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Rats were fed diets supplemented with 1% L-methio-
nine with and without 2.5% various amino acids for 7d
to determine what amino acids other than glycine,
serine, and cystine can suppress methionine-induced
hyperhomocysteinemia. L-Glutamic acid, L-histidine,
and L-arginine significantly suppressed methionine-
induced enhancement of plasma homocysteine concen-
trations, but the mechanisms underlying the effect of
these amino acids are thought not to be identical.
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It is widely recognized that increased plasma homo-
cysteine concentration is an independent risk factor for
cardiovascular disease."” The plasma homocysteine
concentration is affected by various factors, including
genetic, nutritional, physiological, clinical, lifestyle,
and drugs."? For instance, genetic defects in several
enzymes that participate in the metabolism of homo-
cysteine cause hyperhomocysteinemia due to impaired
homocysteine metabolism. Deficiencies of some vita-
mins, such as folate and vitamin Bg and B, also bring
about increases in the plasma homocysteine concentra-
tion. Furthermore, higher plasma homocysteine concen-
trations are associated with older age, male sex,
impaired renal function, and high alcohol intake. It
was confirmed that some amino acids participate in the
metabolism of methionine or homocysteine (Fig. 1).
Verhoef et al.® have found that serine and cystine
suppress the enhancement of plasma homocysteine
concentration due to a single ingestion of a methio-
nine-supplemented low-protein meal in humans. In
addition, we found that dietary supplementation with
glycine and with serine suppresses methionine-induced
hyperhomocysteinemia in rats,® but little information
is available on the effects of amino acids other than
glycine, serine, and cystine on plasma homocysteine
concentration.

In this study, we investigated the effects of 19 amino
acids, which were individually added to the diet, on
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Fig. 1. Interrelation between Methionine Metabolism and Some
Other Amino Acids.
DMG, N,N-dimethylglycine; GAA, Guanidinoacetic acid; Hcy,
homocysteine; SAH, S-adenosylhomocysteine; SAM, S-adenosyl-
methionine; Sar, sarcosine; THF, tetrahydrofolic acid.

hyperhomocysteinemia induced by dietary supplemen-
tation with methionine in rats to determine by what
amino acids the increase in the plasma homocysteine
concentration can be suppressed.

Male 6-week-old rats (120-140 g) of the Wistar strain
were obtained from Japan SLC (Hamamatsu, Japan).
The rats were fed a 25% casein (25C) diet for 5d and
then they were fed the 25C or an experimental diet
for 7d. The composition of the 25C diet was as follows
(g/100 g): casein, 25; corn starch, 43.25; sucrose, 20;
corn oil, 5; AIN-93G mineral mixture, 3.5; AIN-93G
vitamin mixture, 1; choline bitartrate, 0.25; cellulose, 2.
The control diet (25CM) was 25C + 1% L-methionine,
and the experimental diets were 25CM + 2.5% amino
acid (one of the 19 amino acids). The amino acids, all
L-isomers except for glycine, were added to the diet at
the expense of starch. After the rats were given free
access to water and the experimental diets for 7d, they
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were killed by decapitation between 10:00 and 11:00 h
to obtain the blood and liver. The experimental plan was
approved by the Laboratory Animal Care Committee of
the Faculty of Agriculture at Shizuoka University.

After the collection of blood, the whole liver was
quickly removed, cut into two portions, weighed, and
quickly frozen in liquid nitrogen and stored at —80°C
until needed for analysis. The homogenization of the
liver and following centrifugation was essentially by
the method described previously.¥ The concentrations
of total homocysteine and cysteine in the plasma were
measured by HPLC following Durand et al> The
concentrations of S-adenosylmethionine (SAM) and
S-adenosylhomocysteine (SAH) in the liver were
measured by HPLC, essentially following Cook et al.®’
The activity of cystathionine B-synthase (E.C. 4.2.1.22)
(CBS) in the liver was measured following Mudd
et al.,” but HPLC was used in the assay of the reaction
product cystathionine, following Einarsson et al. Data
were expressed as the mean &£ SEM. Student’s t-test
was used to analyze statistical differences between the
control and experimental groups.

