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Preoperative Methionine Loading Enbances
Restoration of the Cobalamin-dependent Enzyme

Methionine Synthase after Nitrous Oxide Anesthesia
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Background: Prolonged exposure to nitrous oxide causes
adverse effects mimicking those of cobalamin deficiency. This
is explained by irreversible oxidation of cobalamin bound to
the enzyme methionine synthase. The inactivation of methi-
onine synthase by nitrous oxide in cultured human fibroblasts
is decreased at high concentrations of methionine in culture
medium.

Methods: We investigated the possible protection against co-
balamin inactivation by preoperative methionine loading in
patients undergoing nitrous oxide anesthesia. Fourteen pa-
tients receiving anesthesia for 75-230 min were included. Half
of these patients received a peroral methionine loading dose
2 h before anesthesia.

Results: After nitrous oxide exposure, a considerable inac-’

tivation of methionine synthase in mononuclear white blood
cells was seen in all patients, reaching a nadir after 548 h.
In the patients not subjected to a methionine load, recovery
of enzyme activity was not complete within 7 days. In-the
patients receiving a methionine load, the kinetics of inacti-

vation of methionine synthase were similar, but the rate and

extent of enzyme recovery was higher than in patients not
receivingmethionine,and in four patients, the enzymeactivity
even exceeded the preoperative level. The inactivation of me-
thionine synthase was associated with a transient increase in
plasma homocysteine, and the homocysteine concentration
was still increased (mean 28.7%) 7 days after anesthesia in
the patients not receiving methionine. A marked peak in ho-
mocysteine concentration was observed immediately after
anesthesia in the methionine-loaded patients, but the homo-
cysteine level was still increased (mean of 30.5%) after 7 days.
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The activity of the other cobalamin-dependent enzyme, meth-
yimalonyl coenzyme A mutase, in the mononuclear white
blood cells, and the serum concentration of the cobalamin
marker methylmalonic acid, were not altered after nitrous
oxide anesthesia or methionine loading or both.

Conclusions: Our data suggest that short time exposure to
nitrous oxide selectively impairs the function of the cobala-
min-dependent methionine synthase. Furthermore, preoper-
ative administration of methionine should be considered as
a means to counteract adverse effects of nitrous oxide. (Key
words: Anesthetics, gases: nitrous oxide. Metabolism, cobal-
amin: inactivation.)

PROLONGED exposure to nitrous oxide may cause

adverse effects on both the hematologic and nervous
systems. in humans, and the clinical symptoms and
signs resemble those observed in cobalamin defi-
ciency.! The target of nitrous oxide is the cobalamin-
dependent enzyme methionine synthase (N’-meth-
yltetrahydrofolate-homocysteine methyltransferase,
EC 2.1.1.13.). Nitrous oxide probably acts by inter-
cepting enzyme-bound monovalent cobalamin that
is transiently formed during catalytic turnover.
Monovalent cobalamin is oxidized to divalent cobal-
amin, leading to irreversible inactivation of the
enzyme? (fig. 1).

Methionine synthase acts at the point of convergence
between homocysteine and folate metabolism, where
homocysteine is remethylated to methionine, and 5-
methyltetrahydrofolate is demethylated to tetrahydro-
folate (fig. 1).> Therefore, impaired function of this
enzyme causes both accumulation of homocysteine and
trapping of reduced folates as 5-methyltetrahydrofol-
ate.* Both metabolic effects may play a role in patho-
genesis of cobalamin deficiency.? In addition, increased
concentration of plasma homocysteine is an early and
sensitive indicator of cobalamin inactivation induced
by nitrous oxide exposure in patients.’

