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The role of choline in the human diet continues to be debated, in part due to the lack of an appropriate assessment
technique. Information regarding the turnover of this nutrient in various body pools in humans is lacking. An
intravenous infusion of (dymethyl)-choline chloride was administered over | hour to human subjects fed either
a choline-containing (5 mmoles/day choline chloride) or a choline-deficient diet for 3 weeks. Blood samples
were collected during the infusion and for | hour postinfusion. Plasma levels of choline, (d,methyl)choline, and
phosphatidylcholine were measured. The uptake of (d.methvl)-choline from plasma was calculated by nonlinear
regression analysis. In control subjects (n = 4), the half-life of (d,methyl)-choline in plasma was 7.0 * 0.85
minutes, while in deficient subjects (n = 6) it was 3.5 * 0.42 minutes (P < 0.004). Extracellular choline pools
were also decreased in deficient subjects (mean +* SEM; control: 2.6 * 0.2 mmoles; deficient: 2.0 = 0.2
mmoles; P < 0.05). The rate of appearance of unlabeled choline into the plasma was unaffected by the level of
dietary choline. We conclude that intravenously administered choline chloride is cleared more rapidly in humans
fed a choline-deficient diet than in control subjects, and that choline deficiency decreases choline pools in the
body. Our results also indicate that an intravenous load test, similar to the one used in these studies, may be

useful as a method of measuring choline nutriture. (J. Nutr. Biochem. 5:303-307, 1994.)
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Introduction

Choline is a water-soluble compound that is necessary
for the synthesis of acetylcholine and the phospholipids
phosphatidylcholine and sphingomyelin. It also contributes
methyl groups to the labile methyl pool.! Although the
role of choline in the diet of humans continues to be
debated, recent studies suggest that under several clinical
conditions®” significant decreases in plasma choline con-
centration, a pool which mirrors tissue choline levels,*
occur. Healthy male subjects who consumed a choline-
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deficient diet for 3 weeks exhibited a decline in plasma
choline concentration associated with liver dysfunction.®
further supporting the hypothesis that choline may be an
essential nutrient for humans. Recently, Buchman et al.'’
demonstrated that an exogenous source of choline increased
plasma levels and decreased liver steatosis in patients
receiving long-term total parenteral nutrition. Because a
significant proportion of patients who receive total paren-
teral nutrition have compromised gastrointestinal tracts,
the best way to administer choline to this population is
the intravenous route. Although the administration of large
doses of choline orally has been shown to have minimal
side effects,'" intravenous choline can be toxic. The LDs,
for choline chloride in rabbits is 0.01 mmol/kg and in cats
it is 0.25 mmol/kg." Studies in mice suggest that the LDs,
for intravenous choline chloride is 0.5 mmol/kg.'?

In the present study, we measured body pools of choline
as well as the appearance of unlabeled choline and the uptake
of labelled choline from the plasma of healthy subjects who
had been fed a synthetic diet with or without choline for 3
weeks. Our hypothesis was that body choline pools would
be diminished and that choline would be taken up more
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rapidly in deficient subjects. Our findings also provide infor-
mation regarding the turnover of the plasma choline pool
in healthy, human subjects maintained on a constant diet for
several weeks and suggest that an intravenous load test may
be useful as a tool to measure changes in choline nutriture.

Methods and materials
Subjects

As previously described,® 15 healthy male volunteers were recruited
for a study investigating the effects of a choline-deficient diet. All
subjects gave written consent to participate in accordance with
the guidelines of the Institutional Review Board-Human Studies
Committee of Boston University. Intravenous administration of the
stable isotope, (dymethyl)-choline chloride was approved by the
Office of Biologics Research and Review, Center for Drugs and
Biologics of the Food and Drug Administration. Subjects were
randomly assigned to the control group (n = 7) or the choline
deficient group (n = 8). The mean age of the control group was
26.8 years (*+1.5, SEM); mean age of the deficient group
was 29.1 years (% 1.8). The mean weight for the control group
was 74.4 kg (£4.9), while the choline-deficient group had a mean
weight of 72.4 kg (% 4.5).

Study design

Subjects were admitted to the Boston University Clinical Research
Center (CRC) where they lived under constant observation during
the 5 weeks of the study. Two control and one deficient subject
were permitted to attend class or to work at the medical center
during the daytime. However, they consumed all meals at the CRC
and slept there. Adherence to the diet was monitored by weekly
blood choline levels.

