences on lipid metabolism and transport (2). Most PtdCho
(’70%) is synthesized by the cytidine diphosphate (CDP)-
choline pathway in which choline itself serves as the substrate;
the remainder is synthesized de novo via phosphatidylethanol-

amine N-methyltransferase (PEMT), an S-adenosylmethionine
(SAM)-dependent enzyme that sequentially methylates phospha-
tidylethanolamine to PtdCho (3). The methyl groups associated
with SAM are originally derived from folate, choline (betaine),
and/or methionine (4). In addition to PtdCho biosynthesis, these
one-carbon units may be used for the biosynthesis of several
metabolites, hormones, and neurotransmitters and for the meth-
ylation of DNA with subsequent effects on gene expression and
genome stability (5). Severe choline deficiency can cause meta-
bolic disturbances such as fatty liver (6, 7), muscle damage (8),
and aberrant gene expression as a result of alterations in DNA
methylation patterns (9, 10). Associations between low dietary
choline intake and increased risk of inflammation (11), birth de-
fects (12), and breast cancer (13) have also been reported.

Based primarily on the amount of choline needed to prevent
liver dysfunction, choline adequate intakes (AIs) of 425 and
550 mg/d for women and men, respectively, were established in
1998 (14). The metabolic requirement for choline is likely higher
in individuals with compromised folate status because betaine
(oxidized from choline) shares the homocysteine remethylation
step in one-carbon metabolism with 5-methyltetrahydrofolate (5-
methylTHF) (14). 5-MethylTHF is derived from 5,10-methyl-
eneTHF in a reaction catalyzed by 5,10-methyleneTHF reductase
(MTHFR). The availability of 5-methylTHF, the main folate
coenzyme in circulation, is modified by a common single nu-
cleotide polymorphism, 677C/T, in the MTHFR gene (15).

We previously reported diminished serum folate and elevated
plasma homocysteine concentrations in men with the MTHFR
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677TT genotype, relative to those with the 677CC genotype,
after 12 wk of consuming the Recommended Dietary Allowance
(RDA) for folate (16). The diminished 5-methylTHF in men
with theMTHFR 677TT genotype may result in a higher reliance
on betaine as the methyl group donor for one carbon metabolism
and therefore alter choline partitioning/metabolism. Our finding
of lower plasma PtdCho concentrations in this group of men
with the MTHFR 677TT genotype (17) is consistent with this
working hypothesis.

The objective of this study was to determine the effects of the
MTHFR C677T genotype and/or varied choline intakes on the
metabolic use of orally consumed choline. To accomplish this
aim, deuterium-labeled choline (d9-choline) was consumed
orally by men with the MTHFR 677CC or TT genotype during
the last 3 wk of a 12-wk controlled feeding study. Isotopic en-
richment [enrichment = labeled metabolite/(labeled + unlabeled
metabolite)] and the enrichment ratio (enrichment ratio = en-
richment of product/enrichment of precursor) of one-carbon
metabolites derived from the orally consumed labeled choline
were evaluated.

SUBJECTS AND METHODS

Subjects and study design

The men in this study (n = 23; 8–42 y of age) represent
a subsample of healthy Mexican American men (n = 60; 18–55 y
of age) preselected for the MTHFR 677CC or TT genotype and

were recruited between June 2005 and September 2006. Addi-
tional inclusion criteria were described elsewhere (16). The
study was approved by the Institutional Review Board for
Human Study Participants at Cal Poly Pomona University, and
written informed consent was given by each participant. Ap-
proval to use de-identified samples for the measurements made
in this study was granted by the Cornell Institutional Review
Board for Human Subjects.

