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Choline is an essential nutrient participating as the initial sub-
strate in major metabolic pathways. The differential metabolic
routing of choline was investigated in MCF7 human breast
cancer implanted in nude mice and in the kidney, liver, and brain
of these mice. The distribution of metabolites following infusion
of [1,2-13C]-choline was monitored by 13C magnetic resonance
spectroscopy. This infusion led to an 18-fold increase in plasma
choline and to concomitant changes in the content and distri-
bution of choline metabolites. In vivo kinetic studies of the
tumor during the infusion demonstrated accumulation of cho-
line in the interstitium and intracellular synthesis of phospho-
choline. The amount of unlabeled choline metabolites was 7.1,
4.1, 3.5, and 1.4 mmol/g in the kidney, liver, tumor, and brain,
respectively. The variations in the labeled metabolites were
more pronounced with high amounts in the kidney and liver
(8.0 and 4.3 mmol/g, respectively) and very low amounts in the
tumor and brain (0.33 and 0.12 mmol/g, respectively). In the
kidney and liver, betaine (unlabeled and labeled) was the pre-
dominant choline metabolite. The dominant unlabeled metabo-
lite in breast cancer was phosphocholine and in the brain
glycerophosphocholine. Magn Reson Med 46:31–38, 2001.
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Choline, a quaternary amine, is an essential nutrient for
humans (1,2) and plays a critical role in brain develop-
ment (3). The metabolism of choline is partitioned among
three major pathways: 1) phosphorylation leading to the
CDP-choline pathway (known also as the Kennedy path-
way) for the synthesis of phosphatidylcholine (PtdCho); 2)
acetylation to synthesize the neurotransmitter acetylcho-
line; 3) oxidation to produce the methyl donor betaine and
S-adenosylmethionine (Fig. 1).

Following uptake of choline, it is first converted to phos-
phocholine (PCho) via the CDP-choline pathway, or to
betaine through the oxidation pathway, or to acetylcho-
line, all water-soluble metabolites that can be present in
appreciable amounts (mM range). Thus, the amount of
these metabolites can be determined by choline transport
and/or by the activities of the enzymes involved in their
synthesis and further metabolism. Glycerophosphocholine
(GPCho) is also a water-soluble, choline-derived metabo-
lite; however, unlike the other metabolites described
above, which are synthesized from choline in one or two
steps, it is a breakdown product of PtdCho and therefore

the regulation of its content is complex. The distribution of
the water-soluble choline metabolites among the various
pathways varies with tissue type and can be modulated by
changing the choline intake via diet or direct infusion.

High levels of choline metabolites including PCho and
GPCho were previously observed by 31P and 1H magnetic
resonance spectroscopy (MRS) in various malignancies
and specifically in breast cancer (4–11). The magnitude of
the 1H MRS signal of the trimethylamine moiety shared by
choline and its derivatives was previously shown to aid in
the diagnosis of breast cancer (5–7); however, it was not
possible to resolve this signal. Previous studies monitored
in vivo the uptake and metabolism of choline in mammary
carcinoma using 31P MRS to follow phosphonium-choline
metabolism (12) and deuterium MRS to follow infused
deuterium-labeled-choline (13).

MRS was also applied to investigate choline metabolism
in normal organs (14,15). The content of the water-soluble
choline metabolites in the brain was determined from the
signal at 3.2 ppm of 1H spectra. Although it was not pos-
sible to resolve this signal and identify the exact compo-
sition of the choline metabolites, its magnitude was indic-
ative of brain tissue physiology and pathology, including
brain tumors (4,16–19). The uptake and metabolism of
choline in the brain and the kidney were also investigated
in vivo by 13C and 2H MRS, respectively, utilizing labeling
of the trimethylamine moiety of choline (14,15). In these
studies, as in 1H-MRS, the choline signal was not resolved
but kinetic data were obtained.