All subjects received the same liquid formula, which delivered
the daily protein requirement (0.95 g/kg/d) along with a portion
of the daily energy requirement. Subjects ingested the formula in
three isocaloric meals each day. Choline-free, between-meal snacks
of protein-free cookies and/or ginger ale were provided to meet
the remaining energy needs. Calorie and protein requirements were
estimated by a registered dietitian and were calculated to provide
adequate energy to support weight maintenance. Subjects were
required to consume all of the protein-containing formula provided
to them. Weight was monitored and caloric intake adjusted such
that all subjects maintained their body weight throughout the 5-
week study.

Subjects consumed approximately 40 kcal/kg/day (9.5% pro-
tein, 35% fat, 55.5% carbohydrate). The diet provided the recom-
mended daily allowance for all amino acids, vitamins, and
minerals.” The total choline content of the diet, as analyzed in our
laboratory, was 124 pmoles. During weeks 1 and 5, all subjects
received 5 mmoles of choline chloride per day (or 5 mmoles of
free choline) in capsule form. This was provided in a single dose
and is approximately one-half of the usual daily intake of humans.'
During the 3-week experimental period (weeks 2 through 5), defi-
cient subjects received a placebo containing cellulose.

Infusion studies

Infusion studies were performed at the end of the experimental
period. A sterile saline solution (0.9% sodium chloride) containing
(dymethyl)-choline chloride was infused into the antecubital vein
of one arm at a calculated rate of 12.5 to 15.0 pmoles choline
chloride/kg for 1 hour. Blood was collected by venipuncture from
the antecubital vein of the other arm immediately prior to the
beginning of the infusion; every 10 minutes during the infusion;
and at 5, 10, 20, 30, 40, 50, and 60 minutes following the cessation
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of the infusion. Heparinized blood samples were immediately
placed on ice, then centrifuged, and the plasma frozen at —80° C
until biochemical analysis could be performed. Electrocardiograms
and heart rate were monitored continuously throughout the 2-hour
study.

This amount of stable isotope was administered based on calcu-
lations of steady state, assuming a total body pool of free choline
of 5.4 mmoles.'® This estimated body pool was calculated from
available data regarding organ size of the reference male (70 kg)
and tissue choline concentrations in guinea pigs, rats, and humans.
Adjustments due to differences in body composition were not made
because no data exists regarding its effect on total body choline
concentrations. Average body weights were not different between
groups, thus any error in our original estimate would be the same
between groups.

We estimated a half-life of approximately 10 minutes and ar-
rived at an estimate of approximately 15 pmoles/kg of choline
chloride for 1 hour as the dose that would permit six half-lives.
This calculation was based on studies in the guinea pig, which
demonstrated that the half-life of choline in the liver and kidney
was 10 minutes." Thus, a I-hour infusion would approximate six
half lives in the two major organs involved in choline metabolism.

Biochemical analysis

The level of both (dymethyl)-choline and unlabeled choline were
measured using gas chromatography and a mass selective detector.*
Plasma phosphatidylcholine was measured in a subset of samples
collected at the end of the hour-long infusion and 60 minutes later.
Following extraction of serum by the method of Bligh-Dyer,'*
phosphatidylcholine was isolated by thin-layer chromatography
and then cleaved by acid hydrolysis to form free choline, which
was measured as described above.

Data analysis

We determined that isotopic enrichment had achieved steady state
by nonlinear regression analysis (Systat, Evanston, IL USA). Data
points from the hour-long infusion period were fit to the equation:
Enrichment, = (F/(V*C*k)) (1 — e~*), where F is the infusion
rate (pmol/min), V is the volume of distribution (L), C is the
concentration of choline in the pool (wmol/L), and k is the rate
constant of elimination. For these studies, we assumed that the
volume of distribution was the extracellular pool.

The rate of appearance of unlabeled choline was estimated using
the equation: R, (wmol/min) = (F/Enrichment,,) — F, where F is
the infusion rate (wmol/min) and enrichment,, is isotopic enrich-
ment at steady state ((dymethyl)-choline (mole)/total choline
(pmole); calculated as described above).

We assumed that following a I-hour constant infusion of
(dymethyl)-choline the appropriate volume of distribution was the
extracellular fluid. Therefore, pool size was calculated using the
equation: Body Pool = Total amount of isotope infused (pumol/
hr)/Enrichment at steady state. We made the arbitrary assumption
that the volume of distribution was the extracellular fluid. We
realize that this is an underestimation, but the same assumptions
were made for both groups. It seems reasonable to assume that
choline first distributes in the plasma volume, then the extracellular
volume, and then in some volume less than total body water. Given
the brief period of our study, we chose to use extracellular volume.

