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Methionine is an essential amino acid that is also converted to S-adenosylmethionine, which is used by methyl-
transferases that methylate DNA, RNA, protein, lipid, etc., and form S-adenosylhomocysteine that is hy-
drolyzed to adenosine and homocysteine. When methionine is present in excess, glycine N-methyltransferase
and cystathionine beta-synthase are thought to play important regulatory roles, with the former using the
excess CHs- moiety to convert glycine to N-methylglycine, and the latter condensing homocysteine with serine
to form cystathionine, which is cleaved by gamma-cystathionase to cysteine and alpha-ketobutyrate. When
methionine is present in low amounts, the activities of the two regulatory enzymes are thought to decrease
with the homocysteine being recycled to methionine by the cobalamin-dependent enzyme methionine synthase,
which simultaneously converts 5-CH,-tetrahydrofolate to tetrahydrofolate. To test this model, we fed a large
dose of L-methionine to normal subjects. Using newly developed assays, we observed the following increases
in serum levels: methionine, 25 fold; N-methylglycine, fourfold; homocysteine, threefold; cystathionine, 15
fold; and cysteine, unchanged. When leukemia patients were treated for 4 days with 35% nitrous oxide, which
markedly inhibits methionine synthase, methionine decreased 80% by day 1 and then either stabilized or
returned to normal during days 2 through 4. N-methylglycine fell 50 to 70%, and homocysteine increased 14
fold, but cystathionine increased twofold after an initial decrease or stabilization. Cysteine fell 50% by day
1andthenmoved in parallel withmethionine. Exceptforthelatter increase in cystathionine, all the datasupport
the current model of methionine regulation and demonstrate that methionine homeostasis is maintained or
atleast stabilized, even under conditions of extreme excess or deprivation. The unexpected increase in cystathi-
onine levels during nitrous oxide administration is similar to what has been observed in cobalamin and folate
deficiency, although the mechanism and physiologic importance remain to be determined. (J. Nutr. Biochem.

5:28-38,1994.)
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Introduction

Methionine is an essential amino acid that is converted
into protein and S-adenosylmethionine. Once con-
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verted, it serves as the major CH, donor for a large
number of methyltransferases that transfer CH; groups
to DNA, RNA, protein, lipid, and other important mol-
ecules.! Methionine can be synthesized in humans by
two different enzymatic reactions. The first is catalyzed
by methionine synthase (EC 2.1.1.13), which requires
CH;-cobalamin (CH,-Cbl)! and converts homocysteine
and 5-CHj-tetrahydrofolate (5-CH,-THF)! to methio-
nine and THF, respectively.2 The second is catalyzed by
betaine-homocysteine methyltransferase (EC 2.1.1.5),
which converts homocysteine and betaine to methionine
and N-N-dimethylglycine, respectively.>* The latter re-
action is not dependent on either Cbl or folate, although
the N-N-dimethylglycine formed is subsequently metab-
olized to N-methylglycine (also known as sarcosine),
then to glycine, and finally to CO, and NH; in a series
of three enzymatic reactions, each of which results in
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the transfer of a CH, group to THF to form 5,10-CH,-
THF.57 The reactions that involve the synthesis of me-
thionine from homocysteine are illustrated in Figures I
and 2, together with related enzymatic pathways.
Mudd and coworkers®® estimated that humans re-
quire approximately 0.35 mmole/kg of CH, groups every
24 hr with approximately 0.05 mmole/kg being obtained
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Figure 1 Enzymatic pathways centered on the CH;-Cobalamin
(CH,-Cbl)-dependent enzyme, methionine synthase, which converts
5-CHs-tetrahydrofolate (5-CH,-THF) and homocysteine to THF and
methionine, respectively. S-adenosylmethionine is formed from me-
thionine via methionine adenosyltransferase and is the major CH,
donor for a large number of methyltransferases that methylate DNA,
RNA, protein, lipid, etc. with the resultant formation of S-adenosylho-
mocysteine, which is then hydrolyzed to adenosine and homocyste-
ine by S-adenosylhomocysteine hydrolase. The latter can either be
recycled to form methionine again or condensed with serine to form
cystathionine by the pyridoxine-dependent enzyme, cystathionine
beta-synthase. Cystathionine is then converted to cysteine and
aipha-ketobutyrate by the pyridoxine-dependent enzyme, gamma-
cystathionase. As documented in the Introduction, this overall path-
way is thought to be tightly regulated by S-adenosylmethionine,
which inhibits the formation of 5-CH,-THF by 5,10-CH,-THF reduc-
tase (reaction not shown) and stimulates cystathionine beta-syn-
thase. Thus, when levels of S-adenosylmethionine are decreased,
levels of 5-CH,-THF and homocysteine should increase and lead to a
compensatory increase in the synthesis of methionine via methionine
synthase. When levels of S-adenosylmethionine are elevated, this
should lead to decreases in levels of 5-CH,-THF and homocysteine
and a compensatory decrease in the synthesis of methionine via
methionine synthase. 5-CH,-THF also binds to glycine N-methyltrans-
ferase (see top of figure) and inhibits the activity of this enzyme.
Thus, when levels of S-adenosylmethionine are elevated, decreased
levels of 5-CH;-THF should result in the stimulation of glycine N-
methyltransferase, which would function to remove the CH; moiety
of the methionine molecule from the cycle just as cystathionine beta-
synthase removes the homocysteine moiety of the methionine mole-
cule. 5,10-CH,-THF reductase and all the enzymes shown are lo-
cated in the cytoplasm.
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from dietary choline after it is converted to betaine by
choline oxidase,* and then to methionine. The re-
maining 0.30 mmole/kg comes from both dietary methi-
onine, which is usually insufficient, and from the
recycling of homocysteine to form methionine via me-
thionine synthase. The 5-CH,-THF that methionine syn-
thase uses as the source of CH; group is synthesized
from 5,10-CH,-THF by the enzyme 5,10-methylene-
THF reductase (EC 1.1.99.15), which simultaneously
converts NADPH to NADP.!* Normal individuals can
obtain essentially unlimited amounts of 5,10-CH,-THF
from a variety of sources that include the subsequent
catabolism of N ,N-dimethylglycine or from serine,
which can be synthesized from glucose, as illustrated in
Figure 2.

