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The cardinal role of the liver in protein and
amino acid metabolism has been well established.
Consequently, studies of amino acid metabolism oc-
cupy a natural and fundamental place in an investi-
gation of metabolic aberrations in hepatic disease.
In 1913, Van Slyke and Meyer (1) demonstrated
that certain amino acids when injected intrave-
nously are rapidly removed from the circulation in
the normal animal. They also demonstrated that a
considerable capacity for temporary storage of
amino acids existed in certain tissues, notably liver
and muscle. Tolerance to various individual
amino acids has been studied in connection with
hepatic function. Thus Jastrowitz (2) in 1908 re-
ported a greater urinary content of glycine in pa-
tients with liver damage than in normals following
oral ingestion of glycine. A tolerance test to
orally administered tyrosine was proposed by
Bernhart and Schneider (3) as an aid to the
diagnosis of hepatic disease. Similar procedures
with single and multiple amino acid preparations
have been studied by other investigators (4, 5).
The recent development of specific and sensitive
microbiologic procedures for the assay of amino
acids (6) makes possible the further study of this
problem.

By virtue of its prominent role in liver physi-
ology, in the work here reported methionine was
selected for a study of amino acid metabolism in
normal and hepatopathic individuals. The pres-
ence of sulfur in the molecule confers an additional

1 This work has been performed under a contract be-
tween the Office of Naval Research and the University of
California.

2 The biotin, pyridoxal, and pyridoxamine used in this
study have been supplied through the courtesy of Merck
& Co., Inc.; the methionine, through the courtesy of
Wyeth, Incorporated.

advantage since this serves as a "label" in the in-
terpretation of the metabolic fate of the adminis-
tered methionine.

In the present study a standard dose of DL-
methionine was administered intravenously. Ob-
servations were then made on the rate of disap-
pearance of the amino acid from the plasma to-
gether with a comparison of the excretion of free
methionine and sulfate sulfur before and after the
substance was given. Since the racemic DL-
methionine was used, it was of interest to follow
the metabolism of both isomers. This was made
possible by the separate analysis of samples by
two micro-organisms, one utilizing only the L-
isomer, the other, both D- and L-isomers.

METHODS

All patients (veteran and naval personnel) received a
standard high protein, high carbohydrate intake over a
two-day period preceding the test, during which time all
medication was discontinued. They received no food
from 8:00 p.m. the preceding night until after the 180-
minute blood and urine samples had been obtained.
Methionine determinations were made on deproteinized
filtrates of plasma obtained from heparinized blood.
After removal of a blood sample for determinations of
the fasting methionine level, 50 cc. of a 3 per cent DL-
methionine solution were injected over a five-minute
period. Blood samples were then drawn at 15, 30, 60,
120, and 180 minutes after the injection. Urine samples
corresponding to a two-hour period prior to the admin-
istration of the test dose of methionine as well as to the
subsequent three-hour period were collected and assayed
for methionine and, in some cases, sulfate sulfur (both
free and total), and total amino nitrogen. This latter
constituent will be discussed in a later communication.
In several instances, methionine excretion during various
periods up to 48 hours after the test dose had been given
was measured.

Methionine was determined microbiologically using as
test organisms Leuconostoc mesenteroides, P-60, for the
assay of L-methionine and Lactobacillus fermenti, 36, for
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assay of DL-methionine. Apparent D-methionine con-
centrations were obtained by difference. All other ana-
lytical details were as described in previous publications
from this laboratory (7, 8). Standard chemical methods
were used for the sulfur and amino acid determinations
(9, 10).

RESULTS

The data here presented represent observations
over a 15-month period on normal men and in men
with acute, chronic, convalescent, and healed (in-
active) liver disease.

Fasting methionine values

The plasma fasting L-methionine levels varied
over a considerable range, from 0.22 to 1.48 mg.
per cent in normal controls with an average of
0.73 + 0.673 mg./100 cc. The average for pa-
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tients, if values at all stages of the disease are in-
cluded, is higher than that of normals. Certain pa-
tients with very severe, active liver disease had
extremely high fasting values, up to 4.00 mg. per
cent, and an occasional patient who had received
oral methionine in the recent past, had still higher
plasma L-methionine levels; but over 90 per cent
of the fasting values in patients fell in the control
range. Except for those patients with very high
values, no particular significance can be attached
to the fasting levels, since a high degree of vari-
ability in fasting blood methionine is apparently
the usual situation. Contrary to expectation, some
individuals had measurable fasting levels of D-
methionine.