The disappearance rate of (d;methyl)-choline from plasma was
analyzed using nonlinear regression analysis (Systat). Data were
fit to the function: nmoles = B + A(e ™) The half-life of
(dymethyl)-choline in plasma was estimated using the equation
t,, = In 2/k. This model is based on the assumptions that: (1)
labeled choline is adequately mixed with the unlabeled choline
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pool; and (2) it is transported at the same rate as the unlabeled
molecule.

Results are expressed as the mean = SEM. An independent ¢
test was performed to compare group means. Statistical significance
was defined as P < 0.05.

Results

Plasma choline and phosphatidylcholine concentrations de-
clined 30% in deficient subjects over the course of the 3-
week experimental period when compared with controls (P <
0.01 and P < 0.05, respectively).” Signs of choline deficiency
included increased serum alanine aminotransferase levels.’

Intravenous infusion of (d,methyl)-choline was carried
out on the last 11 subjects (n = 4 control; n = 7 deficient)
who were enrolled in a controlled study of the effects of
choline deficiency in humans. One deficient subject was
omitted from statistical analysis because blood samples from
two postinfusion timepoints were unusable. In a second defi-
cient subject, isotopic enrichment did not reach steady state.
Therefore, estimates of pool size and rate of appearance of
unlabeled choline could not be accurately calculated for this
subject.

The average dose of choline that was infused did not
differ between groups (control = 17.3 £ 1.17; deficient =
13.8 * 148 pmoles/minute). Isotopic enrichment
({dysmethyl)-choline/total plasma choline) was not different
between groups at the end of the infusion period (control
= 0.39 + 0.01; deficient = 0.40 *+ 0.05) and reached
a steady state in nine of 10 subjects after 20 minutes of
infusion.

No adverse physical symptoms were observed during or
following the infusion studies. Both heart rate and electrocar-
diographs remained unchanged from baseline.

Table 1 Plasma half-life of intravenously administered choline,
estimate of extracellutar choline pool size, and plasma choline and
phosphatidyicholine concentrations in human subjects following
ingestion of a choline-containing or choline-deficient diet”

Half-life Pool size Choline PtdylChol
Subject (minutes) (mmoles) [y (mm)
Control
1 9.0 2.5 7.5 0.93
2 6.1 2.4 11.8 1.60
3 5.2 3.2 10.0 1.66
4 7.7 2.3 8.6 1.09
Mean = SEM 7.0 = 09 26 = 02
Deficient
1 2.3 1.6 6.6 0.87
2 3.7 2.0 6.4 0.98
3 2.4 18 7.5 1.23
4 4.7 ndt 7.9 0.94
5 3.5 2.1 8.7 0.94
6 4.6 2.4 8.3 0.95
Mean = SEM 3.5 + 0.4 2.0 + 0.2¢

*Half-life (minutes) and pool size were calculated as described in Meth-
ods and materials. Subjects had been on their respective diets for 3
weeks.

aP < 0.004; °P < 0.05.

tUnable to calculate pool size because steady state was not achieved
after 1-hour infusion.
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Figure 1 The disappearance of choline from plasma following the
intravenous administration of (dsmethyf)-choline chloride. Subjects in-
gested either a choline-containing or choline-deficient diet for 3 weeks.
At the end of this period, an intravenous dose of (dgmethyi)-choline
chloride was administered over 1 hour and blood samples collected
at 0, 5, 10, 20, 30, 40, 50, and 60 minutes postinfusion. Isotopic
enrichment was determined and disappearance from the plasma was
calculated using nonlinear regression. Shown are data collected from
control subject #4 and deficient subject #3.

The rate of appearance of unlabeled choline was not
different between groups (control = 25.6 *+ 2.8; deficient
(n = 5) = 199 £ 3.5 pmoles/minute). The half-life of
choline in plasma as measured by the disappearance of
(dymethyl)-choline chloride was 7.0 = 0.85 minutes in con-
trols and 3.53 * 0.42 minutes in deficient subjects (n =
6) (P < 0.004; Table 1; Figure 1). The 95% confidence
limits were: control = 5.33 to 8.67 minutes versus deficient
= 2.68 to 4.32 minutes.

Estimates of the extracellular choline pool indicated that
deficient subjects (n = 5) had decreased levels in this com-
partment compared with controls (Table 1; P < 0.05).

No (dsmethyl)-choline was found in the plasma phospha-
tidlycholine pool at the end of the infusion period nor |
hour postinfusion (data from 10 infusion studies).