Both the rate and extent of methionine synthase in-
activation by nitrous oxide in human cells are decreased
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Fig. 1. Inactivation of the cobalamin-dependent enzyme me-
thionine synthase by nitrous oxide. Cob{(Ijalamin = mono-
valent cobalamin; cob(II)alamin = divalent cobalamin; 5-CH;-
THF = 5-methyltetrahydrofolate; MS = methionine synthase;
THEF = tetrahydrofolate.

when the cells are cultured in the presence of low
folate® or high methionine’ concentration in the me-
dium. Low medium folate decreases the availability of
the substrate 5-mt:thyltf:tmh“ydrofolate,8 and high me-
dium methionine may increase the level of intracellular
methionine causing product inhibition. Both condi-
tions may decrease the catalytic turnover of the enzyme,
which is a possible determinant of nitrous oxide-in-
duced inactivation.’

Methionine loading is, in contrast to folate deple-
tion, a practical intervention in the clinical setting,
and is usually carried out to diagnose defects in ho-
mocysteine catabolism. After a standard methionine
dose of 100 mg/kg, plasma methionine reaches con-
centrations of several hundred micromolar within 30
min, followed by a homocysteine response which
peaks after 4—6 h.'0 o

In the current study, we evaluated preoperative me-
thionine loading as a means of protecting against co-
balamin inactivation in patients receiving nitrous oxide
anesthesia. We measured the effect on methionine syn-
thase in isolated mononuclear blood cells from these
patients, and the accompanying homocysteine response
in plasma. In addition, we also determined whether
nitrous oxide may have remote effects on the other
cobalamin-dependent enzyme, methylmalonyl coen-
zyme A (CoA) mutase, by measuring the activity in
mononuclear cells and the serum concentration of
methylmalonic acid. These effects were investigated
because prolonged exposure to nitrous oxide has been
shown to decrease methylmalonyl CoA mutase in the
liver of rats.!

Anesthesiology, V 80, No 5, May 1994

Materials and Methods

Chemicals

t-Methionine, pL-homocysteine, cyanocobalamin, pL-
5-methyltetrahydrofolate (barium salty, methylmalonyl
CoA, succinyl CoA, methylmalonic acid, and dithio-
erythritol were purchased from Sigma Chemical (St.
Louis, MO). 2-Mercaptoethanol (pro analysis) and
methanol (gradient grade) were from Merck (Darm-
stadt, Germany) and sodium borohydride from Fluka
Chemie, AG (Switzerland). (+)-1-N*{methyl-'*CJ-
methyltetrahydrofolate (54 mCi/mmol, barium salt)
was purchased from Amersham (Buckingbamshire,
England) dissolved in 10 mM ascorbic acid and stored
as 200-ul aliquots in nitrogen at —80°C until use. AG
1-X8 resin, 200-400 mesh, chloride form, was pur-
chased from Bio-Rad Laboratories (Richmond, CA). The
material was slurry-packed in 5-ml bed volume poly-
propylene columns (4.5 X 1.1 cm ID) obtained from
Pierce (Rockford, IL), and the material was covered
with a polyethylene disc with pore size of 45 pm.

Patients and Subjects

Fourteen ASA physical status 1 or 2'? patients (6
women and 8 men) of mean age 44 yr (range 23-68
yr) were included in the study. They underwent oto-
laryngologic surgery.

We also iavestigated the response to methionine
loading in three healthy subjects (one woman and two -
men) aged 27-32 yr, not receiving anesthesia.

Anesthesia was induced with thiopental (5-7 mg/
kg) and fentanyl (2-3 pg/kg). Neuromuscular blockade
was achieved with succinylcholine (1 mg/kg), and the
tracheae intubated. For additional muscle relaxation,
pancuronium (0.1 mg/kg) was used. Anesthesia was
maintained with 70% nitrous oxide in 30% oxygen and
isoflurane (0.5~1%), and lasted for 75-230 min. Mean
duration of nitrous oxide exposure was 162 (SD 42)
min in the control group (patients receiving orange
juice) and 150 (SD 60) min in the methionine-loaded -
group. '

Glycopyrrolate/neostigmine was administered to re-
verse the residual effect of pancuronium, and ail pa-
tients received ketobemidone intravenously and para-
cetamol suppositories for postoperative pain relief. All
patients, except patient 10, were free of persistent
nausea or vomiting and had normal food intake the first
and the following postoperative days.