Observations on normal subjects
Figure 1 illustrates the variations in plasma L-

and D-methionine as observed at various intervalsA:)ft2

--DLMETHIONINE
0-.-- D-METHONINE

W L-METHIONINE
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FIG. 1. PLASMAANDURINARYD- ANDL-METHIONINE, ANDURINARY SULFATE,
PRIOR ANDSUBSEQUENTTO METHIONINE INFUSION IN NORMALINDIVIDUALS
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after the intravenous infusion of the methionine
solution in normal subjects. It will be noted that
the peak values obtained 15 minutes after the in-
jection, decline rapidly up to the 30-minute post-
injection period, then more slowly and regularly
over the succeeding 150 minutes. Apparently
there is a very rapid initial diffusion of the amino
acid into extravascular spaces, since even a very
short time after the test dose was given, less than
one-fourth of the injected material could be ac-
counted for in the plasma. The rapid disappear-
ance of L-methionine from the plasma during
the 15 to 30-minute period is presumably referable
to diffusion plus utilization. The slow, steady
drop in plasma L-methionine concentration over
the 30 to 180-minute period is attributed to utili-
zation alone (anabolism plus catabolism). This
interpretation is buttressed by observations on in-
terstitial fluid methionine levels in a patient with
cirrhosis (Figure 2). The actual figures obtained
for the various points on the curve (in Figure 1)
varied in different individuals since a fixed test
dose was used regardless of variation in body size.
However, by expressing the rate of disappearance
as mg. of plasma methionine on a per hour basis,
calculated for the 21/2-hour period between the
30- and 180-minute points, it was possible to re-
duce all studies to a comparable equivalent. In an
original series of 11 normal individuals the av-
erage rate of disappearance was thus calculated to
be 0.41 + 0.03 mg. per cent per hour for the L-
isomer (7). The subsequent study of several
other normals when added to this original series
yielded a rate of 0.45 + 0.03 mg. per cent per
hour. This latter figure has been used as an
average normal standard in the comparative stud-
ies. of methionine metabolism in liver disease to
be discussed in the present paper.

Figure 1 also details the average hourly excre-
tion of DL- and L-methionine as well as sulfate
sulfur, total and ethereal, measured for the two-
hour period preceding the methionine injection
and during the subsequent three hours. Negligible
quantities of L-methionine were excreted at any
time. After injection, a maximum of only 3.36
mg. per hour, with an average of 1.12 ± .22 mg.
per hour, was found. This indicates that even
though the plasma L-methionine level was raised

as much as five times the normal fasting level, the
maximal rate of renal tubular reabsorption was
not reached.

The curve illustrating the average D-methionine
levels at intervals after injection of the test amino
acid indicates that although the peak values are
higher, those obtained at 180 minutes tend to be
lower than the comparable L values. Thus a
higher rate of disappearance for the D-isomer was
usually observed. Inspection of the data on rates
and extent of excretion of the D-isomer shows that
a very considerable quantity is excreted during
the initial three hours and this fact probably ac-
counts in large part for the more rapid removal of
this isomer from the plasma. However, so far no
consistent pattern for the D-isomer either in rates
of disappearance from the plasma or excretion
could be detected. Hence, only the L form has
been considered in evaluation of metabolic ab-
normalities in hepatic disease.

Urinary sulfate sulfur excretion during the two
hours preceding and the three hours following
methionine administration has been utilized as an
index of the catabolism of endogenous, and exog-
enous-plus-endogenous sulfur-containing amino
acids, respectively. In an initial group of six nor-
mal individuals an average pre-methionine rate of
20.3 mg. per hour was obtained, rising to a rate
of 28.0 mg. per hour during the three-hour post-
methionine period. Since the sulfur content of
the 1500 mg. of methionine administered is 322
mg., it would seem that little of the methionine is
catabolized during the initial three-hour period.

Observations in liver disease

It was anticipated that an acutely damaged liver
could not as readily utilize administered methio-
nine as the normal organ. The observations to
follow support this hypothesis.

