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ABSTRACT The effect of supplementary L-meth-
ionine (Met) on the incorporation of methionine was
evaluated in 9.5-day rat conceptuses cultured in vitro.
Parallel experiments with L-leucine (Leu) were per-
formed for comparison. Conceptuses were cultured for
24 hr in the presence of 3H-labeled Met or Leu, and the
incorporation of radiolabel into the embryo and visceral
yolk sac was measured. Supplementary Met proportion-
ately increased the incorporation of Met, but supplemen-
tary Leu did not have as great an effect on the
incorporation of Leu. A hypothesis is presented to
explain these findings. It is proposed that Met, but not
Leu, is a rate-limiting nutrient for organogenesis-stage
rat embryos cultured in rat serum. The results are also
discussed with reference to the established efficacy of
supplementary folic acid in decreasing the incidence of
neural tube defects in human populations and to claims
that Met reverses certain teratogenic phenomena, both
in vitro and in vivo. Teratology 60:6-9, 1999.
© 1999 Wiley-Liss, Inc.

There is growing evidence that dietary supplementa-
tion with methionine may prevent the occurrence of
some congenital malformations, including some neural
tube defects. Axial defect (Axd) mice have a spontane-
ous 25—-30% incidence of spina bifida; this is reduced to
10-15% by methionine supplementation (Essien and
Wannberg, '93). Methionine supplementation has also
been shown to ameliorate the pathologic effects of
certain teratogens such as N,O-induced neural tube
defects (Fujinaga and Baden, '94), valproic acid-
induced resorption (Nosel and Klein, '92), and spina
bifida (Ehlers et al., '96), and retinoic acid- or corticoste-
roid-induced cleft palate in mice (Lau and Li, '95). In
humans, spontaneous abortion and fetal wastage has
been reported to be overcome by supplementation with
amino acids, including methionine (Ferrari et al., '94).
Most recently a correlation between dietary intake of
methionine and the incidence of neural tube defects in a
human population has been reported (Shaw et al., '97),
although the data may equally support a correlation
with several amino acids and perhaps other nutrients.

Organogenesis-stage rat embryos can be cultured in
vitro in whole rat serum for at least 48 hr, with
development and growth similar to that observed in
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vivo (Cockroft, '97). Clearly, rat serum provides an
adequate supply of methionine and other nutrients.
Methionine is present in rat serum as both the free
amino acid and as protein, and it has recently been
shown that more than 95% of the methionine incorpo-
rated into the conceptus in vitro, and probably in vivo,
derives from protein (Lloyd et al., '96; Beckman et al.,
'96). As previously shown for leucine (Freeman et al.,
'81; Freeman and Lloyd, '83), the serum proteins are
endocytosed by the epithelial cells of the visceral yolk
sac (VYS), digested in the lysosomes and the resulting
amino acids delivered to the embryo.

Because the reports of Lloyd et al. ('96) and Beckman
et al. ('96) demonstrate that the free methionine in
serum is of little quantitative importance in supplying
methionine to the normally developing embryo, it is
surprising to find reports that the development of
embryos cultured in suboptimal conditions is improved
by supplementing the culture medium with additional
free methionine. Thus, 9.5-day rat conceptuses grown
for 48 hr in dog or cow serum exhibited abnormal
neural tube closure, which could be prevented by
adding methionine (25 pg/ml; 168 uM) to the serum
(Flynn et al., '87; Coelho et al., '89; Coelho and Klein,
'90). In another study (VanAerts et al., '94) 9.5-day rat
conceptuses were cultured for 48 hr in a medium
comprising human serum (71%), rat serum (10%), and
Tyrode's buffer (19%). The embryos did not develop
normally and displayed a number of neural tube clo-
sure abnormalities. The addition of 1.0 mM methionine
decreased the average number of dysmorphic features
per conceptus from 4.4 to 0.3. Homocysteine, the de-
methylated derivative of methionine, was equally effec-
tive at the same concentration. Methionine at 100 uM
was partially effective. Ferrari et al. ('94) also showed
that methionine (25 pg/ml; 168 pM) could improve the
development of rat embryos grown in serum drawn
from a woman with a history of recurrent abortion.
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Methionine supplements can also prevent the dysmor-
phic effects of certain teratogens in vitro. Thus, methio-
nine (49 pg/ml; 328 uM) overcomes the embryopathic
effects antibodies against laminin and certain laminin
peptides (Chambers et al., '95a,b). Recent data from our
own laboratory (Fawcett et al., '97, '98) demonstrate the
efficacy of L-methionine in ameliorating the effects of
teratogenic anti-VYS antiserum in 9.5-day rat embryos
cultured in vitro.