The recycling of homocysteine to methionine via me-
thionine synthase, versus its condensation with serine
to form cystathionine via cystathionine beta-synthase
(EC 4.2.1.22) (Figure 1) is thought to be highly regu-
lated, as summarized in the legend to Figure 1. S-adeno-
sylmethionine appears to play a critical role in this
process because it directly stimulates cystathionine beta-
synthase'® and directly inhibits 5,10-CH,-THF reduc-
tase.!'®!5 It is also thought to indirectly regulates® the
level of N-methylglycine methyltransferase (EC
1.5.99.1) (Figure 1), because the 5-CH,-THF that is
formed by 5,10-CH,-THF reductase binds to N-methyl-
glycine methyltransferase and inhibits its activity.'s
Thus, when methionine and S-adenosylmethionine are
present in excess, the removal of the homocysteine and
the CH, moieties of the methionine molecule would
be accelerated by cystathionine beta-synthase and N-
methylglycine methyltransferase, respectively. When
methionine and S-adenosylmethionine are present in
insufficient amounts, a higher proportion of homocyste-
ine would be recycled to form methionine via methio-
nine synthase, and a higher proportion of the CH,
moiety of methionine would be conserved and available
for the methyltransferases that methylate DNA, RNA,
protein, lipid, etc. Mudd and coworkers® estimated that
under normal dietary conditions approximately 50% of
homocysteine is recycled to methionine, and that the
turnover time of S-adenosylmethionine in human liver
is very rapid at approximately 5 min.

Most of our knowledge about the regulation of methi-
onine metabolism comes from animal studies or patients
with inborn errors of metabolism.!#-12 Much less is
known about methionine regulation in normal subjects,
although it clearly plays an important role in individuals
with acquired deficiencies of cobalamin or folate. In
both of these conditions, serum total homocysteine lev-
els are almost always elevated.!”'® This elevation is
thought to be due to both a primary decrease in the
activity of methionine synthase, which requires both
Cbl and folate for activity (Figure 1) and a secondary
decrease in the activity of cystathionine beta-syn-
thase.'> The marked increase in homocysteine levels
that results from this dual action is important and effec-
tive because it partially restores the recycling of homo-
cysteine to methionine and results in the maintenance
of normal levels of serum methionine in virtually all
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Figure2 Enzymatic pathway for the conversion of betaine and homocysteine to N,N-dimethylglyc-
ine and methionine, respectively, by betaine-homocysteine methyltransferase, which requires nei-
ther cobalamin or folate. Betaine arises from choline via choline oxidase (reaction not shown).
Methionine subsequently undergoes the reactions shown in Figure 1, and N,N-dimethyiglycine is
subsequently converted to N-methylglycine and then to glycine. The latter can be catabolized
further to carbon dioxide and ammonia or converted to serine. Choline oxidase and all of the
enzymes shown are located in the mitochondria except for betaine-homocysteine methyitransfer-
ase, which is located in the cytoplasm, and serine transhydroxymethylase, which is located in

both mitochondria and the cytoplasm.

patients with Cbl or folate deficiency except those with
the most severe life-threatening forms of deficiency.

We recently developed assays for cystathionine, beta-
ine, N,N-dimethylglycine, and N-methylglycine, and
have been able to detect and establish normal ranges
for these four metabolites in normal human serum.2!
We used these assays, together with previously devel-
oped assays? for serum methionine, total homocysteine,
and total cysteine that have been modified recently,”
to obtain new information about the regulation of me-
thionine homeostasis in vivo in humans. We studied
patients with chronic myelogenous leukemia while they
were treated with nitrous oxide because nitrous oxide
causes a profound and immediate inhibition of methio-
nine synthase.2422¢ We also studied normal subjects
after they ingested large oral doses of methionine and
betaine. The results obtained in these two situations,
which are the equivalent of acute methionine insuffi-
ciency and excess, respectively, form the basis for this
report.

Methods and materials

Assays for serum metabolites

Assays for serum methionine, total homocysteine, cystathio-
nine, total cysteine, betaine, N,N-dimethylglycine, N-methyl-
glycine, glycine, serine, methylmalonic acid, and total
2-methylcitric acid were performed as described else-
where.?0-2225 All the assays utilize capillary gas chromatogra-
phy/mass spectrometry and are based on the stable isotope
dilution principle that uses the ratio of unlabeled metabolite
to labeled metabolite that contains stable isotopes. A labeled
form of each metabolite was added to serum and urine sam-
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ples, which were then partially purified using ion exchange
chromatography followed by drying and derivatization with N-
methyl-N[tert-butyldimethylsilyl] trifluoroacetamide to form
tert-butyldimethylsilyl derivatives. Because betaine is a qua-
ternary amine, it would retain a positive charge even after
derivatization and would be essentially nonvolatile and thus
incapable of being analyzed by our gas chromatography/mass
spectrometry technique. Consequently, we isolated betaine
free of other amino acids, treated it with added homocysteine
and partially purified rat liver betaine-homocysteine methyl-
transferase to form unlabeled and labeled N,N-dimethylgly-
cine and unlabeled and labeled methionine. These in turn were
analyzed utilizing gas chromatography/mass spectrometry and
used to calculate the amount of betaine present.?! For all the
assays, the mass spectrometer was operated in the selected
ion monitoring mode, and specific ions were monitored for
each endogenous unlabeled metabolite and each labeled me-
tabolite. Because the labeled metabolites were added to sam-
ples in known amounts, it was not necessary to calculate
recoveries, which can vary from sample to sample.