This was a 12-wk choline intervention study in which study
participants (n = 60) with the MTHFR 677CC (n = 31) or 677TT
(n = 29) genotype were randomly assigned at baseline to receive
300, 550, 1100, or 2200 mg choline/d. The diet, consumed by all
study participants throughout the study, provided 300 mg total
choline/d, 173 mg betaine/d, and 319 lg natural food folate/d
(16, 17). The study participants also consumed 70 lg supple-
mental folic acid/d for total folate intakes of 438 lg dietary
folate equivalents/d (16). To achieve the target choline intakes of
550, 1100, or 2200 mg/d, unlabeled commercially available
choline chloride (BCP Ingredients Inc, Verona, MO) was ad-
ministered for the first 9 wk as previously detailed (16). During
the last 3 wk of the study (weeks 10–12), a subsample of the
men in the 550 mg/d (n = 11; 4 with 677CC, 7 with 677TT) and
1100 mg/d (n = 12; 4 with 677CC, 8 with 677TT) choline intake
groups received 15% of the target dose as d9-choline prepared
from commercially available [trimethyl-d9]choline chloride
(Cambridge Isotope Laboratories Inc, Andover, MA; Figure 2).
In the 550 mg/d choline intake group, choline was derived from
the diet (300 mg/d), unlabeled supplemental choline chloride

FIGURE 1.Metabolic fate of the orally consumed deuterium-labeled choline. The d9-choline tracer contained deuterium-labeled methyl groups facilitating
the examination of the metabolic fate of choline-derived methyl groups in addition to the intact molecule. THF, tetrahydrofolate; MTHFR, 5,10-
methylenetetrahydrofolate reductase; PEMT, phosphatidylethanolamine N-methyltransferase; GNMT, glycine N-methyltransferase; CK, choline kinase;
CHDH, choline dehydrogenase.
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(167.5 mg/d), and d9-labeled supplemental choline chloride
(82.5 mg/d). The supplemental choline chloride (d0+d9) was
consumed daily at the breakfast meal. In the 1100 mg/d choline
intake group, choline was derived from the diet (300 mg/d),
unlabeled supplemental choline chloride (635 mg/d), and d9-
labeled supplemental choline chloride (165 mg/d). The supple-
mental choline chloride (d0+d9) was divided into 2 equal portions
(317.5 mg d0-choline plus 82.5 mg d9-choline) and consumed at
breakfast and dinner.

The isotopic enrichment of choline and its metabolites was
assessed at the end of the study (week 12) in plasma and urine.
Adherence to the study protocol was previously established by
measurements of serum folate (a sensitive marker of dietary
intake) and plasma free choline (16, 17).

Sample collection and MTHFR C677T genotyping

Baseline and weekly fasting (10 h) venous blood samples were
collected into serum separator gel and clot-activated tubes
(Vacutainer; Becton Dickinson, Rutherford, NJ) and EDTA-
coated tubes (Vacutainer), processed, and stored at 280�C as
previously described (18). Twenty-four–hour urine samples were
collected at 0, 6, and 12 wk; processed; and stored at 220�C as
described previously (18). Determination of the MTHFR C677T
gene involved polymerase chain reaction, digestion with Hinf1,
and electrophoretic separation on an agarose gel (19).

Measurements of plasma and urinary choline metabolites

Plasma and urinary concentrations of free choline [unlabeled
(d0) and d9], betaine (d0 and d9), and dimethylglycine (d0 and
d6) were measured by liquid chromatography tandem mass
spectrometry according to the method of Holm et al (20). The
system included an LCQ Advantage Mass Spectrometry system
(Thermo Finnigan, San Jose, CA) with an electrospray ionization
source operated in positive ion mode, a Surveyor HPLC system
(Thermo Finnigan), and a refrigerated Surveyor autosampler
(Thermo Finnigan). Urine or plasma (50 lL) was transferred to
a 1.5-mL Eppendorf tube, and 100 lL of acetonitrile containing
0.1% (vol:vol) formic acid was added to precipitate proteins;

