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bstract

An intravenous methionine-loading model was characterized, and the suppressive effect of betaine on plasma homocysteine elevation
nduced by methionine loading was examined in rats. The plasma homocysteine concentrations significantly increased 5–120 minutes after
.34 mmol/kg of methionine loading and then returned to the baseline within 240 minutes. Betaine was then intravenously administered at
he same time as the methionine loading. The total increment of plasma homocysteine was assessed using the positive incremental area under
he plasma homocysteine concentration curve over the 240-minute post–methionine-loading period (�AUC0-240).

Betaine reduced �AUC0-240 dose-dependently: 81% of the control by 1.7 mmol/kg of betaine and 33% by 3.4 mmol/kg. The effects of
lycine and methylglycine, analogues of betaine, were also investigated. As observed for betaine, methylglycine decreased �AUC0-240 to
4% of the control, whereas glycine showed no significant effect on �AUC0-240, indicating that methyl groups of betaine and dimethyl-
lycine were necessary to suppress plasma homocysteine elevation. These results suggest that betaine contributes to the suppression of plasma
omocysteine elevation by promoting homocysteine metabolism, and seems to work as a methyl donor. © 2004 Elsevier Inc. All rights
eserved.
eywords: Betaine; Homocysteine; Methionine loading; Methyl group; Rats
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. Introduction

Betaine (trimethylglycine) is a natural component that is
idely found in most living organisms and that has been

onsumed for ages. In the living body, it is an endogenous
atabolite of choline [1]. Since three methyl groups are
ontained in its structure, betaine is presumed to work as a
ethyl donor and to play an important role in homocysteine
etabolism [2]. Homocysteine, a sulfur-containing amino

cid, is a metabolite of methionine. Previous studies have
hown that high plasma homocysteine concentrations are a
otential risk factor for arterial sclerosis and cardiovascular
iseases, with no clear-cut threshold [3–6]. There are two
ajor pathways for homocysteine metabolism: 1) rem-

thylation to methionine by 5-methyltetrahydrofolate-
omocysteine methyltransferase (MFHT; EC 2.1.1.13),
nd 2) metabolism to cystathionine by cystathionine
-synthase (CBS; EC 4.2.1.22) [7]. Methylenetetrahy-

* Corresponding author. Tel.: 81-0-742-203-446; Fax: 81-0-742-203-
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955-2863/04/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
oi:10.1016/j.jnutbio.2004.05.004
rofolate-reductase (MTHFR; EC 1.1.1.68) catalyzes
onversion of 5, 10-methylentetrahydrofolate (MeTHF)
o methyltetrahydrofolate (MTHF) and also plays a sig-
ificant role in the regulation of the intravital homocys-
eine level [7]. Folic acid, vitamin B12, and vitamin B6

egulate these pathways, and supplementation of these
utrients lowers the intravital homocysteine level [8 –12].
n addition to these nutrients, betaine is also essential for
he metabolic pathway of homocysteine driven by be-
aine– homocysteine methyltransferase (BHMT; EC
.1.1.5), providing homocysteine with a methyl group for
emethylation to methionine. Thus, it is strongly ex-
ected that supplementation with betaine would promote
etabolism of homocysteine and reduce the intravital

omocysteine level. In fact, betaine supplementation is
ffective for reducing plasma homocysteine levels in
umans [13,14] and in homocystinuria patients with
THFR deficiency [15]. Although it is commonly known

hat betaine plays an important role in homocysteine
etabolism, the relevance of the supplementation of be-
aine and the intravital homocysteine level has not re-
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eived much attention except in a few studies. In this
tudy, we examined the suppressive effect of betaine on
he elevation of the plasma homocysteine level.