Administration of nitrous oxide

A mixture of 40 = 10% N,O and O, was obtained with an
anesthesia machine with mounted N,O and O, tanks and a
calibrated rotameter. It was administered via a nasal cannula
at a total gas flow of 4 to 5 liter/min., and the exhaled N,O
was scavenged by attaching a Hudson face tent to the central
suction supply. Measurements of N,O were made in the blood
and urine of the patients?-?’ and gave average values of ap-
proximately 35% N,O in both patients. The N,0/O, was
stopped for 40 min every 8 hr to allow the patients to eat and
was well tolerated except for moderately severe headaches
and mild nausea in both patients.

Both patients were in the chronic phase of Philadelphia
chromosome positive chronic myelogenous leukemia and were



receiving intermittent and variable doses of hydroxyurea to
control their peripheral white blood cell counts. Patient I was
a 29-year-old Caucasian male diagnosed 3 years earlier, and
Patient II was a 34-year-old Hispanic male diagnosed 2 years
earlier. Both were in otherwise good general health, had stable
and normal weights, and there was nothing unusual about
their diets. The primary purpose of their involvement was to
determine the effects of N,O on their leukemia.

Informed consent was obtained and all studies were ap-
proved by the Institutional Review Board of the Clinical Re-
search Center of the University of Colorado Health Sciences
Center.

Methionine and betaine load studies

L-methionine and the monobasic form of betaine were admin-
istrated at a dose of 0.70 mmole/kg of body weight. This dose
was chosen because that is what is utilized in the standard
methionine load test in patients with vascular disease (see
Discussion). Each was dissolved in 250 mL of chilled orange
juice and swallowed over several minutes at approximately
8 a.m. The normal subjects ate their usual light breakfast
approximately 1 hr earlier, which consisted of cereal and low
fat milk in the case of Subject A and two pieces of toast with
butter in the case of Subject B. They were not restricted in
terms of subsequent meals. Blood samples were obtained just
before the methionine or betaine was ingested and at 2, 4, 6,
8,12, 24, and 48 hr later. Blood samples were allowed to clot
at room temperature for 30 min and were then spun at 4° C
at 1,500 g for 20 min, and the serum was removed and
stored at —20° C. Two 24 hr urine samples were collected for
each experiment. Urine samples were also stored at —20° C.
A washout period of at least 1 week was used between each
of the load and control studies.

The normal subjects consisted of a 54-year-old Caucasian
male (A) and a 40-year-old Caucasian female (b), both of
whom had stable and normal weights; were in good general
health; and had normal levels of serum Cbl, folate, and each
of the metabolites that were measured. Neither subject was
ingesting any form of multivitamin supplement except those
that are present in various foods such as breakfast cereals.
Subject A weighed 79 kg and Subject B weighed 66 kg.

Results
Studies with nitrous oxide

When Patient I with chronic myelogenous leukemia was
treated for 4 days with 35% N,O, rapid and dramatic
changes occurred in a number of metabolites that in-
cluded methionine, total homocysteine, cystathionine,
and N-methylglycine, as shown in Figure 3. Serum me-
thionine (normal = 13-37 pMm) fell from a level of 31
M to 14 uM after 1 day, then to 5 to 6 pM, where it
remained without falling further for the rest of the entire
4-day period, and subsequently returned to a normal
level of 37 uM 2 days later. Serum total homocysteine
(normal = 5-16 wM) increased from a baseline value
of 12 pM to 54 pM at the end of day 1, rose further to
143 to 172 pM over the next 3 days, and rapidly returned
toward normal at 34 pMm 2 days after the N,O was
stopped. Serum cystathionine (normal = 0.04-0.34
pM) fell from 0.21 pm to 0.14 pM after 1 day of treat-
ment and then began a steady increase up to 0.38 pMm

Regulation of methionine metabolism: Frontiera et al.
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Figure3 Levels of serum methionine, total homocysteine, cystathi-
onine, and N-methylglycine before, during, and after 4 days of the
administration of 35% N,O to Patient | with chronic myelogenous
leukemia. Levels of the four metabolites were assayed using capillary
gas chromatography/mass spectrometry as described in Methods
and materials. The bar under the asterisks at the left of each panel
indicates the normal range for each metabolite calcufated as the
mean + 2 SD for 50 normal blood donors after log normalization to
correct for skewing toward higher values. The normal ranges were
as follows: methionine, 13-37 pMm; total homocysteine, 5-16 um;
cystathionine, 0.04-0.34 puM; and N-methylglycine, 0.6—2.7 pM.

on day 4, with a gradual decrease back to 0.21 uM over
the next 8 days. Serum N-methylglycine (normal =
0.6-2.7 uMm) fell from 2.2 pMm to 1.1 pM after 1 day of
N,O treatment, fell further, and remained in the 0.7 to
0.8 wM range over the next 3 days, and gradually in-
creased back to 2.1 uM over the next 8 days. The actual
values for these four metabolites are presented in Table
1 together with data from Patient II with chronic my-
elogenous leukemia, who was also treated with N,O for
4 days. He showed very similar changes in each of the
four metabolites, as noted above, except that after de-
creasing from 38 pM to 10 pM after 1 day of N,O, his
serum methionine then recovered spontaneously to the
43-58 pM range and remained there during the last 3
days of N,O therapy.