Discussion

The plasma half-life of an intravenously administered dose
of choline was decreased by 50% in deficient subjects, sup-
porting our hypothesis that choline uptake increases during
choline deficiency. During infusion of choline at the rates
administered in this study, the rate of appearance of unla-
beled choline from tissues was not significantly altered due
to a choline-deficient diet despite a 30% decline in plasma
choline concentrations during the 3-week experimental pe-
riod. Thus, although the rate of appearance and the infusion
rate were not different between groups, the disappearance
rate of choline was two times greater in deficient subjects.
This may be explained by the drop in the extracellular pool
size we observed. Our data also suggest that an intravenous
load test similar to the one used in these studies could be
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useful in assessing choline status in humans, although a
larger sample size would be necessary to validate such a
technique.

Our findings also provide new information regarding the
turnover of the plasma choline pool in healthy subjects con-
suming a constant choline intake for 4 weeks. The finding
of a haif-life of 7 minutes in human subjects is in agreement
with previous studies in the rabbit,'” guinea pig,'* cat,'* and
dog," which indicated that the plasma half-life in these
species is also short (approximately | to 2 minutes).

With the exception of plasma phosphatidylcholine level,
we did not collect data regarding the metabolic fate of intra-
venously administered choline. In the guinea pig,'* the major
choline metabolite found in urine and plasma | hour after
choline infusion was betaine. In tissues, major metabolites
included betaine, phosphorylcholine, and phosphatidylcho-
line. Our data do not permit us to state which tissues were
responsible for the increased uptake of choline in deficient
humans. We did not measure urinary excretion of choline
during the infusion period and cannot rule out the possibility
that the rapid clearance from the plasma pool was due to
increased renal uptake and excretion, resulting in limited
retention of choline in deficient subjects. Data from both
animal and human studies suggest that choline is indeed
rapidly taken up by the kidney, where it is converted to
betaine and excreted.? Thus, it seems reasonable to hypothe-
size that a pattern of metabolism and distribution similar
to that observed in animals is true for humans. However,
additional studies will be necessary to clarify this point.

The data presented have relevance to the clinical manage-
ment of patients receiving total parenteral nutrition. De-
pressed plasma choline levels have been reported in this
population in several studies, suggesting inadequate choline
status.>**7 Buchman et al.'"" have also demonstrated that
the oral administration of phosphatidylcholine to patients
receiving long-term total parenteral nutrition increases
plasma choline concentration and decreases fatty infiltration
of the liver. However, large doses of choline (as phosphati-
dylcholine) were required to achieve these results due to the
decreased absorptive capacity of their subjects. The use of a
parenteral choline supplement would provide more accurate
delivery of choline and might also be better tolerated by
such patients. Preliminary data were recently presented sug-
gesting that intravenous choline may be of use in these
patients.”!

Choline can be supplemented in a variety of forms: the
two most common are choline salts and phosphatidylcholine.
Intravenous lipid emulsions contain small amounts of free
choline and greater quantities of phosphatidylcholine.? A pos-
itive correlation between the amount of lipid administered and
the plasma choline level has been observed.> However, this
association could also be due, in part, to improved nutritional
status and increased de novo choline synthesis and not solely
from exogenous phosphatidylcholine. Indeed, Buchman et
al.” have recently reported that phosphatidylcholine obtained
from lipidemulsions was not sufficient to raise the free plasma
choline level, indicating that phosphatidylcholine adminis-
tered parenterally is metabolized differently from that sup-
plied orally. These findings suggest that choline salts may be
the most effective means of increasing plasma choline con-
centration when supplementation occurs intravenously.
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Our findings indicate that the intravenous administration
of a single dose of choline at a rate of 1 mmole per hour was
not associated with toxicity. This dose, which represents ap-
proximately 10 to 15% of the usual daily choline intake of
healthy humans,? was not sufficient to significantly raise the
plasma choline level in either deficient or control subjects.

In summary, body choline pools were decreased in
healthy, human subjects following 3 weeks of a choline-
deficient diet. The half-life of a single dose of choline admin-
istered over an hour was also decreased by 50% in these
subjects. The fate (i.e., metabolism, excretion) of intrave-
nously administered choline was not addressed by these
studies. However, the administered choline was not con-
verted to phosphatidylcholine in plasma during the first 60
minutes following the infusion. In the present study, the rate
of appearance of unlabeled choline was not altered by the
ingestion of a choline-deficient diet for 3 weeks.

These results are important for several reasons. First,
these data support the hypothesis that choline uptake is accel-
erated and that body pools are diminished following 3 weeks
of a choline-deficient diet. Second, they provide information
regarding the rapid turnover of plasma choline in healthy
human subjects. Third, they suggest that an intravenous load
test may be useful in assessing choline stores. Fourth, they
indicate that choline can be administered safely in humans
via the parenteral route, although more data are necessary
to determine both the amount and the rate of administration
of choline that will safely increase body pools of this nutrient.
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