d13-choline, d3-betaine, and d3-dimethylglycine (0.2 nmol/L of
each) were used as internal standards. The mixture was mixed
and centrifuged at 4�C. An aliquot of supernatant fluid (120 lL)
was transferred to vials containing 120 lL 0.1% (vol:vol) formic
acid in acetonitrile. The separation of choline, betaine, and di-
methylglycine was achieved by using an Alltech Prevail Silica
analytic column (2.1 · 150 mm, 5 lm) and an Alltech Prevail
Silica guard column (2.1 · 7.5 mm, 5 lm) with a mobile phase
of 81% filtered acetonitrile and 19% of 0.1% formic acid
(vol:vol) in 15 mmol ammonium formate/L. The flow rate was
500 lL/min, the injection volume was 10 lL, and the column
temperature was maintained at 25�C. The external standard
curve for choline (d0 and d9), betaine (d0 and d9), and dime-
thylglycine (d0 and d6) was constructed in 25:75 (vol:vol)
15 mmol ammonium formate/L and acetonitrile solution.

Plasma PtdCho (d0, d3, d6, and d9) was measured by liquid
chromatographymass spectrometry as described by Koc et al (21)
with modifications based on our instrumentation (22) with d4-
PtdCho as an internal standard. The calculation of enrichment
percentage (d3-Ptdcho/total Ptdcho; d9-Ptdcho/total Ptdcho) was
based on the peak area under the curve.

Plasma methionine (d0, d3) was measured by gas chroma-
tography–mass spectrometry (GC-MS) in negative ion electron
capture mode as the n-propyl ester N-heptafluorobutyryl de-
rivative with chemical ionization (23) as previously described
(24).

A panel of urinary one-carbon metabolites (ie, sarcosine,
homocysteine, cystathionine, cysteine, methionine, aminobutyric
acid, glycine, and serine) was quantified by GC-MS following the
established protocol (25, 26). The enrichments of urinary dime-
thylglycine (DMG) and sarcosinewere also determined byGC-MS
in a separate run in which internal standard was not added.

Statistical analysis

To test for differences in the dependent variables of interest
(eg, plasma d9-choline) between the MTHFR C677T genotypes
and between the choline intake groups, a 2-factor ANOVA (cho-
line intake and MTHFR C677T genotype) was performed on each
dependent variable. Dependent variables whose residuals were not
normally distributed were log or square root transformed to fit the
assumption of the analysis of variance model. Effects were con-
sidered to be significant at P , 0.05, whereas a P , 0.10 was
indicative of trends. Data are presented as means 6 SEMs for all
dependent variables and were analyzed by SPSS software (version
15; SPSS Inc, Chicago, IL).

RESULTS

Characteristics of the study population

Indicators of folate and choline status and concentrations of
urinary metabolites related to one-carbon metabolism at the end
of the 12-wk study are shown in Table 1. The ages and body
mass indexes of the study population are also provided. Com-
pared with men with the MTHFR 677CC genotype, those with
the 677TT genotype had lower serum folate (P = 0.003) and
higher plasma homocysteine (P = 0.001) concentrations. The
mean age was lower in men with the MTHFR 677TT genotype
(P = 0.038) than in men with the 677CC genotype. Compared
with men consuming 550 mg choline/d, the 1100 mg/d intake

FIGURE 2. Mean intake of dietary total choline and choline chloride
either as unlabeled (d0) or labeled (d9) choline.
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TABLE 1

Clinical and biochemical variables at the end of the controlled feeding study (week 12) in Mexican American men with the MTHFR 677CC or 677TT

genotype who had choline intakes of 550 or 1100 mg/d1

Choline intake P values

Variable 550 mg/d 1100 mg/d All Genotype Choline Interaction

Age (y) 0.038 0.927 0.604

677CC 28 (22–42)2 26 (19–35) 27 (19–42)3

677TT 21 (18–27) 22 (20–28) 22 (18–28)

Total 24 (18–42) 24 (19–35) —

BMI (kg/m2) 0.652 0.317 0.179

677CC 24.5 (21–27) 28.8 (20–36) 26.6 (20–36)

677TT 26.1 (22–30) 25.5 (21–30) 25.8 (21–30)