Here we present comparative studies of choline metab-
olism in tumors of MCF7 human breast cancer implanted
in nude mice and in the kidney, liver, and brain of these
mice. The composition of the various choline metabolites
was investigated by 13C MRS following the signals of car-
bon 1 and 2 of choline at natural abundance and after
infusion of enriched [1,2-13C]-choline (20). The kinetics of
choline uptake and metabolism in the tumors was also
monitored in vivo. The results describe the specific differ-
ential routing of choline in each tissue.

MATERIALS AND METHODS

Animals

CD-1 athymic female mice, 6–8 weeks old (Weizmann
Institute Animal Services) were housed in a controlled
environment (24°C and daily cycles of 12 hr light/dark)
and fed a semisynthetic diet of 50% corn supplemented
with minerals, vitamins, 0.2% choline chloride, and 0.2%
methionine. Food and water were supplied ad libitum.
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Tumors

MCF7 cells, cultured routinely as previously described
(13), were inoculated s.c. (;107 cells/mouse) in the right
flank of CD-1 female athymic mice. Before the cell inocu-
lation a pellet of 17b-estradiol (0.72 mg/pellet, 60 days
release time; Innovative Research of America, Sarasota,
FL) was implanted underneath the skin (21). Tumors were
developed within 4–6 weeks to a size of ;3 cm3. Choline
infusion studies were performed on mice bearing these
tumors.

Choline Infusion

The mice were anesthetized with pentobarbitone sodium
(0.06 mg/g) injected i.p. with additional doses (0.014 mg/g)
administered s.c. every 2 hr. Fifteen minutes prior to ini-
tiation of choline infusion, atropine (0.2 mg/Kg free base
was injected into the tail vein. Then a sterilized solution
(1 ml) of 50 mM [1,2-13C]-choline chloride (99% enriched
CIL; Cambridge Isotopes Laboratories, Andover, MA) and
100 mM sodium chloride was infused to the mice through
the tail vein at a dose of 16 mmol/Kg/min.

Collection and Processing of Blood and Tissue Samples

Two hours after initiation of [1,2-13C]-choline infusion,
while the animals were under anesthesia and the infusion
still on, blood and tissue samples were obtained in the
following order: first heparinized blood (400 ml) was ob-
tained by a retro orbital sinus puncture, then the tumor,
kidneys, and liver were resected, and finally the animal
was sacrificed by removing the brain. Each tissue sample
was immediately immersed in liquid nitrogen. The whole
process took about 1 min for each mouse. The tissue sam-
ples were moved for storage to 280°C until extraction.
Tissue weight was measured before the extraction.

The blood was centrifuged for 10 min (at 1000 rpm) and
D2O (99.9% enriched CIL) was then added to the superna-
tant (plasma) to a total volume of 500 ml. The plasma
samples were kept at 220°C. NMR measurements of these
samples were performed in 5 mm tubes containing 5 ml of
methanol as a standard for concentration.

Tissue Extracts

Extraction of the water-soluble metabolites and of the lip-
ids was performed by the dual phase extraction (DPE)
method following a procedure described previously for
cell extracts (22), with slight modifications. Tissue sam-
ples were placed in 10 ml of ice-cold methanol containing
0.4 mM phenylphosphonic acid (Aldrich, Milwaukee, WI)
for 1 hr. The tissue was then homogenized in the methanol
solution within 20 sec. An equal volume of chloroform
was added to the homogenate and the mixture was vigor-
ously vortexed. Then 10 ml of double-distilled water were
added and the mixture was vigorously vortexed again.
This mixture was centrifuged at 1000 rpm until phase
separation (;20 min). The upper methanol-water phase
and the lower chloroform phase were separated. The meth-
anol-water phase was treated with Chelex 100 (Sigma, St.
Louis, MO), the mixture was vortexed, and the resin was
separated by centrifugation. The supernatant was lyophi-
lized to dryness and kept at 220°C. Before NMR measure-
ment, the dried residue was redissolved in 0.5 ml 99.9%
enriched D2O containing 5 ml of methanol as a standard for
13C measurements at pH of 8–8.3. Prior to the 31P NMR
studies, 10 mM EDTA (Fluka, Buchs, Switzerland) was
added to minimize the interaction of the phosphate with
the divalent ions. The chloroform phase was evaporated
and the dried residue was redissolved in a mixture of
0.4 ml chloroform and 0.2 ml of methanolic EDTA (22).
NMR measurements of both the water and lipid extracts
were performed in 5 mm NMR tubes. Each sample of
tumor, kidney, and liver contained an extract of a single
specimen. For the brain, a combined extract from six mice
was used to achieve detectable levels of metabolites.