(a) Acute Hepatitis. Initial values from 14 pa-
tients in the pre-convalescent phase of the disease
are included in Figure 3. It will be noted that the
average rate of disappearance of methionine from
the plasma in these patients is slower than that for
the normals. Ten of these patients had rates rang-
ing from 0.13 to 0.26 with an average for all 14
patients of 0.26 ± 0.02 mg. per cent. Whencom-
pared to the average normal figure of 0.45 + 0.03
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mg. per cent, this difference was shown to be
statistically significant (DM: SDM= 4.7).4

The urinary excretion of L-methionine after the
test dose averages 1.83 + .52 mg. per hour as com-
pared to 1.12 + .22 in normals. For the two-
hour fasting period prior to the test dose, the
hepatitis patients had an average excretion of
0.16 mg. per hour as compared to 0.12 in normals.
Neither of these differences has statistical signifi-
cance.

-'This refers to the ratio of the difference of the means
(DM,) to the standard error of this difference (SD,), calcu-

lated as follows: SD, I dU1' +2di'/nin: where

Zd2 represents the sum of the squares of the differences from
the mean and "n" equals the number of cases. When this
ratio exceeds 3, results are considered significant.

Inorganic sulfate sulfur excretion in four of the
acute hepatitis patients averaged 22.0 mg. per hour
pre-methionine and' 35.4 mg. per hour post-
methionine. Insufficient data are at hand to per-
mit of valid statistical evaluation at this time.

(b) Convalescent Hepatitis. As convalescence
progresses in the patient with acute hepatitis, the
rate of disappearance of administered L-methionine
rises to normal or super-normal levels and the
urinary sulfate excretion approaches the normal
pattern. These findings are included in serial
observations in a representative patient during the
acute and convalescent phases of a moderately se-
vere hepatitis (Figure 4). The clinical course of
the disease is indicated by the total serum bilirubin
levels. During the early acute phase of the disease,
it will be noted that in addition to a minimal rate
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of disappearance of plasma L-methionine, the fast-
ing L-methionine levels were markedly elevated-
to more than four times the average fasting level.
Return to a normal fasting level preceded the
restoration of a normal rate of disappearance.

(c) Chronic Hepatitis. The diagnosis of chronic
viral hepatitis is arbitrarily assigned to those pa-

tients who, over a period of six months or longer
have failed to recover from an attack of established
or presumptive hepatitis. In view of the obscure
etiology of the syndrome and the likelihood of
progressive hepatocellular damage and replace-
ment fibrosis (cirrhosis) in such individuals, these
patients represent a small but important segment
of the entire group. In Figure 5, data on three
such individuals are presented. The rate of disap-
pearance of plasma methionine is normal in all
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but one instance. A high fasting methionine is
noted on one occasion in the man with the most
severe hepatitis together with a very high level of
urinary sulfate, then and subsequently. The data
in these patients is still inadequate for any but
inferential purposes. A high rate of catabolism
may explain the "normal" rates (vide infra).

(d) Chronic Liver Damage (Cirrhosis). The
term "cirrhosis" is used in referring to patients
under study in this group. All patients so desig-
nated have extensive hepatic fibrosis with or with-
out fatty infiltration, with varying degrees of ac-

tive hepatocellular damage. The exciting etiology
in the majority of instances is chronic alcoholism
with resultant and/or concomitant dietary insuffi-
ciency, continuing or recurring over a period of
many years. Some of the patients have had
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marked degrees of ascites, with or without other
manifestations of portal hypertension. The diag-
nosis has been proven in all instances by one or

more biopsies. Weregard these patients as being
most satisfactory for controlled metabolic studies
because of "known" etiology, absence of unpre-
dictable fluctuation in clinical and biochemical
status, and because of the existence of a "panel" of
tests which roughly but adequately reflect the histo-
logical and physiological status of the liver.

The same procedures and technics were used
as in the preceding groups of patients. Figure 6
shows the average values initially obtained in a

group of ten such patients, in three of whom only
fasting levels were obtained.

Considering only these determinations, an aver-

age rate of disappearance of 0.26 + 0.04 was ob-
tained. The difference between this initial rate
and that already noted in normals is statistically
significant (DM: SDM= 3.2). When26 values ob-
tained in 12 patients at all stages of the disease
were averaged, a mean rate of 0.22 + 0.05 mg. per

100 cc. per hour resulted. Statistical comparison
of this figure with that obtained in normals reveals
a ratio of DMto SDMof 10-a highly significant
difference. The inclusion of only the initial values
in construction of Figure 6 is done for the sake
of uniformity; i.e., to permit of proper comparison
between these data and those obtained in hepatitis
patients.