Total 25.5 (21–30) 26.6 (20–36) —

Serum folate (nmol/L) 0.003 0.676 0.915

677CC 12.3 6 1.74 11.6 6 2.7 11.9 6 1.53

677TT 7.3 6 0.9 6.9 6 0.8 7.1 6 0.6

Total 9.1 6 1.1 8.5 6 1.2 —

Plasma tHcy (lmol/L) 0.001 0.328 0.336

677CC 11.7 6 0.7 11.8 6 0.7 11.7 6 0.53

677TT 28.5 6 6.7 40.7 6 5.7 35 6 4.5

Total 22.4 6 4.9 31.1 6 5.6 —

Plasma choline (lmol/L) 0.655 0.052 0.841

677CC 7.0 6 0.8 9.4 6 2.2 8.2 6 1.2

677TT 7.4 6 0.7 10.2 6 1.1 8.9 6 0.8

Total 7.2 6 0.5 10.0 6 1.05 —

Plasma betaine (lmol/L) 0.418 0.014 0.755

677CC 46.0 6 5.2 66.0 6 14.0 56 6 7.9

677TT 42.6 6 3.1 58.3 6 4.7 51 6 3.5

Total 43.8 6 2.6 60.9 6 5.45 —

Plasma total PtdCho (d0+d3+d9) (lmol/L) 0.498 0.733 0.079

677CC 1784 6 166 1532 6 93 1658 6 100

677TT 1492 6 84 1665 6 101 1585 6 68

Total 1599 6 88 1621 6 74 —

Urinary choline (lmol/g Cr) 0.135 0.085 0.249

677CC 16.9 6 6.3 22.7 6 5.5 19.4 6 4.1

677TT 20.3 6 5.5 48.2 6 10 35.3 6 7.1

Total 19.0 6 4.0 40.6 6 8.2 —

Urinary betaine (lmol/g Cr) 0.290 0.853 0.925

677CC 80.2 6 29 67.6 6 18 74.8 6 17

677TT 124.6 6 55 120.5 6 31 122.4 6 29

Total 106.9 6 34 104.7 6 23 —

Urinary DMG (lmol/g Cr) 0.159 0.957 0.088

677CC 86.6 6 23 35.7 6 2 69.6 6 18

677TT 76.7 6 20 130.8 6 26 105.8 6 18

Total 80.7 6 10 109.7 6 9 —

Urinary sarcosine (lmol/g Cr) 0.909 0.123 0.627

677CC 12.1 6 1.2 17.7 6 5.3 14.5 6 2.4

677TT 13.1 6 2.5 16.1 6 1.7 14.7 6 1.5

Total 12.7 6 1.6 16.5 6 1.7 —

Urinary tHcy (lmol/g Cr) 0.012 0.041 0.057

677CC 4.5 6 0.9 5.2 6 0.4 4.8 6 0.53

677TT 7.7 6 3.4 25.8 6 9.1 18.9 6 5.2

Total 6.3 6 2.1 18.9 6 5.55 —

Urinary cystathionine (lmol/g Cr) 0.787 0.086 0.859

677CC 4.9 6 1.2 7.2 6 1.2 6.0 6 0.9

677TT 5.4 6 1.0 7.3 6 1.1 6.4 6 0.8

Total 5.2 6 0.7 7.3 6 0.85 —

Urinary cysteine (mmol/g Cr) 0.731 0.163 0.833

677CC 0.2 6 0.03 0.3 6 0.02 0.2 6 0.02

677TT 0.2 6 0.02 0.2 6 0.02 0.2 6 0.01

Total 0.2 6 0.01 0.2 6 0.01 —

(Continued)
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group had higher plasma betaine concentrations (P = 0.014) and
tended to have higher plasma free choline concentrations (P =
0.052) and greater urinary cystathionine excretion (P = 0.086).
The MTHFR C677T genotype tended to interact with choline
intake (P = 0.057) to affect urinary homocysteine, with the
highest concentration detected in men with the MTHFR 677TT
genotype in the 1100 mg/d choline intake group. No other dif-
ferences were detected.