NMR Spectroscopy of Plasma and Extract Samples

High-resolution NMR spectra were recorded on a DMX-
500 spectrometer operating at 11.7 T (Bruker, Germany).
13C spectra were recorded at 125.7 MHz using a 1H/13C
dual probe and applying 60° pulses, 2.4 sec repetition
time, and continuous composite pulse proton decoupling.
The signal of added methanol (at 49.75 ppm) served as a
concentration standard. 31P NMR spectra were recorded at
202.4 MHz using a broadband probe by applying 45°
pulses, repetition time of 2 sec, and continuous composite
pulse proton decoupling. The chemical shifts were as-
signed in reference to a-ATP at 210.03 ppm. The signal of
added phenylphosphonic acid served as a concentration
standard.

In Vivo NMR Spectroscopy and MRI

In vivo studies were performed on a 4.7 T Biospec spec-
trometer (Bruker, Germany). 13C spectra were recorded at
50.4 MHz using a home-built two-turn, 1-cm diameter 13C
surface coil placed within a 7.5-cm 1H volume coil

FIG. 1. Choline metabolism in mammalian cells: the Kennedy path-
way, through CDP-choline, the oxidative pathway to betaine, and
the acetylation pathway to acetylcholine. Positions marked 1 and
2 were labeled with carbon-13 ([1,2-13C]-choline). PCho, phospho-
choline; GPCho, glycerophosphocholine; PtdCho, phosphatidyl-
choline.
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(Bruker, Germany) by applying 90° adiabatic pulses,
2.4 sec repetition time, and composite pulse proton decou-
pling in a bilevel mode. The implanted tumor was placed
on top of the surface coil, thus detecting signals arising
predominantly from approximately 1 cm3 of the tumor
tissue (determined from the response profile of the probe).
The signal of the natural abundance carbons of double
bonds (at 130 ppm) served as an internal concentration
standard. An external standard for concentration determi-
nation consisted of 5.4 mmol [1-13C]-glucose (99% en-
riched, CIL) in 180 ml of water in a sealed plastic bag (less
than 2 mm thickness), of a size similar to the coil surface
area placed between the surface of the probe and the
tumor.

MR images were recorded using the 1H volume coil
described above. Multislice, spin echo T2-weighted images
were recorded with an echo time of 80 ms, a repetition
time of 3200 ms, slice thickness of 1 mm, in-plane resolu-
tion of 0.23 3 0.46 mm, and slice-to-slice distance of
0.2 mm. Total tumor volume was determined from the area
and the thickness of each slice, and the slice-to-slice dis-
tance as previously described (21). The fraction of necrosis
was measured by analyzing the intensity distribution in
the T2-weighted images as previously described (21). In
each image several ROIs of viable regions (confirmed also
by histology) were selected and the mean intensity of
pixels in these regions was calculated. The number of
pixels exhibiting an intensity $1.2-fold higher than this
mean intensity divided by the total number of tumor pix-
els provided an estimate of the fraction of necrosis. At the
end of the choline infusion and MR recordings the tumors
were resected and processed for histology as previously
described (21).

Data Analysis

Signal intensity and area in NMR spectra were measured
with Bruker software XWIN-NMR. The areas were con-
verted to concentration units taking into account enrich-
ment, saturation, and nuclear Overhauser effect differ-
ences. The results for tumor, kidney, and liver are pre-
sented as the mean concentration 6 SEM and for the brain
as the mean concentration 6 integration error.