As a typical hyperhomocysteinemia model, the folate-defi-
ient model in rats, in which homocysteine remethylation is
nhibited by the deficiency, is commonly used [16,17]. How-
ver, there are two major disadvantages to this model: 1) it
akes �4 weeks to induce hyperhomocysteinemia via folate
eficiency, and 2) the general state of animals gets consider-
bly worse during the test period; for example, it causes severe
nemia. We therefore characterized an intravenous methionine
oading model as a concise hyperhomocysteinemia model in
ats and tested the effect of betaine on the post–methionine-
oading elevation of plasma homocysteine. In addition, the
ontribution of methyl groups to the suppressive effect on
lasma homocysteine elevation was examined using betaine
nd its analogues. It is conceivable that prevention of elevation
f the homocysteine level is the most prominent factor lower-
ng the risk for arterial sclerosis and cardiovascular diseases,
lthough the reduction of the elevated homocysteine level is
lso effective. The present study is important for estimating
hether betaine reduces homocysteine levels and prevents

rterial sclerosis and cardiovascular diseases related to homo-
ysteine from occurring.

. Methods and materials

.1. Chemicals

All chemicals were purchased from Wako Pure Chemi-
al Industries, Ltd. (Osaka, Japan) unless otherwise noted.

.2. Animals

All experimental protocols were approved by the Prime
inister’s Office in Japan (No. 6 of March 27, 1980). Male
istar rats weighing 150–200 g (Japan SLC Ltd.,
amamatsu, Shizuoka, Japan) were used throughout this

tudy. They were housed individually in a stainless steel
age (W150 � L210 � H170 mm) at 22 � 2°C with a
2-hour dark/light cycle (light: 6:00 to 18:00) and fed a
ommercial laboratory diet (Certified Diet MF, Oriental
east, Co., Tokyo, Japan). Water was available ad libitum.

.3. Methionine loading and sample preparation

After a 1-week acclimation period and 18-hour fast-
ng, rats were intravenously injected with methionine at a
ose of 0.34 (low-Met) or 0.67 (high-Met) mmol/kg.
etaine, methylglycine, and glycine were also adminis-

ered intravenously at the same time as methionine load-
ng. All chemicals were dissolved in saline (Otsuka Phar-
aceutical Co., Tokyo, Japan). In one experiment, rats

eceived an intravenous treatment alone without chemi-

als. Approximately 250 �L of blood was taken from the I
ugular vein under diethyleter anesthesia immediately
efore and at 5, 15, 30, 60, 120, and 240 minutes after
ethionine loading. Blood samples were promptly col-

ected into a polypropylene tube containing heparin-Na
nd centrifuged at 5000 � g for 10 minutes. The super-
atant was separated as a plasma sample and kept frozen
t �80°C until analysis.

.4. Analytical methods

The plasma homocysteine concentration was determined
ccording to previous methods [18] with slight modifica-
ions. Plasma samples (100 �L) were treated with 10 �L of
0%(v/v) tri-n-butylphosphine in dimethylformamide for 30
inutes at 4°C. The mixture was chilled and mixed with

00 �L of 10% trichloroacetic acid and 1 mmol/L Na
EDTA, and centrifuged at 15,000 � g for 5 minutes at 4°C.
he supernatant (20 �L) was separated and treated with 8
L of 0.75 mol/L sodium hydroxide, 50 �L of 0.11 mol/L
orate buffer (pH10.5), 4 mmol/L disodium dihydrogen
thylenediamine tetraacetate, and 20 �L of 1 mg/mL
mmonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate
Sigma, St. Louis, MO, USA) for 60 minutes at 60°C. After
ncubation, the mixture was chilled on ice. Homocysteine in
liquots was analyzed using an HPLC system consisting of

Shimadzu LC-10AD pump, a Shimadzu Chromatopac
-R6A recorder and a Shimadzu RF-10AXL fluorescence
etector (excitation at 385 nm, emission at 515 nm) (Shi-
adzu Co., Kyoto, Japan). Separation was carried out using
Wakosil-II 5C18 column (4.6 � 250 mm) (Wako Pure
hemical Industries, Ltd., Osaka, Japan). Analysis was per-

ormed under isocratic conditions (0.1 mol/L acetate buffer
ith 2% methanol, pH 4.0: 0.1 mol/L phosphate buffer with
% methanol, pH 6.0 � 1:1) at a flow rate of 1.0 mL/min.
he concentration of homocysteine was calculated using
L-homocysteine as a standard.
Increments of plasma homocysteine concentration

�Hcy) were calculated according to the following equa-
ion: �Hcy � postloading concentration � preloading con-
entration.