The protocol was approved by the regional ethical
committee. All patients received oral and written in-
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formation about the intent of the study, possible risks
and their right to withdraw from the study. Then an
informed consent was signed.

Protocol

To test the possible effect of methionine loading on
the inhibition of homocysteine remethylation induced
by nitrous oxide, 14 patients undergoing nitrous oxide
anesthesia were recruited to the study. Patients either
received preoperative methionine (100 mg/kg methi-
onine in 150 ml orange juice 2 h before anesthesia)
or no methionine (150 ml orange juice); the latter
patients served as controls. The beverages were
administered ice cold to obtain rapid emptying of the
stomach.

The patients were allocated to the two groups, each
including seven subjects, according to a prerandomized
list unknown to the investigator recruiting the patients.
This sample size gives significance (by the Mann—Whit-
ney rank-sum test) at the level of P < 0.05 with one
atypical response, irrespective of its magnitude.*?

Fasting blood samples were taken immediately before
methionine loading, i.e., about 2 h before start of ni-
trous oxide anesthesia, then immediately before start
and immediately after the nitrous oxide exposure.
Fasting blood samples were thereafter collected in the
morning on the 1st, 2nd, 3rd, 5th, and 7th postoper-
ative days. A similar protocol was followed for the three
subjects receiving methionine alone.

In the fasting blood samples obtained from the pa-
tients before start of anesthesia, we measured hemo-
globin, erythrocyte folate, serum folate, serum cobal-
amin, serum creatinine, ‘total plasma homocysteine,
serum methylmalonic acid, and the activities of me-
thionine synthase and methylmalonyl CoA mutase in
mononuclear white blood cells.

Blood Sampling and Processing

For the preparation of serum, venous blood (5 ml)
was drawn into an evacuated blood collection tube
(Vacutainer, Becton Dickinson, Rutherford, NJ) with-
out anticoagulant. After 30 min at room temperature,
the contents of each tube were centrifuged, and the
serum fraction aspirated and stored at —80°C until
analysis.

For the preparation of plasma and peripheral mono-
nuclear cells, 40 ml venous blood was collected into
Vacutainers containing EDTA, and immediately placed
on ice. Plasma was obtained from 3 ml whole blood
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by centrifugation within 30 min, and the plasma frac-
tion stored at —80°C until analysis.

Preparation of Peripberal Mononuclear Blood

Cells

From the remaining 37 ml-whole blood, mononuclear
white blood cells were isolated according to the
method of B6yum.'* This method is based on density
gradient centrifugation in a medium containing sodium
metrizoate and Ficoll. The isolated fraction includes
lymphocytes, monocytes, and macrophages. After
gently washing with phosphate-buffered saline, the
cells were counted in a Coulter counter (model 2M,
Coulter Electronics, Luton, UK). The final suspension
was equally divided into four tubes which were cen-
trifuged. The cell pellets were stored at —80°C until
enzyme analyses, which were performed within 2
weeks.

Analytical Methods

Methionine synthase in extracts from mononuclear
cells was assayed by a slight modification'® of the ra-
dioisotope method constructed by Weissbach et al.'¢

Methylmalonyl CoA mutase activity in mononuclear
cells was determined as described by Kikuchi et al.,'”
except that the buffer concentration of the mobile
phase was increased to 100 mm NaH,PO, to obtain
higher plate number, and thereby better resolution of
methylmalonyl CoA (retention time 3.8 min) and suc-

- cinyl CoA (retention time 5.7 min).

Total plasma homocysteine was determined by an au-
tomated high-performance liquid chromatography as-
say.'® The term “‘total homocysteine’ refers to all ho-
mocysteine species in plasma, including protein-bound
homocysteine. Methylmalonic acid in serum was as-
sayed by a method based on high-performance liquid
chromatography and fluorescence detection.'® Plasma
methionine was determined in deproteinized plasma
with an assay based on derivatization with o-phthal-
dialdehyde and fluorescence detection.?’