The changes with time in the [1,2-13C]-choline concen-
tration in the tumor (Ctumor) were analyzed assuming that
choline diffusion transfer rate from the intravascular to the
extracellular tumor compartment and choline transport
rate (Vtrans) into the intracellular compartment determine
the observed choline kinetics. The rate of change in the
concentration of [1,2-13C]-choline in the tumor during the
infusion time is therefore:

dCtumor/dt 5 ~k/y!~Cp 2 Ctumor! 2 Vtrans . [1]

Where k is the diffusion transfer constant, y is the average
extracellular volume fraction (0 # y # 1), and Cp is the
plasma [1,2-13C]-choline concentration, assumed to be
constant during the infusion, as previously shown (13,23).
Vtrans was estimated from the linear increase in the signal
of labeled PCho (average of n 5 6) which represented PCho
synthesis rate. Choline transport was previously shown to

be the rate limiting step in PCho synthesis in MCF7 cells
(24).

The solution of this equation for the initial condition
Ctumor(0) 5 0, is:

Ctumor~t! 5 ~Cp 2 Vtrans~k/y!21!~1 2 exp~2t k/y!! . [2]

The experimental data were fitted to this equation using a
nonlinear least-square program yielding k/y.

RESULTS

The fate of [1,2-13C]-choline infused through the blood
circulation in nude mice was investigated in implanted
MCF7 breast tumors and in the plasma, kidney, liver, and
brain utilizing 13C and 31P MRS. It should be noted that
prior to choline infusion the mice were treated with atro-
pine in order to prevent the occurrence of overt cholin-
ergic intoxication symptoms (25).

Studies of Plasma

The concentration of [1,2-13C]-choline in the plasma after
;2 hr of continuos infusion was 1.00 6 0.18 mM (n 5 8).
This level was markedly higher than the initial plasma
concentration of choline in these mice of 0.058 6
0.010 mM (13). Thus, the infusion led to about an 18-fold
increase in the plasma choline pool, above the Km of
choline transport that spans a broad range between 1 to
;500 mM (26–28). [1,2-13C]-Betaine in the plasma, derived
from the [1,2-13C]-choline, increased as well and reached a
level of 0.14 6 0.02 mM (n 5 8).

Studies of Extracts of Tumors, Kidney, Liver, and Brain

The metabolic routing of choline in tumors and in normal
organs was studied following 2 hr infusion of [1,2-13C]-
choline using 13C and 31P NMR of tissue extracts. High-
resolution 13C spectra of the water-soluble phase of these
extracts (Fig. 2) showed signals due to free choline, be-
taine, and PCho at natural abundance and their 99% en-
riched [1,2-13C]-counterparts. The observed GPCho signals
were due solely to the natural abundant, nonlabeled me-
tabolite. In the tumors (n 5 8) the concentration of these
metabolites at natural abundance followed the order:
PCho . GPCho .. choline, with betaine below detection
level (Table 1). The ratio of PCho to choline was high: 22 6
2. After the infusion, significant amounts of [1,2-13C]-PCho
and -choline were detected (Table 2). The resultant ratio of
[1,2-13C]-PCho to [1,2-13C]-choline (0.26 6 0.06) was re-
versed relative to the ratio of the respective natural abun-
dant pools; however, the ratio of the total pools (7.4 6 0.7)
still markedly favored PCho. [1,2-13C]-Betaine was de-
tected in the tumor at a low level (Table 2).