Effects of choline intake and MTHFR C677T genotype on
the isotopic enrichment and enrichment ratios
of choline metabolites

Label was detected at acceptable signal-to-noise ratios in most
choline metabolites (Figure 3). Greater enrichments of plasma
choline (P = 0.029), plasma betaine (P = 0.004), plasma d3-
PtdCho (P = 0.005), plasma d9-PtdCho (P = 0.009), and urinary
betaine (P = 0.014) were observed in the 1100 mg/d than in the
550 mg/d choline intake group (Figure 3A). In addition, en-
richments of plasma methionine (P = 0.075) and urinary choline
(P = 0.077) tended to be greater in the higher choline intake
group (Figure 3A). However, choline intake did not affect the
enrichment ratios of product:precursor metabolites (ie, betaine:
choline, methionine:betaine, methionine:choline, d3-PtdCho:
choline,and d3-PtdCho:betaine), which indicated that the en-
richments of precursors and products were equivalently affected.

The MTHFR 677TT genotype yielded a lower enrichment of
urinary choline (P = 0.091) and a greater urinary betaine to
choline enrichment ratio (P = 0.041), which suggests that flux
through choline dehydrogenase may be greater in men with the
677TT than with the 677CC genotype (Figure 3B). In addition,
the MTHFR C677T genotype and choline intake interacted to
affect the plasma enrichment ratio of betaine to PtdCho derived
from the CDP-choline pathway (Figure 3C). In men with the

MTHFR 677TT genotype, the higher choline intake yielded
a greater betaine to PtdCho enrichment ratio, which suggests
that betaine oxidation was favored over the use of choline by the
CDP-choline pathway; no effect of choline intake on this ratio
was observed in the group with the 677CC genotype. No other
significant effects of either choline intake, MTHFR C677T ge-
notype, or the interaction term were detected on the measured
variables.

Effects of choline intake and MTHFR C677T genotype on
the proportion of PtdCho enrichment derived from the
PEMT and CDP-choline pathways

Under the conditions of this study, only d3-PtdCho and d9-
PtdCho (but not d6-PtdCho) were detected at quantifiable levels;
therefore, it can be assumed that all of the d9-PtdChowas derived
from the CDP-choline pathway. Notably, neither choline intake
nor MTHFR C677T genotype affected the plasma enrichment
ratio of d3-PtdCho to d9-PtdCho (data not shown). This obser-
vation suggests that the proportion of PtdCho derived from each
of these pathways was unaffected by these variables.

Effects of choline intake and MTHFR genotype on urinary
sarcosine enrichment

Urinary sarcosine enrichment was higher (P = 0.049) in men
with the MTHFR 677TT genotype than in men with the 677CC
genotype (Figure 4). Choline intake did not affect urinary sar-
cosine enrichment, and the interaction term for MTHFR C677T
genotype and choline intake was not significant.

DISCUSSION

To the best of our knowledge, this is the first human study to
use stable-isotope methods to investigate the effects of choline

TABLE 1 (Continued )