The area under the �Hcy � time curve from 0 to 240
inutes (�AUC0-240) was calculated using the linear trap-

zoidal rule [19,20]. Individual preloading plasma homo-
ysteine concentrations were used as baseline for the cal-
ulation of �AUC0-240.

.5. Statistical analysis

Comparisons between two or more groups were per-
ormed using the Student t test and one-way analysis of
ariance followed by the Bonferroni/Dunn multiple range
est, respectively, with StatView J. 5.0 for Windows (SAS

nstitute Inc., Cary, NC, USA).
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. Results

.1. Change in plasma homocysteine after methionine
oading

Methionine was intravenously administered to the rats
nd plasma homocysteine concentrations were measured at
arious time points. The levels of homocysteine elevated
mmediately (5 minutes) after administration, and peak con-
entrations were observed at 30 minutes in the low-Met
roup and at 1 hour in the high-Met group, with a mean
ncrement of 1.26 �mol/L and 2.65 �mol/L, respectively
Fig. 1). In these methionine-treated groups, the plasma
omocysteine concentrations significantly exceeded the pre-
oading level for 5–120 minutes and then returned to the
aseline concentration within 240 minutes. The coefficient
f variation (CV) ranges of plasma homocysteine concen-
ration for all time points after methionine loading are 2.8–
5.5% in the low-Met group and 26.7–33.2% in the high-
et group. No significant change was observed in the

omocysteine levels of the blank group (no methionine;
ehicle only) up to 240 minutes after methionine loading.
he general state of rats did not change after methionine

oading in both the control and the two methionine-treated
roups.

The low-Met dose was adopted for subsequent studies
or the following two reasons: 1) substantial elevation of the
lasma homocysteine concentration was induced, and 2) the
ndividual variation of increments of the plasma homocys-

ig. 1. Time course of plasma homocysteine after methionine loading. Val
mol/kg) (�) and high-Met (methionine 0.67 mmol/kg) (●).* Significantly

P � 0.05).
eine level was less in the low-Met group. a
.2. Effect of betaine on the elevation of homocysteine
nd contribution of the methyl group to the effect

The increments of the plasma homocysteine concentra-
ion after methionine loading and the positive incremental
rea under the plasma homocysteine concentration curve
ver the 240-minute post–methionine-loading period
�AUC0-240) are shown in Tables 1 and 2, respectively.

In the low-Bet group (betaine 1.7 mmol/kg), the time
ourse of the plasma homocysteine increment is slightly low
ompared with the control group, although there was no
ignificant difference at any time point. Increments of the
lasma homocysteine concentration in the high-Bet group
betaine 3.4 mmol/kg) were significantly lower than those in
he control group and low-Bet group at 15, 30, and 60
inutes after methionine loading. Furthermore, betaine re-

uced �AUC0-240 dose-dependently: 81% of the control in
he low-Bet group and 33% in the high-Bet group. These
esults showed that betaine suppressed plasma homocys-
eine elevation after methionine loading.