Table 1 also contains data for serum total cysteine,
betaine, N,N-dimethylglycine, and folate concentra-
tions for both patients. Serum total cysteine (normal
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Table 1 Serum levels of various metabolites and folate before, during, and after 35% N,O was administered for 4 days to two patients with

chronic myelogenous leukemia

Total N-Methyl- N, N-Di-
Methionine Homocysteine Cystathionine Total Cysteine glycine Betaine methylglycine Folate

Day Versus Versus Versus Versus Versus Versus Versus Versus
Patient (#) pM  Day O pM Day 0 wM Day 0 M Day0 puM Day0 uMm Day 0 M Day 0  nm* Day 0
|
| -7 38 1.2 9 0.8 0.28 1.3 220 1.0 19 0.9 35 0.8 35 1.1 32 1.1
I -1 24 0.8 9 0.8 0.20 1.0 220 1.0 2.0 0.9 53 1.2 3.4 1.1 32 1.1
| ot 31 (1.0) 12 (1.0) 021 (1.0) 220 (1.0 22 (1.0) 45 (1.0) 3.2 (1.0) 29 (1.0)
I 1t 14 05 54 4.7 0.14 0.7 170 0.8 1.1 0.5 32 0.7 35 1.1 45 16
| 2t 6 0.2 143 12 0.16 08 130 0.6 0.8 04 18 0.4 30 09 59 20
! 3t 6 0.2 148 13 0.25 1.2 100 05 0.7 0.3 13 0.3 2.6 0.8 59 2.0
| 4t 5 0.2 172 15 0.38 1.8 120 0.6 0.8 04 19 04 3.4 1.0 66 23
| 6 37 1.2 34 29 0.40 1.9 220 1.0 1.4 06 29 0.6 3.0 0.9 34 12
| 8 30 1.0 23 20 0.32 1.5 260 12 15 0.7 35 0.8 3.4 1.1 29 1.0
| 12 54 18 16 1.4 0.21 1.0 250 1.1 21 0.9 41 0.9 31 1.0 29 1.0
I
I 0t 38 (1.0) 10 (1.00 0.13 (1.0) 280 (1.0) 22 (1.0) 45 (1.0) 5.5 (1.0) 27 (1.0)
Il 1t 10 03 37 3.7 0.17 1.3 210 08 1.5 0.7 38 0.8 49 0.9 52 1.9
1l 2t 43 1.1 92 9.0 0.17 1.3 210 08 1.6 0.7 34 08 5.6 1.0 50 18
I 3t 40 1.0 132 13 0.29 22 150 05 1.1 0.5 23 0.5 4.6 0.8 52 19
It 4+ 58 15 92 9.0 0.20 15 220 0.8 1.2 0.5 26 0.6 43 0.8 48 1.8
il 5 54 1.4 26 25 0.16 12 200 0.7 11 0.5 25 0.6 4.4 0.8 54 2.0
1l 7 55 14 20 2.0 0.18 1.4 260 09 1.6 0.7 26 0.6 54 1.0 45 1.7
1 IR 53 14 8 0.8 0.12 09 259 0.9 1.6 07 41 0.9 50 0.9 41 1.5
Il 13 58 1.5 11 1.0 0.14 11 260 09 1.9 08 50 1.1 5.1 0.9 32 1.2
Normal Range (13-37 uM) (5-16 pum) (0.04-0.34 uM)  (200-361 uM)  (0.6-2.7 pM) (18-73 um) (1.4-5.3 pm) (9-50 nM)

*Expressed as equivalents of folic acid.

135% N,O was administered as described in Methods and materials.

= 200-361 uM) fell from baseline values of 220 to 280
pM to levels as low as 100 to 150 uM over the 4 days
of N,O, and then returned to normal within 2 days after
the N,O was stopped. The serum betaine (normal =
18-73 um) fell from baseline levels of 45 pM in both
patients to lows of 13 uM and 23 pM, which occurred
on day 3 of N,O therapy for both patients, followed by
steady increases back to baseline after the N,O was
stopped. Levels of serum N,N-dimethylglycine (normal
= 1.4-5.2 uM) were essentially unchanged during and
after N,O therapy. Serum folate (normal = 3.8-22 ng/
mL), which consists primarily of 5-CH,-THF, rose from
baseline values of 14 ng/mL and 12 ng/mL to values of
20 ng/mL and 23 ng/mL, respectively, remained in that
range until the N,O was stopped, and then fell back to
baseline over the next few days.

Data showing the changes in the patients’ peripheral
white blood cell counts are presented in Figure 4. The
pretreatment white blood cell counts were increasing in
both patients. N,O resulted in a mild decrease in Patient
I and a marked decrease in Patient II. After the N,O was
stopped, Patient I's white blood cell count resumed its
pretherapy rate of increase while that of Patient II contin-
ued to fall dramatically over the next several weeks.

Studies with excess methionine

Figure 5 shows that when normal Subject A ingested
0.70 mmole/kg of L-methionine, the serum methionine
increased markedly from a baseline level of 24 uM to
680 pM at 2 hr and decreased steadily thereafter, reach-
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ing levels in the vicinity of baseline by 24 hr. Serum
total homocysteine showed a modest increase from 11
MM to 29 pM at 2 hr, remained in the 30-35 pM range
for the next 10 hr, and was back to a near baseline level
of 16 uM at 24 hr. Levels of serum cystathionine showed
a greater relative increase; going from a baseline of 0.21
pM to a range of 2.1-3.4 pM over the first 2 to 12 hr
and also returned to a near baseline value of 0.47 uMm
by 24 hr. N-methylglycine rose from a baseline of 1.9
UM to a range of 4.0-5.7 uM over the first 12 hr, but
did not approach baseline until it reached a level of 1.4
M at 48 br. Very similar changes were seen in each of
these four metabolites with the second normal Subject
B, as shown in Table 2. This table also contains values
for serum total cysteine, betaine, and N,N-dimethyl-
glycine, none of which showed any consistent change
in either normal subject.