Choline intake P values

Variable 550 mg/d 1100 mg/d All Genotype Choline Interaction

Urinary methionine (lmol/g Cr) 0.356 0.135 0.673

677CC 6.3 6 1.7 8.6 6 1.9 7.4 6 1.2

677TT 7.3 6 2.3 11.4 6 1.7 9.5 6 1.5

Total 6.9 6 1.5 10.4 6 1.3 —

Urinary aminobutyric acid (lmol/g Cr) 0.944 0.517 0.713

677CC 5.7 6 1.1 5.9 6 1.4 5.8 6 0.8

677TT 5.4 6 0.6 6.4 6 0.7 5.9 6 0.5

Total 5.9 6 0.5 6.2 6 0.6 —

Urinary glycine (mmol/g Cr) 0.417 0.197 0.506

677CC 0.9 6 0.2 0.8 6 0.2 0.8 6 0.1

677TT 1.1 6 0.2 0.8 6 0.1 0.9 6 0.1

Total 1.0 6 0.1 0.8 6 0.1 —

Urinary serine (mmol/g Cr) 0.408 0.543 0.929

677CC 0.2 6 0.04 0.2 6 0.03 0.2 6 0.02

677TT 0.3 6 0.04 0.2 6 0.04 0.2 6 0.03

Total 0.2 6 0.03 0.2 6 0.03 —

1 n = 3–8 per group. Cr, creatinine; DMG, dimethylglycine; PtdCho, phosphatidylcholine; tHcy, total homocysteine.
2 Mean; range in parentheses (all such values).
3 Significantly different from the corresponding MTHFR 677TT genotype, P , 0.05 (2-factor ANOVA).
4 Mean 6 SEM (all such values).
5 Significantly different from the corresponding 550 mg/d choline intake group, P , 0.05 (2-factor ANOVA).
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intake and the MTHFR C677T genotype (677CC or 677TT) on
the metabolic use of exogenous choline. The d9-choline tracer
contained deuterium-labeled methyl groups and facilitated our
examination of the metabolic fate of choline-derived methyl
groups in addition to the intact molecule. In turn, distinctions
could be made between PtdCho derived from the sequential
methylation of phosphatidylethanolamine via PEMT (which
produces d3-PtdCho, d6-PtdCho, and less likely d9-PtdCho) and
PtdCho derived from intact choline by the CDP-choline path-
way, which yields only d9-PtdCho (Figure 1). Because d6-
PtdCho was below the detection limits in the present study, it
was assumed that all of the d9-PtdCho was derived from the
CDP-choline pathway.

The d3 labeling of PtdCho indicates for the first time in humans
that choline itself is a source of methyl groups for the de novo
biosynthesis of the choline moiety through the PEMT pathway—
a finding consistent with a cell culture model using rat primary
hepatocytes (27). The observed d3 labeling of plasma methionine
suggests that cellular pools of SAM were similarly labeled and,
thus, served as methyl donors in d3-PtdCho synthesis by PEMT.

Although the PEMT pathway is traditionally considered to be
most important when dietary choline intake is low (28), d3 la-
beling of the PtdCho pool occurred under conditions of high
choline intake (ie, 1100 mg/d or 2 times the AI). Notably, the
PtdCho molecules derived from the PEMT and CDP-choline
pathways are molecularly distinct (29), with PEMT-derived
PtdCho containing more polyunsaturated fatty acids, including
docosahexaenoic acid (DHA). Hence, a possible caveat of in-
creasing dietary intake of choline may be reducing the activity of
the PEMT pathway, which, in mice, results in decreased con-
centrations of circulating DHA (30). However, on the basis of
the enrichment ratio of d3-PtdCho to d9-PtdCho, the relative
proportions of PtdCho derived from each pathway were not al-
tered by the choline intakes used in this study.

In the current study, we hypothesized that varied choline
intakes would affect the partitioning of choline such that a higher
intake would favor its oxidation. However, the enrichment of
products and precursors (ie, d3-PtdCho/betaine, betaine/choline,
and DMG/choline) were affected to a similar extent, which
suggests that a doubling of choline intake did not alter the

FIGURE 3. Mean (6SEM) isotopic enrichment of plasma and urinary choline metabolites [labeled metabolite/(labeled + unlabeled metabolite)] grouped
by choline intake (A; n = 10–12 per choline intake group) or 5,10-methylenetetrahydrofolate reductase (MTHFR) C677T genotype (B; n = 7 with 677CC; n =
13 with 677TT ) or both (C; n = 4–8 per group) at week 12 in folate-compromised Mexican American men who consumed 15% of their total choline intake as
d9-choline from weeks 10 to 12. Data were analyzed by 2-factor ANOVA; P , 0.05 was considered significant. For the enrichment ratio of d9-betaine to d9-
phosphatidylcholine (d9-PtdCho), an interaction between MTHFR C677T and choline intake was detected (P = 0.03; C). Thus, the data are presented after
stratification by MTHFR C677T genotype. DMG, dimethylglycine.
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metabolic use of orally consumed choline (ie, proportion of
choline entering the oxidative pathway or the extent of its
catabolism).