To investigate the correlation between the number of
ethyl groups and the suppressive effect on plasma homocys-

eine elevation, the increments of plasma homocysteine con-
entration and �AUC0-240 were compared among the control,
igh-Bet, methylglycine (MGly) and glycine (Gly) groups.
etaine, methylglycine, and glycine have three, one, and no
ethyl groups, respectively. The time course of the plasma

omocysteine increment in the Gly group (glycine 3.4 mmol/
g) was similar to that in the control group, except that the
ncrement of the plasma homocysteine was significantly higher

means � SEM, n � 4 for blank (�), n � 5 for low-Met (methionine 0.34
nt from initial value (0 min), Student t test for within-subject comparisons
ues are
differe
t 5 minutes. No significant difference was observed between
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Gly (methylglycine 3.4 mmol/kg) and high-Bet groups up to
40 minutes. In the high-Bet and MGly groups, �AUC0-240

eclined significantly to 33% and 44% of the control, respec-
ively, whereas the difference in �AUC0-240 between Gly and
ontrol groups was not significant.

These results showed that the presence of methyl groups
as essential to the suppressive effect on plasma homocys-

eine elevation.

. Discussion

This study was conducted to characterize an intravenous
ethionine-loading model in rats and to examine the sup-

ressive effect of betaine and its analogues on the methio-
ine-loading–induced elevation of the plasma homocysteine
evel. In the present study, we established a model for
emporary hyperhomocysteinemia in rats by intravenous
ethionine loading. The methionine loading test is clini-

ally used to identify latent abnormalities in homocysteine
etabolism [4]. In the methionine-loading model reported

reviously, methionine was administered orally in humans
21] and in rats [22], and intraperitoneally in rats [23].
ndividual differences throughout the process of methionine
bsorption seem to occur in these administration routes. The

able 1
ffects of betaine and its analogs on the increments of plasma homocyste

ime after
ethionine

oading (min)

Increments of plasma homocysteine (�mol/L)

Control
(n � 5)

Low-Bet
(n � 8)

0.98 � 0.068 1.08 � 0.12
5 1.18 � 0.056 0.97 � 0.050
0 1.18 � 0.11 0.89 � 0.061
0 0.66 � 0.087 0.52 � 0.048
20 0.11 � 0.059 0.075 � 0.019
40 0.064 � 0.045 0.024 � 0.013

Methionine was intravenously administered to rats at a dose of 0.34 m
high-Bet), 3.4 mmol/kg methylglycine (MGly), 3.4 mmol/kg glycine (G)
oncentrations of plasma homocysteine were measured at various time
alculated. Values are means � SEM.

*,† Significantly different from control and high-Bet, respectively, withi
N.I. � no increment observed.

able 2
omparison of �AUC0–240 between betaine and its analogs

roup �AUC0–240

(mmol · min · L�1)
% Control

ontrol (n � 5) 91.8 � 10.4a —
ow-Bet (n � 8) 74.3 � 5.5b 80.9
igh-Bet (n � 6) 30.6 � 4.8c 33.3
Gly (n � 11) 40.1 � 3.6c 43.7
ly (n � 7) 101.7 � 6.8a 110.8

Values are means � SEM.
abcValues with different superscripts are significantly different (Bonfer-
eoni/Dunn multiple range test, P � 0.05).
ntravenous methionine loading characterized in this study
s useful, in that this expected individual difference is
voided. Moreover, we followed the time course of plasma
omocysteine concentrations after methionine loading up to
40 minutes, when the plasma homocysteine level returned
o the baseline value. The total increment of the plasma
omocysteine level, �AUC0-240, as well as the increment
or a particular time was determined. This resulted in an
ccurate assessment. Our methionine-loading model in-
uced hyperhomocysteinemia in an extremely short time,
nd the general state of rats did not change with the methi-
nine loading. These findings show that our model has the
dvantages of assessing plasma homocysteine variation ac-
urately and relieving the stress of experimental animals.

In this study, methionine-loading–induced elevation of
he plasma homocysteine level was shown to be suppressed
y intravenously administered betaine. Betaine provides its
ethyl group to homsycteine through the intermediation of
HMT, which is specially contained in the liver [24].
herefore, intravenously administered betaine seems to be

ransferred to the liver and played its role as a substrate for
HMT there. This result implies the hypothesis that orally

ngested betaine suppresses plasma homocysteine elevation
hen it is absorbed into the blood. Indeed, it has been

eported that orally ingested betaine was detected in plasma
25]. The hepatic content of betaine is related to dietary
evels of choline, a precursor of betaine [26], and choline
ntake would also induce a suppressive effect of plasma
omocysteine. Hence, daily ingestion of betaine is expected
o prevent elevation of plasma homocysteine.