Serum cobalamin was determined with a micropar-
ticle enzyme intrinsic factor assay run on an IMx system
(Abbot, Abbott Park, I1). Serum folate and erythrocyte
folate were assayed using the Quantaphase folate ra-
dioassay produced by Bio Rad (Hercules, CA).

Statistical Analyses

The small number of patients in the analysis groups
did not allow testing for normal distribution of values,
and therefore nonparametric tests were used.
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The difference in methionine synthase or total plasma
homocysteine between men and women was tested for
using the Mann-Whitney rank-sum test. The time-re-
lated change in these values was evaluated using Fried-
man’s test (nonparametric analysis of variance). When
significant changes were found, comparisons of these
parameters within the same group of patients were
performed using Wilcoxon’s matched-pair signed-rapk
test. Differences in values between control patients and
patients subjected to a methionine load were evaluated
using the Mann-Whitney rank-sum test. Correlation
between parameters were tested using Spearman’s rank
correlation coefficient (r.). The P-values are given as
two-tailed, and P < 0.05 is regarded as significant.

Results

Preoperative Blood Values

All patients included had values of erythrocyte folate,
serum folate, serum cobalamin, and serum creatinine
within the reference intervals. Mean total plasma ho-
mocysteine was 9.2 (range 5.2-13.1) uM; mean serum
methylmalonic acid was 0.07 (range 0.02-0.11) um;
and mean plasma methionine was 25.6 (range 13.7-
33.6) uM (wable 1). There was no significant difference
in any of these parameters between the methionine-
loaded and control patients, and in methionine synthase
or total homocysteine between men (n = 8) and women
(n = 6). Serum folate (r, = —0.73, P < 0.005) and
serum cobalamin (r, = —0.61, P < 0.05) were nega-
tively correlated to total plasma homocysteine. There
was a trend toward a negative correlation (r; = —0.52,
P < 0.1) between erythrocyte folate and total plasma
homocysteine, but there was no correlation between
serum concentrations of either vitamin and serum
methylmalonic acid (P = 0.5). '

Methionine Synthase

In both methionine-loaded and control patients, me-
thionine synthase in white blood cells was rapidly in-
© activated after nitrous oxide exposure reaching a nadir
ranging from 18-68% of preoperative values. These
low activities were measured between end of anesthesia
and the second postoperative morning, and the kinetics
were similar in the two groups (figs. 2, leftand 3, left).
The nadir as a percentage of preoperative value was
42% (SD 15%) in the control group, and 40% (SD 10%)
in patients receiving methionine (fig. 4). There was a
significant (P < 0.02 at time 24 h) decline in methi-
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onine synthase in both groups, which was not different
for the two groups (P > 0.5).

The enzyme recovery was characterized by an initial
rapid phase lasting for 2-3 days and leveling off in
most patients (figs. 2, left and 3, left). In the control
group, the activity of methionine synthase had not re-
turned to preoperative level in any patient within 7
days (fig. 2, left). In contrast, enzyme recovery was
faster in the patients receiving methionine, and the ac-
tivity equaled (three patients) or even exceeded (four
patients) the preoperative activity within 5-7 days (fig.
3, left). The values given as percentage of preoperative
levels were significantly (P < 0.03) different between
the groups at 5 and 7 days (fig. 4). When the statistical
evaluation was based on the absolute change relative
to the preoperative enzyme activity, significant (P =
0.03) difference was observed at time 7 days.

No consistent pattern in methionine synthase activity
was observed in mononuclear blood cells from 3
healthy subjects after receiving a standard methionine
load (fig. 5).

Total Plasma Homocysteine and Plasma

Methionine

The relative changes in plasma methionine, total
plasma homocysteine and white blood cell methionine
synthase, given as percentage of preoperative values,
are shown in figure 4.