The total concentration of choline metabolites at 13C
natural abundance in the various organs was within the
same order of magnitude as that of the tumor, with the
highest content in the kidney and the lowest in the brain
(Table 1). The distribution of the metabolites followed the
order: kidney: GPCho ' betaine .. PCho $ choline; liver:
betaine $ PCho .. GPCho $ choline; and brain: GPCho .
PCho . choline, with betaine below the detection limit
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(Table 1). After 2 hr infusion the concentration of labeled
choline metabolites in the kidney and liver was more than
one order of magnitude higher than that in the tumor and
the brain (Table 2). The predominant labeled metabolite in
the liver and kidney was [1,2-13C]-betaine (Table 2). In the
brain most of the label was in the form of free [1,2-13C]-
choline but [1,2-13C]-PCho and -betaine were also ob-
served (Table 2). Thus, both the composition of choline
metabolites and the metabolic fate of newly incorporated
choline were found to be tissue-specific. Clearly, MCF7
human breast tumors were distinctive in their high PCho
content and low betaine content and demonstrated slow
choline uptake (similar to the brain) relative to the kidney
and liver.

The energy state of the tumors was determined and
compared to the known physiology of the same cells in
culture by recording 31P spectra of the water-soluble tumor
extracts. The total PCho pool in the tumors was 2.1 6
0.2 mmol/g tissue (n 5 8), confirming the results obtained
from the 13C spectra (Table 1). The NTP 1 NDP (nucleo-
side-tri- and -di-phosphate, respectively) concentration of
the tumors was 0.86 6 0.09 mmol/g tissue. As is the case in
extracts, the presence of NDP is presumably due to phos-
phatase activity in the course of the extraction. The ratio of
PCho to NTP 1 NDP was equal to 2.44 6 0.17 (n 5 8) and
similar to the ratio of PCho to NTP of MCF7 cells in culture
(29).

13C and 31P spectra of the lipid phase of the tumors did
not show significant incorporation of 13C label after 2 hr
infusion into choline-derived phospholipids such as Ptd-
Cho and sphingomeylin. This is in accord with previous
studies of breast cancer cells that demonstrated 36% in-
corporation in 24 hr (13).

In Vivo Uptake and Metabolism of Choline in Tumors

Choline metabolism in tumors was further investigated in
vivo in the course of [1,2-13C]-choline infusion. Analysis
of the MRI data yielded an average tumor size 6 SEM of
3.4 6 0.4 cm3 (n 5 6), with a low fraction of necrosis
ranging between 3–13%. The low fraction of necrosis was
scattered within the tumor and not concentrated in central
parts. Histological examination of the tumors confirmed
the presence of a high fraction of viable tissue in these
tumors.

An example of T2-weighted images and histological sec-
tions of a tumor is shown in Fig. 3. The histological sec-
tions (Fig. 3, sections 7–9) were sliced at a plane similar to
that of the MR images. The lower panel of this figure
demonstrates selected viable and necrotic regions under
large magnification. The gray regions in the T2-weighted
images (Fig. 3, images 1–6) demonstrate the presence of
viable tumor tissue and the bright regions present necrosis
(21). The fraction of necrosis in this tumor was found to be
11%.

13C spectra of the tumors recorded in the course of
[1,2-13C]-choline infusion revealed a gradual increase in
the intensity of the signals at the chemical shifts of choline
and PCho, while the signals in the range of 20–40 and
124–134 ppm (due to methylene moieties and double
bonds of fatty acyl chains, respectively (30)) remained
unchanged (Fig. 4). The signals of [1,2-13C]-PCho appeared

FIG. 2. 13C spectra of the water-soluble phase of MCF7 tumor (a),
kidney (b), liver (c), and brain (d) extracts after 2 hr of infusion with
[1,2-13C]-choline. The spectra were recorded as described in Ma-
terials and Methods by acquiring 65,600 (a), 9,600 (b), 8,000 (c), and
102,400 (d) scans for 5–68 hr and were processed with a line
broadening of 0.1 Hz (a–c) and with gaussian multiplication (d).
Assignment: 1) betaine-C1, 2) lactate-C2, 3) choline-C2, 4) PCho-C2,
5) betaine-C2, 6) GPCho-C1, 7) PCho-C1, 8) choline-C1. The posi-
tions C1 and C2 of choline, PCho, betaine, and GPCho are shown in
Fig. 1.
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after the first hour of infusion and increased linearly with
time thereafter (Fig. 5a). The time course of this increase
was similar in all the tumors, yielding an average initial
rate of PCho synthesis of 0.12 6 0.04 mM/h (n 5 6). The
signals of [1,2-13C]-choline increased as well (Fig. 5b) and
the time course of this increase was analyzed according to
Eq. [2] (Fig. 5b), assuming that most of the choline is in the
extracellular volume. The ratio: choline diffusion transfer
constant / extracellular volume fraction (k/y) was 0.36 6
0.08 h21 (n 5 6).