An increased plasma homocysteine concentration is a
trong independent risk factor for arterial sclerosis and car-
iovascular diseases [3,4,6]. It has been shown that hyper-
omocysteinemia is also related to the incidence of some
ther diseases, such as Alzheimer dementia and cancer
27–29]. Supplementation with folic acid and vitamin B12 is

High-Bet
(n � 6)

MGly
(n � 11)

Gly
(n � 8)

0.73 � 0.065 0.58 � 0.048 1.66 � 0.18*†

0.68 � 0.068* 0.73 � 0.057* 1.77 � 0.16†

0.58 � 0.089* 0.59 � 0.046* 1.34 � 0.087†

0.11 � 0.051* 0.31 � 0.054 0.60 � 0.059
N.I. 0.011 � 0.0078 0.10 � 0.048
N.I. 0.006 � 0.0048 0.051 � 0.031

quantity of 1.7 mmol/kg of betaine (low-Bet), 3.4 mmol/kg of betaine
icle (Control) was administered simultaneously with methionine loading.
and post–methionine-loading increments of plasma homocysteine were

articular time point (Bonferroni/Dunn’s multiple range test, P � 0.05).
ine

g/kg. A
, or veh
points,

n the p
ffective for the descent of high-level plasma homocysteine
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8,11,12] and is thought to be useful in preventing these
iseases. On the other hand, it is critically important to
revent the occurrence of hyperhomocysteinemia. Our
tudy potently indicates that betaine makes a substantial
ontribution to the prevention of these diseases through the
voidance of plasma homocysteine elevation.

As a methyl donor, betaine plays an essential role in the
etabolic pathway of homocysteine driven by BHMT. It is

oteworthy that methylglycine has a betaine-like structure con-
aining one methyl group, and is also expected to be used by
HMT. In this study, the suppressive effect on plasma homo-
ysteine elevation of betaine and its analogues, methylglycine
nd glycine, is shown to be correlated with the presence or
bsence of methyl groups. This correlation suggests that the
uppressive effect of betaine is expressed through the remethy-
ation pathway of homocysteine driven by BHMT. Betaine and
omocysteine is included in the complicated metabolic path-
ay with many reactions [7]. Methylglycine might be demeth-
lated, converted to MTHF and participate in the MFHT-
elated metabolic pathway of homocysteine [30]. Further
tudies will be needed to clarify the alteration in BHMT ac-
ivity by application of betaine and its analogues.

In the metabolic pathway of homocysteine mediated by
olic acid, conversion from tetrahydrofolate (THF) to MeTHF
s accompanied by the synthesis of glycine from serine [7].
here is a hypothesis that an excess level of glycine might

nhibit this reaction, which would result in an interference in
he conversion of THF to MeTHF. Also, remethylation of
omocysteine will be blocked. On the other hand, glycine-N-
ehyltransferase (EC 2.1.1.20) regulates the S-adenosylmethi-

nine/S-adenosylhomocysteine (SAH) ratio. This regulation
eads to the other hypothesis that an excess level of glycine
ight be used by glycine-N-methyltransferase and result in a

igh level SAH followed by an increase in homocysteine
ynthesis. These hypotheses are in agreement with our results
hat the plasma homocysteine concentration increased several
inutes after methionine loading in the Gly group.
In summary, intravenously injected betaine suppresses

lasma homocysteine elevation in the intravenous methio-
ine loading model characterized in this study and seems to
ork as a methyl donor. Considering the previous evidence

hat orally ingested betaine was absorbed into the blood, it
s strongly suggested that betaine can suppress homocys-
eine by oral ingestion.
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