Values for all seven metabolites, obtained at the
regular time intervals for both subjects during a control
period during which nothing special was ingested ex-
cept for 250 mL of orange juice, are shown in Table
3. Some variation in the serum levels of methionine
and cystathionine were observed over the 48-hr period,
and these may be due to fluctuations in dietary intake
or diurnal variations. The levels of the other metabo-
lites were much more constant. Serum folate levels
fluctuated somewhat with both normal subjects (data
not shown), and these changes appeared to be related
to meals, with no consistent differences being observed
between the methionine-ingestion periods and the
control periods.
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Figure 4 Serial white blood cell counts before, during, and after
4 days of the administration of 35% N,O to Patients | (top) and Il
(bottom) with chronic myelogenous leukemia which was given as
described in Methods and materials. The vertical arrows indicate
the start and finish of the N,O. Patient | was on oral hydroxyurea as
follows: (1) day —30 to day —9, 1.25 g/day; (2) day —8 to day
+13, none; (3) day +14 to day + 15, 1.50 g/day. Patient il was on
oral hydroxyurea as follows: (1) day —30 to day +19, 2.50 g/day;
and (2) day +20 to day +31, 1.50 g/day.

Studies with excess betaine

Table 4 contains the data obtained with both normal sub-
jects after they each ingested 0.70 mmole/kg of betaine.
Serum betaine rose from pretreatment levels of 29 pm
and 27 pM and peaked at 2 hrin both subjects, with values
of 1,500 uM and 1,300 M. These initial increases were
2 to 3 times those obtained for serum methionine when
the same normal subjects ingested the same molar
amount of L-methionine, although the time courses of
the subsequent decreases in both metabolites were quite
similar. After the excess betaine ingestion, levels of
serum methionine and cystathionine showed little change
in Subject A and appear to have increased at most only
approximately two fold in Subject B. Serum levels of
total homocysteine and total cysteine were unchanged in
both subjects. Levels of N,N-dimethylglycine increased
from baseline levels of 2.0 and 2.3 uM and reached peak
levels of 12 wM and 16 pM at 8 hr, followed by very siow
decreases toward baseline over the next 64 hr. Levels of
N-methylglycine showed a similar time course, increas-
ing from preingestion values of 1.6 pM and 1.7 pM to a
peakof6.7 pMand 7.4 uMat 24 hrand 12 hr, respectively,
with baseline values not being approached or reached
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until 72 hr. Changes inserum folate levels were not differ-
ent from those observed during the methionine ingestion
and control periods (data not presented, see above).

Other analyses

Levels of serum glycine (normal = 147-422 pM) and
serine (normal = 95-230 wM) decreased approximately
40 to 60% and reached their lowest levels at 6 to 12 hr
after ingestion in the methionine-load studies with both
normal subjects and were essentially unchanged in the
other studies. Serum concentrations of methylmalonic
acid (normal = 73-271 pM) and total 2-methylcitric
acid (normal = 60-228 pM) were within the normal
range throughout the N,O studies performed with Pa-
tients I and II, and the control and ingestion studies
performed with Subjects A and B, and no changes or
trends were seen during any of the studies.

Urine samples were collected for two consecutive 24-
hr intervals during the ingestion studies and analyzed for
the various metabolites. The data are presented in Table
5 and showed that after the betaine load, large amounts

i
N
|

Homocysteine (uM)
*

Cystathionine (uM)

e
I

~

0 —~r f—
] 2 4 6 8 10 12 14 18 18 20 22 24 48

N-mettwiglycine (UM)
- N
F——x

Time After Ingestion of Methionine (hours)

Figure5 Serum levels of methionine, total homocysteine, cystathio-
nine, and N-methylglycine after the ingestion of 0.7 mmol/kg of L-
methionine by normal Subject A. All four metabolites were assayed
using capillary gas chromatography/mass spectrometry as de-
scribed in Methods and materials. The bars below the asterisks at
the left of each panel indicate the normal range for each metabolite
and were obtained and the values were as described in the legend
to Figure 3.
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Table 2 Serum levels of various metabolites before and after the oral ingestion of L-methionine at a dose of 0.70 mmoles/kg of body weight

in two normal subjects

Tota! N-Methyl- N,N-Di-
Methionine Homocysteine Cystathionine Total Cysteine glycine Betaine methylglycine
Versus Versus Versus Versus Versus Versus Versus

Subiject Hour uM Hour O M Hour 0 uMm Hour O M Hour 0 UM Hour 0 1M Hour 0 uM Hour 0
A
A 0 24 (1.0) 1 (1.0) 0.21 (1.0) 290 (1.0) 1.9 (1.0) 34 (1.0) 3.1 (1.0)
A 2 680 29 29 2.7 2.1 10 280 1.0 4.0 2.1 35 1.0 35 1.1
A 4 530 23 33 3.1 3.1 15 280 1.0 4.3 22 31 09 3.2 11
A 6 420 18 35 32 34 16 280 1.0 5.6 29 32 09 35 1.1
A 8 310 13 32 29 2.8 8.3 280 1.0 5.0 2.6 30 09 34 1.1
A 12 180 7.7 30 27 1.7 8.3 250 0.9 57 29 30 09 30 1.0
A 24 33 14 16 1.5 0.47 22 300 1.0 3.4 1.8 36 11 33 1.1
A 48 17 07 10 0.9 0.21 1.0 300 1.0 1.4 0.7 34 1.0 25 08
B
B 0 23 (1.0) 9.0 (1.0) 0.09 (1.0 250 (1.0) 1.7 (1.0) 29 (1.0) 32 (1.0)
B 2 530 24 25 (2.8) 17 19 250 1.0 59 3.6 33 1.2 3.1 1.0
B 4 460 20 29 3.3 1.6 18 240 1.0 6.3 3.8 28 1.0 36 11
B 6 330 15 27 3.1 1.8 20 240 1.0 9.0 54 39 1.4 35 11
B 8 180 7.8 22 2.5 1.2 14 210 0.8 6.8 4.1 25 09 34 1.1
B 12 62 27 19 21 0.64 7.2 230 09 6.6 4.0 30 11 3.1 1.0
B 24 27 1.2 9.2 1.0 0.14 16 230 0.9 31 19 30 1.0 3.3 1.1
B 48 17 0.8 6.2 0.7 0.09 1.0 190 0.8 1.2 0.7 21 0.8 2.1 0.7
Normal Range (13-37 pM) (5-16 um) (0.04-0.34 pm) (200361 wM) (0.6-2.7 uM) (18-73 pM) (1.4-5.3 um)