Upon termination of the infusion the intensities of
[1,2-13C]-choline signals decreased to basal level within
2 hr (Fig. 5b), while those of [1,2-13C]-PCho remained
unchanged (Fig. 5a). This decrease paralleled the reduc-
tion in plasma [1,2-13C]-choline (13,31), confirming the
predominant presence of [1,2-13C]-choline in the extracel-
lular volume during the infusion.

DISCUSSION

The total pool of choline and choline-derived metabolites
has been previously followed in vivo by MRS through the
1H signal of the trimethylamine group (5–7,16–19). Uptake

and metabolism of choline was also previously monitored
in vivo by following 2H- and 13C-choline enriched at the
trimethylamine group (13–15). However, in these studies
the overlapping signal could not be resolved to the various
choline metabolites and therefore changes in this signal
could not be interpreted in terms of the associated meta-
bolic processes. Here we used a different labeling strategy
in which the two methylene carbons of choline were la-
beled with 13C. The signals of these carbons are separated
by 12 ppm (in choline) and are split by 13C–13C J-coupling.
The carbon in position 2 is further split by the interaction
with 14N. The chemical shift of the carbon in position 1 is
extremely sensitive to the functional group attached to it:
for choline 56.5 ppm, PCho 58.9 ppm, GPCho 60.3 ppm,
and betaine 170.2 ppm. Thus, the distinct chemical shift
and coupling properties made it possible to resolve and
assign the choline metabolites in extracts and in vivo. The
characteristic 13C–13C splitting also enabled us to differ-
entiate between 13C-labeled and nonlabeled molecules.

Labeling in vivo required administration of 13C-choline
into the blood circulation. It was previously shown that
the half-life of choline in the blood is very short (,1 min)
due to fast clearance by the kidney and the liver (31,32).

Table 1
Composition of Choline Metabolites Present at 13C Natural Abundance

Tissue extracts
Total

content
mmol/g

Choline
(%)1

PCho
(%)1

GPC
(%)1

Betaine (%)

MCF7 tumor (n 5 8)
Not detected

3.5 6 0.3a 3.2 6 0.6 75 6 2b,c 22 6 2b,c

Kidneys (n 5 5) K-L4

7.1 6 2.4 2.9 6 1.5 6 6 2d 48 6 6d 43 6 5
Liver (n 5 5) 4.1 6 1.8 1.8 6 1.2 41 6 6 5 6 3 52 6 6
Brain2 (n 5 6) 1.4 6 0.3 12 6 2 33 6 7 56 6 11 Not detected

1The relative concentration of each metabolite with respect to the total pool of choline metabolites. Results are presented as mean 6 SEM.
2Obtained from a 13C spectrum of a combined sample of extracts (see Materials and Methods).
aSignificant difference (two-tail t-test p , 0.05) between tumor and kidneys.
b,cHighly significant difference (p , 0.005) between tumor and liver and tumor and kidney, respectively.
dHighly significant difference (p , 0.005) between kidney and liver.