We found no significant decrease in plasma methio-
nine after nitrous oxide exposure in control patients.
Recently, we reported that nitrous oxide exposure last-
ing for 70-720 min reduced plasma methionine con-
centration. The change occurred after 3-6 h, and the
concentration returned to normal after 24 h.” Thus,
the current study was not optimized to detect possible
changes in plasma methionine concentration.

In control patients, total plasma homocysteine
showed a significant (P < 0.03) increase after nitrous
oxide anesthesia. The plasma profile for total homo-
cysteine was different between the patients in that the
concentration peaked after 12-36 h and then declined
in four patients (patients 1-4), whereas it showed a
progressive increase for at least 5-7 days in three others
(patients 5~7). The concentration did not return to
the preoperative value in any patient after 7 days (in
patient 5, not after 5 days; fig. 2, right), and at this
time point, the mean incréase was 28.7% (SD 8.9%)
(fig. 4), which was significantly (Z = 0.03) higher than
values measured before nitrous oxide anesthesia.
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Table 1. Patient Characteristics and Preoperative Blood Values

Age Anesthesia Hb cbl sF eF Creat Met MS ﬂ Hey MMA Mutase MMA
PatientNo.  (y) Sex  (min) o/} (M) () {nm) (M) (uM) L (M) Uyt {um)

Patients not receiving methionine

1 56 M 230 14.7 381 17.0 875 76 26.5 0.34 10.6 1.12 0.02
2 34 M 156 14.7 401 10.5 409 92 17.6 0.03 119 ND 0.06
3 27 F 198 13.8 656 24.9 704 77 26.1 0.30 52 1.73 0.04
4 24 M 156 17.6 458 19.3 537 80 28.2 0.17 6.8 1.50 0.04
5 64 F 186 13.6 . 313 257 958 82 336 0.20 5.2 ND 0.10
6 5 M 120 14.7 353 14.6 404 96 25.6 0.14 10.2 0.92 0.07
7 54 M 102 15.2 190 7.4 542 88 25.6 0.19 12.2 1.38 0.1
Mean + 8D 16445 14913 393x143 171169 633+220 844+ 77 262x44 020010 8931 133+032 0.06+003

Patients undergoing methionine loading

8 56 M 210 13.5 258 8.1 409 ND 271 0.06 13.1 0.58 0.05
9 55 F 222 12.2 616 17.3 886 64 26.8 0.35 52 1.54 0.11
10 68 F 84 12.7 235 - 1758 724 82 24.4 0.19 12.0 1.19 0.05
11 30 M 132 15.4 428 13.2 880 92 28.4 0.23 7.0 0.93 0.10
12 23 M 180 13.2 476 9.0 322 95 254 0.08 106 1.56 0.07
13 4 F 162 12.0 361 9.3 593 71 187 0.19 9.9 0.91 0.05
14 25 F 75 12.6 359 21.0 479 66 28.8 0.20 9.4 1.33 0.09
Mean + SD 15258 13112 390+ 131 13651 613+225 783+13.3 249+48 019+010 96+28 1.16x036 0.07+0.03

Hb: hermoglobin; cbi: cobalamin; sF: serum folats; eF: erythrocyte folate; Creat: creatining; Met: methionine; MS: methionine synthase; Hey: total homocysteine; MMA mutase; meu'ayimalony!CoA
mutase; MMA: serum methylmalonic acid; M: male; F: female; ND: not determined.

Normal ranges: hemoglobin, 11.6-16.6 g/100 mi; serum cobalamin, 150-840 pm; serum folate, 5.7 nm; erythrocyte folate, >230 na; serum creatinine, 55-120 uw; masma methionine, 10-55
um; total plasma homocysteine, 5-15 um; serum methylmalonic acid, <0.340 um.

* Units given as nmoljh per 10° cells.
1 Units given as nmol-min™"-mg™* protein.

“1¥ L3 NISNILSIHHO
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In the patients subjected to methionine loading, there
was a marked, transient increase in both plasma me-
thionine (fig. 4, top) and total homocysteine (fig. 3,
right and fig. 4, bottom). This response to methionine
loading confirms published data.?"%?