In our experiments on the incorporation of [*H]methio-
nine into 9.5-day rat conceptuses in vitro it was found
that when the radiolabel was presented in the form of
serum protein, its incorporation into the tissues of the
embryo was more efficient than the incorporation of
[®H]leucine in the same proteins (Lloyd et al., '96). We
interpreted this as indicating that leucine, but perhaps
not methionine, was available to the conceptus in
amounts in excess of requirements; and that any insult
that inhibits the uptake and degradation of protein by
the VYS might decrease the methionine supply below
the amount needed for normal development and growth.
Under these circumstances, free methionine might
assume an importance it does not have under normal
conditions. The work we now report was undertaken to
test this hypothesis: we have sought further evidence
indicating whether the methionine supply to the rat
embryo cultured in rat serum is barely sufficient. A
preliminary report of this work has appeared (Pugarelli
etal., '97).

MATERIALS AND METHODS
Materials

L-[4,5-3H]Leucine (169 Ci/mmol) and L-[methyl-
3H]methionine (85 Ci/mmol) were from Amersham In-
ternational. All chemicals and reagents were from
Sigma or Aldrich.

Assays

The protein content of tissues pre-digested in 0.5 M
NaOH was measured by the method of Lowry et al.
('51). The 3H-radioactivity of culture medium or tissue
samples was measured by adding 300 pl of glacial acetic
acid and 10 ml scintillation fluid (Ecoscint, National
Diagnostics) to a 50- to 250-pl sample. Vials were
counted in Beckman LS 7500 liquid scintillation spec-
trometer with quench correction.

Normal rat serum

Male Wistar rats were anesthetized with halothane
and exsanguinated via the abdominal aorta. The blood
was immediately centrifuged at 2,000g for 10 min and
heat-inactivated at 56°C for 30 min. Streptomycin
(50 pg/ml) and penicillin (50 1U/ml) were added and the
serum was stored at —70°C.

In vitro culture of 9.5-day rat conceptuses

Wistar rat conceptuses at 9.5 days postconception
were cultured in vitro, as previously described (Lloyd et

al., '96), with four conceptuses incubated in 3 ml
heat-inactivated normal rat serum. In some experi-
ments, supplementary methionine or leucine was added
in a volume not greater than 50 pl. After 3 hr, the
cultures were inspected morphologically and any unex-
panded conceptuses noted. Cultures were then contin-
ued for a further 24 hr.

Uptake of radiolabeled amino acids by 9.5-day
rat conceptuses cultured in vitro

At the 3-hr inspection time-point, a radiolabeled
amino acid was added to the culture in a volume not
greater than 5 ul, and the cultures continued for a
further 24 hr. At the end of the culture period the
conceptuses were removed from the vial, placed in
phosphate-buffered saline (PBS) at 37°C and examined
to confirm normal development, as described previously
(Lloyd et al., '96). After draining off excess saline, all the
acceptable embryos from a single vial were pooled, as
well as all the VYSs.

The combined fetuses from one vial were incubated in
400 pl 0.5 M NaOH at 37°C for 1 hr to achieve complete
dissolution. The VYSs were treated in an identical
manner. Samples (50 ul) of tissue digest and of culture
medium were assayed for 3H-radioactivity, as described
above.