Table 2
Composition of [1,2-13C]-Choline Metabolites After 2 h of [1,2-13C]-Choline Infusion

Tissue extracts

Content of
[1,2-13C]-labeled

metabolites
mmol/g

[1,2-13C]-choline
(%)1

[1,2-13C]-PCho
(%)1

[1,2-13C]-betaine
(%)1

Total content of
choline metabolites
labeled 1 naturally
abundant mmol/g

Enriched
fraction of

choline
metabolites

MCF7 tumor (n 5 8)

0.33 6 0.05a,b 76 6 4a,b 19 6 3b,c 5 6 1a,b 3.8 6 0.3b,c 0.090 6 0.014a,b

Kidneys (n 5 5)
8.0 6 1.2d 36 6 7e 7 6 1e 57 6 7e 15 6 3 0.57 6 0.07

Liver (n 5 5) 4.3 6 1.8 10 6 3 12 6 2 78 6 3 8.4 6 2.6 0.56 6 0.08
Brain2 (n 5 6) 0.12 6 0.02 50 6 10 27 6 5 23 6 5 1.5 6 0.3 0.079 6 0.016

1The relative concentration of each [1,2-13C]-choline metabolite with respect to the total pool of [1,2-13C]-choline metabolites. Results are
presented as mean 6 SEM.
2Obtained from a 13C spectrum of a combined sample of extracts (see Materials and Methods).
a,bHighly significant difference (two-tail t-test p , 0.005) between tumor and liver and tumor and kidney, respectively.
cSignificant difference (p , 0.05) between tumor and liver.
dSignificant difference (p , 0.05) between kidney and liver.
eHighly significant difference (p , 0.005) between kidney and liver.
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Therefore, to achieve a prolonged and constant high level
of blood choline it was necessary here to perform a con-
tinuous infusion (23,31). After the infusion, the amount of
choline metabolites in the kidney and liver increased by
more than 2-fold and the predominant metabolite (la-
beled 1 unlabeled) in both organs was betaine. The fast
and substantial synthesis of new labeled betaine indicated
activation of betaine synthesis in addition to the fast trans-
fer of the choline from the blood and the transport of
choline to the cells and then into the mitochondria, the
site of betaine synthesis. The substantial accumulation of
betaine in both the liver and kidney appears to serve as a
regulation mechanism for high choline. On the other hand,
in the brain, despite the high blood levels, uptake and
metabolism of labeled choline were lowest and the distri-
bution of the total pools of choline metabolites remained
similar, indicating protection from excess choline by the
blood–brain barrier, as previously shown (32,33).

The high levels of betaine and also of GPCho observed in
the current study in the kidney are also associated with

their role as renal osmolytes (34). However, high GPCho
levels were detected only in the unlabeled form, presum-
ably as a result of slow incorporation of label into PtdCho,
the precursor of GPCho. High levels of unlabeled GPCho
were also found in the current study in the brain, in accord
with previous findings in guinea pig brain (35). In general,
GPCho levels are regulated by the activities of phospho-
lipase A enzymes and GPCho:choline phosphodiesterase.
The choline signal previously exhibited in 1H spectra of
the brain may therefore reflect the predominant presence
of GPCho and presumably the differential activities of
these two enzymes. The role of GPCho in the brain is not
known, but Alzheimer’s disease was found to be associ-
ated with increased GPCho and decreased choline levels
(36). Clearly, in order to verify these changes by MRS it is
necessary to resolve the choline signal to its components.
Interestingly, despite the low incorporation of labeled cho-
line we detected betaine synthesis in amounts similar to

FIG. 3. MR images and histological sections of MCF7 tumor. MR
images 1–6 show viable areas in gray and dark fibrous tissue as well
as necrotic areas, which appear bright. Hematoxylin-eosin-stained
histological sections (7–9) were sliced at a plane similar to that of the
MR images (1, 3, 6, respectively). The lower panel demonstrates
viable (left) and necrotic (right) regions at high magnification. This
tumor was also investigated by in vivo 13C MRS.