Body weight gain (g/7 d) was significantly lower in
the rats fed diets supplemented with alanine (26 £ 1),
leucine (23 % 1), isoleucine (264 1), threonine
(26 = 1), cysteine (12 £ 2), or histidine (19 &= 1) than
in the rats fed the 25CM diet (31 +2) at p < 0.05,
whereas food intake (g/7d) was significantly lower in
the rats fed the diet supplemented with valine (73 £ 1)
than in the rats fed the 25CM diet (85 £ 4) at p < 0.05.
The plasma homocysteine concentration was markedly
higher in the rats fed the 25CM diet than in those fed the
25C diet (Fig. 2A). The methionine-induced increase in
the plasma homocysteine concentration was significant-
ly suppressed by glutamic acid, histidine, and arginine in
addition to glycine and serine, although the effects of
glutamic acid, histidine, and arginine were apparently
smaller than the effects of glycine or serine. In contrast,
the plasma cysteine concentration, which was measured
for comparison, was less affected by methionine and the
other amino acids, although some amino acids signifi-
cantly decreased and some others significantly increased
the plasma cysteine concentration (Fig. 2B). Hepatic
concentrations of SAM, SAH and homocysteine were
significantly higher in the rats fed the 25CM diet than
in those fed the 25C diet, and the increases in these
methionine metabolite concentrations were significantly
suppressed by glycine, serine, and glutamic acid, but not
by histidine or arginine (Fig. 3A-C). The activity of
CBS in the liver was significantly higher in the rats fed
the 25CM diet than in those fed the 25C diet, and
enzyme activity was significantly decreased by glycine
and significantly increased by glutamic acid (Fig. 3D).

The metabolism of methionine is strictly regulated by
several mechanisms,” but regulation of methionine
metabolism appeared to be disrupted in the rats fed a
high methionine diet, such as 25CM diet, which caused
severe (> 100 umol/1)V hyperhomocysteinemia. Milder
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Fig. 2. Effects of Dietary Addition (2.5%) of Various Kinds of
Amino Acid on Plasma Homocysteine (A) and Cysteine (B)
Concentrations in Rats Fed the 25% Casein Diet Supplemented
with 1% Methionine.

Each value is the mean + SEM for 5 (25C), 10 (25CM), or 4
(other groups) rats. 25C, 25% casein diet; 25CM, 25C + 1% L-
methionine diet. ******Significantly different from the 25CM group
at p < 0.05, p < 0.01, and p < 0.001 respectively.

conditions might be appropriate in assessing the effects
of amino acids on the plasma homocysteine concen-
tration in terms of nutritional significance, but we used
the 25CM diet in the present study, since glycine and
serine had a strong hypohomocysteinemic effect even
in the rats fed the 25CM diet.?

The present study indicates that methionine-induced
enhancement of the plasma homocysteine concentration
can be significantly suppressed by the concurrent
addition of glutamic acid, histidine, or arginine.
Although homocysteine has two metabolic outcomes,
i.e., remethylation and cystathionine formation, the
latter is thought to be critical in the effective metabolism
of homocysteine under conditions of methionine
loading.'” Previously, we found that glycine and serine
elicited their effects mainly by stimulating cystathionine
formation due to the supply of serine.¥ The result that
methionine-induced increases in the hepatic concentra-
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Fig. 3. Effects of Dietary Addition (2.5%) of Certain Amino Acids on the Hepatic Concentrations of S-Adenosylmethionine (A),
S-Adenosylhomocysteine (B), and Homocysteine (C), and the Activity of Cystathionine B-Synthase (D) in Rats Fed the 25% Casein Diet

Supplemented with 1% Methionine.