Plasma methionine returned to normal within 24—
36 h, whereas total homocysteine more slowly ap-
proached preoperative concentration, which was
reached within 7 days in two patients (patients 11 and
14). At this time point, the mean increase was 30.5%
(SD 21.6%) (fig. 4, bottom), which is not significantly
different (P = 0.5) from the increase in control pa-
tients. The statistical evaluation was done on both per-
centage values and absolute change relative to preop-
erative concentrations.

Plasma homocysteine reached prétreatment concen-
trations within 48-78 h in the three subjects not ex-
posed to nitrous oxide (fig. 5).

Methylmalonyl CoA Mutase and Serum

Methylmalonic Acid

The preoperative enzyme activities and serum meth-
ylmalonic acid concentrations are listed in table 1. No
significant change in these parameters was observed after
nitrous oxide anesthesia or after methionine loading
combined with nitrous oxide anesthesia (data not shown).

Discussion

Study Design and Parameters Investigated

The aim of the current work was to investigate
whether preoperative methionine loading influences
the effects of nitrous oxide on methionine synthase ac-
tivity and plasma homocysteine. Therefore, both study
groups received nitrous oxide, and a third control
group not receiving nitrous oxide was not included.
In principle, this design does not distinguish between
effects from isoflurane and nitrous oxide. However,
anesthesia with isoflurane or enflurane, in contrast to
nitrous oxide anesthesia, does not inactivate methio-
nine synthase in human liver®* or placenta,?* and total
intravenous anesthesia without nitrous oxide has no
effect on plasma homocysteine.’

We measured methionine synthase in isolated mono-
nuclear white blood cells. This source of enzyme was
chosen for practical reasons, since it allows repeated
sampling necessary for kinetic studies. The published
studies on the inactivation of human methionine syn-
thase are based on measurements of enzyme activity in
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04 - Control patients
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Methionine synthase activity (nmol/h/105 cells)
(/1owrrl) sureis£oowroy ewserd fe3o

0.1 1

0 48 9% 14 192 0 48 96

Hours

Fig. 2. Methionine synthase activity (leff) and total plasma ho-
mocysteine (right) in control patients after nitrous oxide ex-
posure. The time scale starts 2 h before induction of anaes-
thesia. Further experimental details are given in text. Patients
are identified by numbers, which correspond to those listed
in table 1.

tissue samples obtained during surgery?>** or from

placenta after delivery,®” and are limited to single time-
point determinations.

A reservation against white blood cells as enzyme
source should be made, since methionine synthase in
these cells may respond differently to nitrous oxide
compared to the enzyme from other tissues or cells.
This possibility should be considered, especially be-
cause the inactivation induced by nitrous oxide is re-
lated to catalytic turnover,” which is probably low in
human lymphocytes.?® Furthermore, folate status in
mononuclear cells may change independently of whole
body folate status,?” and cellular folate content seems
to be a critical factor for the response of methionine
synthase to nitrous oxide.®
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|Methionine loaded patients l

Methionine synthase activity (nmol/h/10cells)
(/1owrl) augolsKoowoq ewserd [e10],

0 48 96 144 192 ¢ 48 96 144 192

Hours

Fig. 3. Methionine synthase activity (leff) and total plasma ho-
mocysteine (right) in patients undergoing methionine loading.
The methionine loading started 2 h before induction of an-
aesthesia. Further experimental details are given in text. Pa-
tients are identified by numbers, which correspond to those
listed in table 1.

The specific activity of methionine synthase in mono-
nuclear white blood reported by us (mean 0.2 [SD 0.1]
nmol-h™'-107° cells; table 1) equals the activity de-
termined by others,*®*"3° but is about 10-fold greater
than the activity found in one study.?' We found large
variations in the activity between subjects (table 1).
Others have also reported large variations in methio-
nine synthase activity in human lymphocytes, with
standard deviation approaching® or exceeding®! one
half of the mean value. Methionine synthase in human
lymphocytes is enhanced during cell division®>* and
mitogen stimulation.>? This suggests that the individual
variations in enzyme activity may be related to the pro-
liferative sequence of lymphocytes.>® However, re-
peated measurements of enzyme activity in different
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blood samples from the same subjects showed small
variations®® (fig. 5).