Table 3 Serum levels of various metabolites in two normal subjects over a 48-hour control period

Total N-methyl- N,N-di-
Methionine Homocysteine Cystathionine Total Cysteine glycine Betaine methylglycine
Versus Versus Versus Versus Versus Versus Versus
Subject Hour uM Hour O nM Hour 0 M Hour O 1M Hour 0 M Hour 0 KM Hour 0 uM Hour 0
A
A 0 26 (1.0) 11 (1.0) 0.24 (1.0 300 (1.0) 1.6 (1.0) 38 (1.0) 2.0 (1.0)
A 2 18 0.7 11 1.0 0.22 0.9 310 1.0 1.4 0.9 39 1.0 2.2 1.1
A 4 16 0.6 10 09 0.16 0.7 300 1.0 11 0.7 31 0.8 1.9 1.0
A 6 23 0.9 10 09 0.13 05 300 1.0 1.2 08 31 08 2.1 1.1
A 8 18 0.7 10 09 0.20 0.8 310 1.0 1.1 07 36 09 23 1.2
A 12 22 0.8 10 09 014 0.6 290 1.0 1.7 1.1 33 0.9 23 1.2
A 24 26 1.0 10 09 017 0.7 300 10 1.4 09 36 09 2.1 1.1
A 48 27 1.0 10 0.9 0.16 0.7 300 1.0 1.4 0.9 35 0.9 2.1 1.1
B
B 0 26 (1.0 8.1 (1.0} 0.10 (1.0) 240 (1.0 1.8 (1.0) 31 (1.0) 25 1.0
B 2 20 08 7.8 1.0 0.1 1.1 220 09 1.9 11 40 1.3 26 1.0
B 4 23 09 87 1.1 0.10 1.0 250 1.0 1.7 09 35 1.1 2.7 1.1
B 6 29 11 8.6 1.1 0.14 14 240 1.0 19 11 34 11 24 1.0
B 8 20 0.8 8.6 1.1 0.12 1.2 240 1.0 15 0.8 33 1.1 2.6 1.0
B 12 41 1.6 7.6 0.9 0.39 39 190 0.8 2.7 15 27 0.9 2.4 1.0
B 24 22 0.8 8.2 1.0 0.08 0.8 240 1.0 1.6 0.9 29 0.9 23 09
B 48 17 0.7 7.4 09 0.08 0.8 210 09 14 0.8 28 09 2.1 0.8
Normal Range (13-37 pm) (5~16 M) (0.04-0.34 pm) (200361 um) (0.6-2.7 uM) (18-73 M) (1.4-5.3 pM)

of betaine in the range of 16—18% of the oral dose were
excreted in the initial 24-hr urine samples of both normal
subjects. Much smaller butsignificantincreases were also
observed in the excretion of methionine, total homocys-
teine, and cystathionine after the methionine load, and
in N,N-dimethylglycine and N-methylglycine after the
betaine load. Values for glycine, serine, methylmalonic
acid, and total 2-methylcitric acid were essentially con-
stant and ranged from 910 to 3,400 total pmoles, 89 to
200 total wmoles, 10to 19 total wmoles, and 16 to 30 total
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pmoles, respectively, in the urine samples collected over
the twelve 24-hr periods for the two normal subjects.

Discussion

Studies in rats,*?324262 monkeys, 3! and pigs**? dem-
onstrated that N,O causes a number of deleterious ef-
fects on Cbl metabolism. Many of these occur within
minutes of the administration of N,O and are centered
on methionine synthase. These changes in rats include
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Table 4 Serum levels of various metabolites before and after the oral ingestion of betaine at a dose of 0.70 mmoles/kg of body weight in

two normal subjects

Total N- N,N-Di-
Methionine Homocysteine Cystathionine Total Cysteine methylglycine Betaine methylglycine
Versus Versus Versus Versus Versus Versus Versus

Subject Hour M Hour O M Hour 0 M Hour 0 M Hour 0 M Hour 0 M Hour 0 M Hour 0
A
A 0 26 (1.0) 11 (1.0) 0.21 (1.0) 300 (1.0 1.6 (1.0) 29 (1.0) 20 (1.0
A 2 20 0.8 10 09 0.22 11 320 1.1 25 1.6 1500 52 5.1 2.6
A 4 21 0.8 10 09 0.18 09 310 1.0 22 1.4 520 18 6.7 34
A 6 36 1.4 10 0.9 0.28 1.4 310 1.0 4.0 25 340 12 12 6.0
A 8 25 1.0 10 09 0.24 1.2 300 1.0 3.1 19 230 7.9 12 6.0
A 12 33 1.3 10 09 0.21 1.1 310 1.0 53 3.3 190 6.6 1 55
A 24 38 15 10 0.9 0.24 1.2 300 1.0 6.7 4.2 150 52 11 55
A 48 24 1.3 12 11 0.63 3.2 290 1.0 48 3.0 52 1.8 5.8 29
A 72 18 07 1 1.0 0.28 1.4 320 11 19 12 47 1.6 3.2 1.6
B
B 0 19 (1.0) 86 (1.0 0.08 (1.0) 230 (1.0) 1.7 (1.0) 27 (1.0) 23 (1.0
B 2 20 1.1 6.8 0.8 0.08 1.0 220 1.0 27 1.6 1300 48 40 1.7
B 4 32 17 7.7 09 0.10 1.3 230 1.0 41 24 360 13 10 43
B 6 43 23 8.4 1.0 0.15 1.9 230 1.0 6.0 35 220 8.1 15 6.5
B 8 35 1.8 9.6 1.1 0.15 1.9 230 1.0 6.0 35 180 6.7 16 7.0
B 12 35 1.8 8.3 1.0 0.13 1.6 210 09 7.4 44 140 52 11 48
B 24 23 1.2 6.8 0.8 0.10 1.3 220 1.0 5.1 3.0 80 3.0 56 2.4
B 48 25 1.3 6.9 08 0.09 1.1 220 1.0 2.8 1.6 46 17 35 15
B 72 16 0.8 8.0 09 0.11 1.4 220 1.0 1.7 1.0 37 1.4 25 1.1
Normal Range (13-37 uM) (5-16 pM) (0.04-0.34 pm) (200-361 pM) (0.6-2.7 pM) (18-73 pM) (1.4-5.3 pm)