To determine the acid-soluble and acid-insoluble ra-
dioactivities of embryo and VYS, 100 ul of tissue digest
was added with 25 pl rat serum to 500 ul of 15%
trichloroacetic acid. Incubation at 4°C for 1 hr and
centrifugation for 10 min at 4,600q yielded a pellet and
a supernate. The pellet was washed three times by
resuspension in diethyl ether and centrifugation, dried
under vacuum at room temperature, and dissolved in
250 pl of 1 M NaOH. The radioactivity of a 100-pl
sample of the redissolved pellet, and of a 250-ul sample
of the supernate, was measured as described above.

RESULTS

Normal rat serum contains 70 pM methionine and
250 pM leucine (Milakofski et al., '84). Adding
L-methionine to increase the concentration 11-fold, to
770 mM, had so significant effect on the in vitro
development of 9.5-day rat conceptuses; likewise, the
addition of L-leucine, to achieve a final concentration of
2,750 uM, was without effect on any of the developmen-
tal parameters. The protein content of embryos grown
in the leucine-supplemented serum was 30.8 * 7.1
(s.d.) pg (n = 11 vials); in methionine-supplemented
serum the value was 33.6 = 5.8 (s.d.) ug (n = 12 vials).

Table 1 shows the results of experiments in which
9.5-day rat conceptuses were cultured for 24 hr in vitro
in rat serum containing [3H]leucine or [3H]methionine.
The uptake of radiolabel is expressed as a clearance
(ul/mg protein) and also as nmol of leucine (or methio-
nine) per mg protein. The uptake of leucine by the
embryo and by the VYS increased 4-fold when the
leucine concentration increased 11-fold but was unaf-
fected by an 11-fold increase in the methionine concen-
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TABLE 1. Incorporation of amino acids into 9.5-day rat conceptuses
cultured in vitro for 27 hr*

Embryo¢ Visceral yolk sac®
Radiolabeled Amino Clearance Uptake Clearance Uptake
moiety added acid No. of (ul/mg tissue (nmol/mg tissue (pl/mg tissue (nmol/mg tissue
to culture added vials protein) protein)d protein) protein)d
[BH]Leucine None2 4 262 =78 66 = 20 269 = 126 67 = 31
Leu and Met (X2)b 6 246 *+ 64 123 + 32 308 + 42 154 = 21
Leu (X11) 6 95 + 8 261 + 22 91 = 16 250 = 44
Met (X 11) 6 344 + 25 86 *+ 6 294 + 28 74 =7
[BH]Methionine None2 4 166 = 25 12+2 160 + 52 11=+4
Leu and Met (X2)b 5 193 = 39 27 *+5 190 = 27 27 £ 4
Leu (X11) 5 207 = 43 14 +3 226 + 33 16 £ 2
Met (X11) 6 128 = 17 99 + 13 180 * 27 139 =21

*The radiolabeled and supplementary amino acids were present for the final 24 hr of culture.

aData from Lloyd et al. ("96) Table 1.
bData from Lloyd et al. ("96) Table 2.
“Values are mean * s.d.

dCalculated by multiplying the clearance by the concentration of leucine or methionine in the culture medium. For leucine, this
was 250 pmol/pl (no added leucine), 500 pmol/ul (X2), 2,750 pmol/ul (X11); for methionine, 70 pmol/pl (no added methionine),

140 pmol/pl (X2), 770 pmol/pl (X11).

TABLE 2. Acid-insoluble radioactivity in 9.5-day rat embryos after culture
in vitro for 27 hr*

Radiolabeled ) Acid-insoluble radioactivity?

moiety Amino

added to acid No. of Visceral

culture addedb vials Embryo yolk sac

[BH]Leucine Leucine 5 0.87 = 0.03 0.78 = 0.06°
Methionine 6 0.95 = 0.01 0.84 = 0.02

[*H]Methionine Leucine 5 0.60 + 0.06 0.44 = 0.04
Methionine 7 0.54 = 0.05 0.38 = 0.04

*The radiolabeled and supplementary amino acids were present for the final 24 hr of culture.
aValues are the acid-insoluble radioactivity divided by the total (insoluble plus soluble)

radioactivity; mean = s.d.

bL_eucine was added to give a concentration of 2.7 mM; methionine to give a concentration of

0.77 mM.
¢Data are for six vials.

tration. The accumulation of methionine increased
8-fold (embryo) and 12-fold (VYS) when the concentra-
tion of methionine increased 11-fold but was not signifi-
cantly affected by an 11-fold increase in the leucine
concentration.