Each value is the mean £+ SEM for 5 (25C), 10 (25CM), or 4 (other groups) rats. 25C, 25% casein diet; 25CM, 25C + 1% L-methionine
diet; CBS, cystathionine S-synthase. Cystathionine S-synthase activity was expressed as nmol/min/mg of protein. ******Significantly different
from the 25CM group at p < 0.05, p < 0.01, and p < 0.001 respectively.

tions of methionine metabolites were suppressed by
glutamic acid in addition to glycine and serine suggests
that glutamic acid also stimulated the metabolism of
homocysteine and methionine. A significant increase in
hepatic CBS activity in rats fed the glutamic acid-added
diet might be partly associated with the hypohomocys-
teinemic effect of glutamic acid, but the detailed
mechanism underlying the effect of glutamic acid
remains to be fully elucidated.

On the other hand, the effects of histidine and arginine
on hepatic concentrations of methionine metabolites
were different from the effects of glycine, serine, and
glutamic acid, suggesting that the mechanisms by which
histidine and arginine elicited their effects are different
from those of glycine, serine, and glutamic acid. It has
been found that methionine supplementation enhances
the catabolism of histidine in rats,!'? whereas little
information is available concerning the effect of histi-
dine on methionine metabolism. Histidine is catabolized

to provide the formimino group, which is accepted by
tetrahydrofolate and converted to various forms of one-
carbon unit, including 5-CHj-tetrahydrofolate. In fact,
Kohashi er al.'® have found that the hepatic concen-
tration of 5-CHj-tetrahydrofolate was markedly higher
in rats fed a histidine-excess diet than in rats fed a
control diet. Since homocysteine can be remethylated to
methionine using the methyl group of 5-CHj-tetrahy-
drofolate or betaine, it is possible that dietary addition of
histidine increased 5-CHj-tetrahydrofolate-dependent
remethylation of homocysteine, and thereby decreased
the plasma homocysteine concentration. However, his-
tidine addition did not suppress methionine-induced
elevation of the hepatic homocysteine concentration,
raising a question about the plasma homocysteine-
lowering effects of histidine. Further study is needed to
confirm the effect of histidine. It has been reported that
dietary addition of arginine increases the production of
nitric oxide in rats'¥ and that nitric oxide reacts with
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homocysteine to form nitroso-homocysteine.'> There-
fore, one possible mechanism of the effect of arginine is
that dietary addition of arginine increases nitric oxide
production, thereby stimulating the formation of nitroso-
homocysteine and leading to a decrease in the plasma
homocysteine concentration. In support of this, Faldetta
et al.'® have found that acute intraperitoneal infusion of
L-arginine results in a transient decrease in the plasma
total homocysteine concentration in diabetic and healthy
subjects.

In addition to effects on the metabolism of methionine
and homocysteine, there is a possibility that the amino
acids, which suppressed the methionine-induced en-
hancement of plasma homocysteine concentration, in-
hibited methionine transport in the intestine and other
tissues and thereby elicited their effects, since methio-
nine shares transporters with several other amino
acids.!'” On the other hand, the plasma cysteine concen-
tration was significantly increased by several amino
acids, including glycine, serine, histidine, and arginine
(Fig. 2B). Cysteine competes with homocysteine for
transporters in several tissues'® and for the homocys-
teine-binding site of plasma albumin.'” Thus, the
possibility that the increase in the plasma cysteine
concentration is partly associated with the effects of
glycine, serine, histidine, and arginine cannot be ex-
cluded, although the causal relationship is still unclear.

It has been reported that cystine and N-acetylcysteine
have hypohomocysteinemic effects in humans when
administered as a single meal or a single dose.*'? In
contrast, dietary addition of cysteine did not decrease,
but rather increased, the plasma homocysteine concen-
tration in the present study. The reason for the discrep-
ancy between the results of previous studies and the
results of this one appears at least in part to be different
experimental conditions, e.g., the addition level and
administration method of methionine and cysteine. One
possible mechanism of the hyperhomocysteinemic effect
of cysteine at a relatively high level in rats fed a high
methionine diet is the repression of CBS by cysteine.?”
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