Simple one-pool constant infusion kinetics require that
enrichments decrease as the label moves from pool to pool. Our
observed increase in isotope enrichment from precursor d9-
choline to several products in blood and urine indicates that pools
are in flux and that more than one precursor pool exists for
derivation of subsequent products. The high enrichment of be-
taine, relative to that of choline, may also reflect an increased
release of more enriched products as a result of gut-level oxi-
dation of choline to methylamines.

The observed greater enrichment of urinary metabolites than its
plasma counterpart was likely due to the timing differences be-
tween the urine and blood collections. Similar to the kinetic curve
in plasma, urinary metabolite enrichment is probably highest
within several hours after dosing and declines thereafter, reaching
its lowest value the next day before dosing. Therefore, the 24-h
urine and fasting blood collections probably captured different
phases of the kinetic curves with plasma enrichment reflecting the
lowest point but urinary enrichment reflecting an average status.

MTHFR produces 5-methylTHF which, like betaine, can be
used to remethylate homocysteine to methionine. The MTHFR
677TT genotype tends to yield diminished tissue concentrations
of 5-methylTHF, particularly under conditions of folate in-
adequacy. Notably, in the current study, men with the MTHFR
677TT genotype had markedly diminished concentrations of
serum folate (consisting mostly of 5-methylTHF; Table 1) such
that 47% (7 of 15 participants) had serum folate concentrations
in the deficient range (ie, �6.8 nmol/L; data not shown). Al-
though, serum folate was also diminished in men with the
MTHFR 677CC genotype (Table 1), only one participant had
serum folate in the deficient range. As a result, the demand for
betaine as a source of labile methyl groups for homocysteine

remethylation may be higher in persons with the MTHFR 677TT
genotype. The higher urinary enrichment ratio of betaine to
choline in men with the 677TT genotype is consistent with this
working hypothesis, because it implies enhanced flux through
choline dehydrogenase—the enzyme responsible for oxidizing
choline to betaine. The higher plasma enrichment ratio of be-
taine to CDP-choline derived PtdCho in men with the MTHFR
677TT (relative to the 677CC genotype) with the higher choline
intake is also consistent with an increased demand for betaine
among persons with the MTHFR 677TT genotype, because it
suggests that more of the free choline was converted to betaine
as opposed to entering the CDP-choline pathway. Increased
demand for betaine during MTHFR deficiency has been reported
in rodent studies, as evidenced by lower concentrations of he-
patic phosphocholine and betaine concentrations in MTHFR+/2

mice than in MTHFR+/+ mice (31).
The higher urinary enrichment of d3-sarcosine in men with the

677TT genotype was likely due to the faster oxidation of exog-
enous choline (choline/betaine/dimethylglycine/sarcosine)
in these men and was consistent with their increased reliance on
choline as a source of methyl groups. Sarcosine is also produced
from glycine in a cytosolic reaction catalyzed by glycine
N-methyltransferase (GNMT)—an enzyme subject to reciprocal
regulation by SAM (positive cooperativity) and 5-methylTHF
(allosteric inhibition) (32, 33). Given the lower serum folate in
this group of men (Table 1), it is possible that a less inhibited
GNMT led to greater production of sarcosine (and homocysteine)
in those with the 677TT genotype.

Finally, these data show that daily oral administration of
a choline tracer over a 3-wk period leads to measurable
enrichments in choline and its derivatives in humans. As such,
these data can provide guidance for future studies designed to
quantitatively assess the effect of varied choline intakes or ge-
netic variation on choline metabolism. The multiple methyl la-
beling strategy that we used also suggests that inputs from SAM
for PEMT-derived PtdCho can be estimated by conventional mass
isotopomer distribution analysis (34), although somewhat higher
labeling would be required to enable measurements of the d6
isotopomer, which was below the detection limit in the present
study. In principle, the mass spectra yield relative abundances of
d0, d3, d6, and d9 choline isotopomers. The d3 and d6 con-
centrations represent the minimum of 2 isotopomers required to
calculate enrichment of the precursor methyl pool. Analysis of
this labeling would enable an estimate of the dilution and net flux
of dietary choline–derivedmethyl groups as they pass through the
PEMT pathway.
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