Table 2 shows that almost all of the [®H]leucine
incorporated into the embryo is acid-insoluble, al-
though the fraction is slightly lower when culture was
in the presence of additional leucine. By contrast, only
around one-half of the [?BH]methionine is acid-insoluble.
The fraction of acid-insoluble radioactivity is consis-
tently lower in the VYS than in the embryo.

DISCUSSION

We showed earlier (Lloyd et al., '96) that, when
9.5-day rat conceptuses are cultured for 24 hr in rat
serum, only 3% of the leucine and methionine incorpo-
rated derives from free amino acid, the remainder
arising from the endocytosis of serum proteins. By
increasing the concentration of free leucine from its

normal level (250 uM) to 11 times this value (2,750 uM),
the incorporation increased only fourfold. Our earlier
experiment (Lloyd et al., '96) suggested that the degra-
dation of endocytosed protein in the VYS generates
amounts of leucine in excess of requirements. Because
itis unlikely that the endocytic uptake and degradation
of protein by the VYS are affected by the higher
concentration of leucine in the culture medium, we
conclude that the additional leucine adds further to the
overabundance of leucine available to the embryo.

An 11-fold increase in the free methionine concentra-
tion, from 70 pM to 770 pM increased incorporation of
free methionine by 9- to 12-fold. Taken together with
our earlier finding (Lloyd et al., '96) that protein-
derived methionine was incorporated into the tissues of
the conceptus more efficiently than the leucine arising
from the same proteins, these data suggest that the
proteins and free amino acid of normal rat serum
supplies barely enough methionine for the embryo’s
needs.
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Our data, taken together with other data from our
own and other laboratories, are compatible with the
following hypothesis, which we present for critical
evaluation and testing through further experimental
work. Because of its continuous net protein synthesis,
the early organogenesis rat embryo requires a steady
supply of all 20 amino acids. These arise chiefly by
degradation of maternal protein in the VYS and, to a
minor extent, from maternal free amino acids. In
addition to its role in protein synthesis, methionine is
required by the embryo for some methionine-specific
metabolic pathways. We propose that methionine, but
not leucine, is a rate-limiting nutrient when organogen-
esis-stage rat embryos are cultured in rat serum. Thus,
the embryopathic effects of decreasing amino acid sup-
ply from protein degradation, for example by a rela-
tively mild inhibition of VYS endocytosis, can be re-
versed by supplementary free methionine, but not
supplementary free leucine.

One explanation that has been advanced for the
efficacy of dietary folic acid supplements in reducing
the incidence of neural tube defects in human popula-
tions is that a folate deficiency decreases the embryo’s
supply of methionine. This was proposed because the
regeneration of methionine from homocysteine, follow-
ing methyl group donation by S-adenosyl methionine, is
a folate-dependent reaction. Decreased methionine re-
generation would increase the demand for exogenous
methionine and, if methionine is rate-limiting in hu-
man embryonic development, this demand might go
unmet. Conversely, a primary methionine deficit would
lead to reduced utilization of S-adenosyl methionine,
and therefore to a decrease in the amount of homocyste-
ine available for remethylation. This latter reaction is
important not only for the regeneration of methionine
but also for the conversion of methyltetrahydrofolate
into tetrahydrofolate, the form of folate needed for most
of the single-carbon donation reactions in which folate
participates. Thus, the metabolic pathways of folate
and methionine are intimately interconnected, and the
separation of cause and effect is not a simple matter.
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