Table 5 Total amounts of various metabolites excreted in 24-hour urine samples during a control period and after the oral ingestion of L-
methionine and betaine at a dose of 0.70 mmoles/kg of body weight in two normal subjects

Total N-methyl-
Time Methionine Total cysteine glycine Betaine N,N-dimethy!-
period total homocysteine  Cystathionine total total total glycine total
Subject (hr) Load pwmoles total pmoles total pmoles wmoles pmoles wmoles pmoles
A 0-24 none 10 6 9 260 9 270 50
A 24-48  none 11 11 9 280 9 250 51
A 0-24  methionine* 108 21 45 260 8 280 56
A 24-48  methionine 108 6 10 220 8 210 47
A 0-24  betaine* 14 4 6 220 37 9070 260
A 24-48  betaine 14 7 13 240 23 230 190
B 0-24 none 8 4 6 200 6 140 45
B 24-48  none 12 5 5 240 8 150 57
B 0-24  methioninet 65 12 32 220 7 160 52
B 24-48  methionine 10 4 5 180 8 170 51
B 0-24  betainet 15 5 3 210 25 8650 260
B 24-48 betaine 10 4 4 190 8 80 88

*The amount ingested was 55,300 pmoles.
1The amount ingested was 46,200 pmoles.

the formation of Cbl analogues from Cbl,? the displace-
ment of Cbl from methionine synthase,? a decrease in
the level of CH,-Cbl,* and an 80 to 90% decrease in
the activity of methionine synthase.?% The recovery of
methionine synthase activity parallels the reappearance
of Cbl bound to the enzyme,** with both occurring
slowly and requiring approximately 1 week to fully reach
baseline levels.? N,O does not have any immediate
effect on the second mammalian Cbl-dependent en-
zyme, L-methylmalonyl-CoA mutase (EC 5.4.99.2),
which utilizes adenosyl-Cbl and catalyzes the conversion

of L-methylmalonyl-CoA to succinyl-CoA.?*?8 The con-
version of Cbl to Cbl analogues caused by N,O continues
to occur, however, and the Cbl analogues are preferen-
tially excreted in the urine.?* After several weeks of
exposure to N,O, tissue levels of Cbl and L-methylmalo-
nyl-CoA mutase activity begin to decrease, and this is
accompanied by a further decrease in the activity of
methionine synthase.? The difference in the time course
of loss of activity between the two Cbl-dependent en-
zymes has also been documented in vivo by studies
demonstrating that levels of serum total homocysteine
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increase immediately after N,O administration, while
levels of serum methylmalonic acid remain normal ini-
tially and then increase dramatically after several weeks
of N,O exposure.

Studies in humans have demonstrated that N,O
causes a number of clinical abnormalities. These include
the development of megaloblastic changes in the bone
marrow within 6 hr of N,O administration®* and the
development of severe and sometimes fatal pancytope-
nia and megaloblastic anemia in patients with tetanus
who were treated with N,O for several weeks.* Inter-
mittent exposure to N,O over many months can cause
neurologic abnormalities.**-** Ermans et al.* recently
described several metabolic changes that occurred in 42
patients who were given anesthesia with 70% N,O for
a median duration of 5 hr, with two patients receiving
it for 24 hr spread over 3 days. The mean baseline levels
of serum folate and serum total homocysteine increased
approximately 50 and 80%, respectively, at the end of
anesthesia. In the two patients who received 24 hr of
N,O, serum total homocysteine values increased five to
ten fold and folate levels increased 2 fold. The mean
methionine level decreased significantly but the abso-
lute changes were very slight in most patients and the
actual numerical decrease was not given. Serum levels
of methylmalonic acid and 2-methylcitric acid were not
measured in these patients. We studied a dentist who
abused N,O over many years, and developed severe
ataxia and a peripheral neuropathy, together with mild
cerebral dysfunction and minimal hematologic abnor-
malities.”” He had markedly elevated levels for serum
total homocysteine, 81 uM (normal = 5-16 uMm); meth-
yimalonic acid, 12,300 nM (normal = 73-271 nM); and
total 2-methylcitric acid, 1,050 nM (normal = 60-228
nM). Cerebrospinal fluid levels of methylmalonic acid,
166,000 nM (normal = 168-593 nM), and total 2-meth-
ylcitric acid, 5,750 nM (normal = 323-1,070 nM) were
also markedly elevated.