Total plasma homocysteine is a sensitive indicator of
impaired function of cobalamin and folate and probably
reflects whole body folate or cobalamin status.>*

Previously, we have shown that after a methionine
load, plasma homocysteine returns to baseline within
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Fig. 4. The average changes in plasma methionine (zop), me-
thionine synthase, and total homocysteine (botfom) in control
patients (open symbols) and in patients subjected to methi-
onine loading (closed symbols). The time scale (x-axis) is the
same as in figures 2 and 3. Data are presented as mean (n =
7) percentage of preoperative values + standard error of mean.
Circles = plasma methionine; triangles = methionine synthase;
squares = total plasma homocysteine. *P < 0.03, methionine
synthase activity versus the preoperative activity by Wilcox-
on’s matched-pair signed-rank test; *P < 0.03, total plasma
homocysteine versus the preoperative values by Wilcoxon’s
matched-pair signed-rank test; 1P < 0.03, percentage change
in methionine synthase activity in methionine-loaded patients
versus controls by the Mann-Whitney rank-sum test.
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2-3 days in healthy persons,?"*? and this is confirmed

by the data presented in figure 5. In contrast, the nitrous
oxide induced effect on plasma homocysteine persists
for at least 7 days.’ Thus, total plasma homocysteine
determined in the time interval between 3 and 7 days
after methionine loading and anesthesia may reflect the
effect of nitrous oxide on whole-body cobalamin status.

The activity of methylmalonyl CoA mutase in mono-
nuclear white blood cells and serum methylmalonic
acid were measured to investigate possible remote ef-
fects on this cobalamin-dependent system. In the cur-
rent study, no changes in these parameters were ob-
served, which is in accordance with the observation in
rats showing that nitrous oxide exposure for longer
than 48 h is required to inhibit liver methylmalonyl
CoA mutase.!! :

Inbibition of Homocysteine Remethylation

Nitrous oxide anesthesia inhibited homocysteine re-
methylation in our patients. This was demonstrated by
the marked reduction in methionine synthase activity
in white blood cells and the concomitant increase in
plasma homocysteine (figs. 2-4).

The duration of nitrous oxide exposure was 75-230
min. Notably, in 10 of 14 patients, the methionine syn-
thase activity in circulating mononuclear cells reached
a nadir 24-48 h later (figs. 2 and 3), suggesting that
the effect of nitrous oxide outlasts the duration of anes-
thesia. However, nitrous oxide is believed to directly
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48 96 144 192 0 48 96 144 192
Hours after loading

interact with the enzyme, and there is no experimental
data showing delayed inactivation of methionine syn-
thase. A possible explanation is related to recirculation
of lymphocytes between organs and homing of lym-
phocytes to restricted anatomic sites, including lung
nodes.>” It is conceivable that lymphocytes residing in
the latter location are exposed to particularly high
concentrations of nitrous oxide, resulting in extensive
inactivation of methionine synthase in certain lympho-
cyte subpopulations. Notably, lymphocytes that do not
recognize cognate antigen exit the lymphoid organ and
recirculate within about 24 h.3¢

In every patient not receiving methionine, the de-
crease in methionine synthase activity was followed by
a slow recovery of enzyme activity, and there was a
concurrent return of plasma homocysteine toward pre-
operative concentrations in four patients (fig. 2). Dur-
ing the recovery period, no strict correlation was ob-
served between the alterations in enzyme activity in
white blood cells and the changes in plasma homocys-
teine. The disparity between enzyme activity and the
plasma homocysteine profile in three patients (patients
5-7; fig. 2) may point to a differential response of the
enzyme in white blood cells versus other tissues.