FIG. 4. 13C spectrum of MCF7 tumor recorded in vivo during infu-
sion of [1,2-13C]-choline (at 4 h of infusion). The spectrum was
acquired within 40 min (1000 scans) and processed with a gaussian
multiplication. Assignment: 1) fatty acyl chain C5C at natural abun-
dance (NA); 2) choline-C2; 3) PCho-C2, betaine-C2, and glycerol
(ester)-C2 (NA); 4) glycerol (ester)-C1 and -C3 (NA); 5) PCho-C1; 6)
choline-C1; 7) choline metabolites-(CH3)3 (NA); 8) fatty acyl chain
-CH2- (NA).

FIG. 5. Accumulation of [1,2-13C]-PCho (a) and [1,2-13C]-choline (b)
in MCF7 tumor implanted in nude female mouse infused with [1,2-
13C]-choline. The arrow indicates termination of infusion. The
dashed line represents a linear fitting in a and a fitting to Eq. [2] in b.
The fitting yielded a slope of 0.05 mM/h (a) and k/y of 0.18 h21 (b).
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PCho synthesis; however, the role of betaine in the brain is
not clear.

The high level of unlabeled PCho observed here in the
tumors of breast cancer was distinct. This metabolite
was also the predominant intracellular labeled product.
Small amounts of labeled betaine were also detected in
the tumors, as previously demonstrated using the phos-
phonium choline analog (12). High PCho levels were
found previously in the same cells in culture, as well as
in other breast cancer cell lines. On the other hand, very
low levels of this metabolite were found in normal hu-
man mammary epithelial cells (29,37,38). The metabolic
changes that may lead to the accumulation of PCho as a
result of malignant transformation are: 1) increase of
choline kinase activity (39); 2) increase in choline trans-
port activity (24); 3) decrease in CTP:phosphocholine
cytidylyltransferase activity (39, and references there-
in); 4) activation of phospholipases and enhanced break-
down of GPCho (10). Studies in MCF7 cells and trans-
formed cells have indicated that the first two alterna-
tives predominate (24,39, and references therein).

During the infusion, labeled choline was augmented in
the tumor, surpassing the level of labeled PCho. This re-
flected accumulation of choline either in the interstitial
space or in the intracellular space or both. Based on pre-
vious studies which indicated very low intracellular cho-
line in the same cells (24), it was assumed that most of the
choline is confined to the interstitial space. The fast de-
crease in labeled choline after termination of the infusion
lends support to this assumption. The kinetic behavior of
choline in the extracellular volume was analyzed accord-
ing to Eq. [2]. This equation is valid for time points in
which Ctumor . Km (the concentration of choline in the
tumor and the Km for choline transport into the tumor
cells). Already at the first experimental time point (during
40 min of infusion) Ctumor was mostly above Km (Km 5
46 mM (24)). Therefore, Eq. [2] was valid for analyzing the
kinetic behavior. Assuming an average extracellular vol-
ume fraction of about 0.5 (40), the kinetic analysis yielded
a transfer constant of about 0.2 h21. This transfer constant
provides an estimation of the permeability of the blood
vessels to choline from which the time necessary to reach
choline equilibration can be calculated (1/k). This perme-
ability assessment may be unique to the tumor vascula-
ture. The amount of choline in the tumor reached the high
blood level concentration after about 4–5 hr (see Fig. 5),
reconfirming the predominant presence of choline in the
interstitium. Unlike in the kidney and liver, the transport
of choline from the interstitial spaces into the tumor cells
appeared to be rate-limiting and therefore the distribution
of the choline metabolites was not markedly affected by
the large increase in blood choline. Based on these results,
we propose that the intensity of the 1H choline signal in
breast cancer patients reflects the predominant presence of
PCho. Furthermore, we predict that increased concentra-
tion of blood choline by transient infusion to the blood
circulation would not markedly change PCho content;
however, choline may accumulate in the interstitium.

In summary, we have demonstrated the importance of
resolving the choline signal components and the use of 13C
MRS and of [1,2-13C]-choline in the investigation of the

specific bifurcation of choline metabolism in normal and
diseased tissues.
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