The studies reported here with two patients with
chronic myelogenous leukemia who received 35% N,O
for 4 days are in agreement with, and supplement those
of, Ermans et al.*® We observed more dramatic de-
creases in the level of serum methionine together with
marked increases in serum total homocysteine of 10 to
15 fold and a two-fold increase in serum folate. The
serum methionine stabilized at a moderately low level
in one patient and returned to mid-normal levels in the
second patient despite the continuation of 35% N,O
over an additional 3 days. These observations support
the concept that the methionine levels are tightly regu-
lated. We also observed an initial mild decrease or stabi-
lization of serum cystathionine levels together with an
increase in serum total homocysteine and a decrease
in N-methylglycine, indicating that cystathionine beta-
synthase and glycine N-methyltransferase play im-
portant roles in the regulatory process. Taken together,
these changes are all in accord with and provide addi-
tional support for the current model of methionine regu-
lation as outlined in the Introduction and the legend of
Figure 1. Serum betaine levels fell 30 to 50% and this
may have been due to the elevated levels of homocyste-
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ine, which is one of the substrates for betaine-homocys-
teine methyltransferase, or to some other regulatory
change.* We also observed a delayed increase in serum
levels of cystathionine, which are also elevated in the
majority of patients with Cbl or folate deficiency? or
inborn errors of Cbl and folate metabolism.? We have
suggested that this may be due to a decrease in the
activity of gamma-cystathionase (EC 4.4.1.1) (Figure
1), which converts cystathionine to cysteine and alpha-
ketobutyrate, although the mechanism and possible im-
portance are unknown.?

A full discussion of the chemotherapeutic potential
of N,O is beyond the scope of the current study and
was recently reviewed.“#! Nevertheless, the effects on
the white blood cell count noted in our two patients
with chronic myelogenous leukemia were similar to
what others have observed previously.*>* It was not
possible to perform these studies on normal subjects
because the decrease in white blood cell counts might
have been dangerous, as when patients with tetanus
were treated with N,O in the past.*

Our studies with excess dietary methionine also re-
sulted in a number of metabolic changes that provide
new support for the current model of methionine regula-
tion. After the ingestion of 0.7 mmole/kg of L-methio-
nine, which provides twice the estimated total 24 hr
requirement for CH, groups,® serum methionine in-
creased approximately 30 fold together with a modest
three-fold increase in total homocysteine, a 10- to 20-
fold increase in serum cystathionine and a three-fold
increase in N-methylglycine. These changes, and the
50% decreases in serine and glycine levels, support the
concept that cystathionine beta-synthase and glycine N-
methyltransferase are very active during periods of me-
thionine excess and play important regulatory roles by
removing the homocysteine and CH; moieties of the
methionine molecule, respectively. The fact that total
cysteine levels did not increase during methionine ex-
cess indicates that the enzymes that catabolize cysteine
arc also under some form of regulatory control. The
fact that levels of serum betaine did not change during
the period of excess methionine suggests that betaine-
homocysteine methyltransferase is not tightly regulated,
and that the decrease in serum betaine levels observed
in the patients exposed to N,O may have been due
mostly to the marked increase in homocysteine levels
rather than regulation of levels of enzyme activity itself,
as has been observed in rats and pigs treated with N,O.*

Our studies involving the ingestion of a large amount
of betaine, equivalent to that used in the methionine
ingestion studies, indicate that betaine-homocysteine
methyltransferase does not play a prominent role in the
regulation or maintenance of methionine homeostasis.
Although serum levels of betaine became markedly in-
creased (1,300 to 1,500 wMm) 2 hr after ingestion, serum
levels of methionine and cystathionine increased at most
by twofold, and no change was observed in serum total
homocysteine or total cysteine levels. These very mod-
est changes are consistent with our recent observations
that oral betaine given to patients with genetic defects
in the ability to synthesize CH,-Cbl is relatively ineffec-



tive in lowering serum total homocysteine levels or re-
storing serum methionine levels, even though very high
serum betaine levels in the 350-3,900 wM range are
achieved.? Levels of serum N-methylglycine did in-
crease approximately fourfold, but this does not neces-
sarily indicate an increase in the activity of glycine
N-methyltransferase because N-methylglycine is also
formed from N,N-dimethylglycine, as shown in Figure
2. The fact that N,N-dimethylglycine levels increased
six to seven fold after the betaine load supports the
concept that the increase in N-methylglycine is mostly,
or even entirely, due to an increase in the conversion
of betaine to N,N-dimethylglycine and then to N-meth-
ylglycine rather than to an increase in the activity of
glycine N-methyltransferase. It is interesting that the
urinary excretion of N-methylglycine increased only
after the betaine load and not after the methionine load
(see Results and Table 5), even though serum levels of
N-methylglycine rose somewhat higher in the latter than
in the former (Tables 2 and 4). This difference may be
due to the fact that betaine-homocysteine methyltrans-
ferase is present only in the kidney and the liver,>* while
glycine N-methyltransferase is more widely distributed
(Conrad Wagner, Vanderbilt University, unpublished
observations, 1992)*-4 and provides additional support
for the concept that the increase in serum N-methylgly-
cine levels arose from different enzymes after the beta-
ine and methionine loads.

The new metabolite assays®?! that we used in the
current studies may also prove to be useful in developing
improved techniques for identifying patients who are
heterozygotes for cystathionine beta-synthase defi-
ciency. Identification of such patients may be important
because such heterozygotes occur with a frequency of
about 1% in the general population, and several studies
suggest that they may be at increased risk for the devel-
opment of all major forms of vascular disease, including
cerebrovascular, coronary artery, and peripheral vascu-
lar disease.!’-% Previous studies have shown that ap-
proximately 80% of obligate heterozygotes for
cystathionine beta-synthase deficiency have greater in-
creases in serum homocystine, homocysteine-cysteine
mixed disulfide, and total homocysteine after the inges-
tion of 0.70 mmole of L-methionine (the same dose of
methionine used in our studies) than do normal sub-
jects.7¥ The ability to measure changes in levels of
cystathionine, N-methylglycine, glycine, and serine;
and ratios of metabolites, e.g., total homocysteine:cyst-
athionine may improve our ability to recognize these
heterozygotes and other causes of abnormal homocyste-
ine metabolism. Studies designed to explore this hy-
pothesis are in progress.
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