Effect of Methionine Loading

Total homocysteine was normalized within 7 days in
only two patients (patients 11 and 14; fig. 3). Notably,
both were subjected to methionine loading. Methionine
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loading did apparently not affect the rate and extent of
inactivation of methionine synthase in white blood
cells, but it significantly enhanced the recovery of the
enzyme (fig. 3). This unexpected finding is in contrast
to the observation made with cultured proliferating
human fibroblasts exposed to nitrous oxide. In cultured
cells, methionine decreases the initial rate of inacti-
vation by nitrous oxide.”

Different response in vitro’ and in patients may be
related to the different cell types investigated, or to
study design. The cultured cells were continuously ex-
posed to nitrous oxide and various concentrations of
methionine for 48 h,” whereas the patients were ex-
posed sequentially to methionine followed by nitrous
oxide for less than 4 h.

Possible Mechanisms

High concentrations of methionine may enhance en-
zyme recovery in patients by promoting enzyme reac-
tivation or new synthesis of enzyme. The slow time
course (figs. 3 and 4) is consistent with both mecha-
nisms. .

Experiments with isolated enzyme suggest that ni-
trous oxide induced inactivation is an irreversible pro-
cess,”” suggesting that new synthesis of enzyme is re-
quired for recovery of enzyme activity. However, excess
methionine suppresses methionine synthase in cultured
baby hamster kidney cells®® and rat liver,*® and methi-
onine loading alone did not affect white blood cell
methionine synthase in healthy subjects (fig. 5). These
observations do not support the possibility that methi-
onine enhances the synthesis of methionine synthase.

A model for the enhanced restoration of methionine
synthase by methionine (figs. 3 and 4) is based on the
idea that lymphocyte subpopulations are exposed to
different concentrations of nitrous oxide or methionine,
or that the response to methionine of various lympho-
cyte populations is different. Thus, the rate of recovery
of methionine synthase in white blood cells may reflect
the kinetics of lymphocyte recirculation.®®

Plasma homocysteine reached the preoperative value
within 7 days in only two (patients 11 and 14) of seven
patients receiving nitrous oxide plus methionine (fig.
3). This contrasts to the homocysteine response after
a methionine load in healthy subjects where plasma
homocysteine is normal within 2-3 days?'?? (fig. 5).
Notably, rapid return of plasma homocysteine after a

# Christensen B: Unpublished data.
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methionine load is also observed in psoriasis patients
receiving low dose of methotrexate, which causes an
indirect inhibition of methionine synthase.‘“’ Thus,
prolonged elevation of plasma homocysteine may re-
flect remaining inactivation of methionine synthase in
some tissues.

A possible explanation is based on the assumption
that a methionine load protects methionine synthase
in some but not all tissues or cells. The liver is respon-
sible for about 75% of the overall transmethylation and
thereby the total homocysteine production.®! It is ob-
served that methionine synthase in isolated rat liver
cells is not protected against nitrous oxide-induced
inactivation by high concentrations of methionine.#
No protection of the liver enzyme may explain that
methionine loading did not enhance the return of
plasma homocysteine toward normal within 7 days
(figs. 3 and 4).

Clinical Implications

Means to counteract cobalamin inactivation may be-
come clinically useful in patients who are particularly
susceptible to nitrous oxide toxicity, for example the
debilitated or cobalamin-deficient patients undergoing
prolonged anesthesia.*> Methionine administration
protects monkeys*® or fruit bats** against neurologic
impairment caused by nitrous oxide, and there is a re-
cent case report on arrest of progression and accelerated
recovery from myeloneuropathy in one patient treated
with methionine after recreational misuse of nitrous
oxide.*> The current investigation suggests that methi-
onine loading may restore the methionine synthase
function in patients undergoing nitrous oxide anes-
thesia, but interpretation of the kinetics of inactivation
and recovery of methionine synthase in mononuclear
white cells may be complicated by the homing and
recirculation of lymphocytes.?® Results of the current
study should motivate long-term follow-up studies on
methionine prophylaxis in selected patients receiving
prolonged nitrous oxide anesthesia.
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