L-methionine excretion averaged 0.163 mg. per

hour before injection, and 0.770 mg. per hour
post-injection, figures not significantly different
from the control values. This statement also ap-

plies to values obtained in all stages of the disease.
The urinary sulfate values included in Figure

6 are too few for significance. In Figure 7 are

shown a series of pre- and post-methionine urinary
sulfate values obtained in a group of patients with
chronic liver damage. It will be noted that the
majority of these values fall within the normal
range. Two highly abnormal values are in-
cluded at this time only for purposes of brief
comment (RIC and DRE). While both had high

FIG. 5.
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pre-methionine values, there was a sharp fall in
the post-methionine sulfate in RIC (chronic hepa-
titis) and a sharp rise in DRE. Patient RIC has
made some response to therapy. DRE died of
acute hepatic insufficiency about six weeks later.

The use of larger doses of methionine

The original selection of 1.5 grams of DL-
methionine as the intravenous dose was highly ar-

bitrary based upon no more profound reason than
that the water solubility of the material at room

PLASMA VALUES FOR L METHION-
NINE & TOTAL AMINO NITROGEN
AFTER I.V. INNJECTION OF VARYING
DOSESOF DL METHIONINE
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temperature was about 3 per cent, and that a 50-cc.
syringe was the largest syringe with which one

could conveniently work. That this dose proved
to be an amount which answered many of our

questions, has been a source of gratification.
A few patients have received larger dosages-up

to 4.5 grams (150 cc. of a 3 per cent solution)
given under the same conditions as those pre-

viously described for the smaller amount. The
data so obtained indicate that the initial 15-minute
values for D- and L-methionine are roughly pro-

portional to the dose; that the disappearance from
the plasma of L-methionine follows the same pat-
tern as in the case of the smaller amount; that there
is not a significant increase in urinary L-methio-
nine, but that the urinary D-methionine content is
roughly proportional to the amount administered
(Figures 8a and 8b). The net result of this small
number of observations was to assure us that a

larger, less convenient dose had no physiological
advantage.

DISCUSSION

The purpose of this paper is to present certain
.0

fundamental observations on methionine metab-
o olism, particularly insofar as this subject is related
~-. to normal and abnormal liver physiology in the

human subject. The possible clinical implications
fit-+- of these data will be considered in a separate com-

munication, in which correlation of these proce-

dures and of certain standard tests of liver function
will be stressed.

Urinary excretion

One would expect that the natural isomer of an

essential amino acid would have a high priority
rating in terms of renal tubular reabsorption.
Such is the case in man with L-methionine as ade-
quately demonstrated in all subjects studied and
with all doses used. Furthermore, that the renal
physiology of L-methionine is not significantly al-
tered by acute or chronic liver damage is. likewise
well demonstrated, despite the major differences
in the rate of "utilization" of the L-isomer, as evi-
denced by blood studies, in many patients with
liver damage. Reports on urinary methionine
content (11, 12), therefore probably have no sig-
nificance in terms of normal or abnormal liver
physiology.

686

I



THE FATE OF INTRAVENOUSLYADMINISTERED METHIONINE

The fate of D-methionine
The interpretation of the data obtained on

plasma and urinary D-methionine is difficult. It
is apparent that rapid and considerable renal ex-
cretion occurs in all instances. Such data as are
available on urinary methionine in patients who
received the 4.5 gram dose of DL-methionine, sug-
gest that a mathematical relationship does exist
between the size of the dose of the D-isomer and
the urinary content of this material, as contrasted
to the natural isomer. Whether biological tubular
reabsorption exists is still to be determined. In
any event, it appears that the rate of disappearance
from the plasma, while, on the average, more rapid
than that of the natural isomer, cannot be ac-
counted for on the basis of renal excretion alone,
nor can it be accounted for on the basis of total
catabolism of the methionine molecule. Hence,
anabolism of D-methionine must occur. Whether
such metabolism initially requires deamination fol-
lowed by transamination to the L-isomer is un-
known to us at the present time. The presence of
a specific enzyme (D-amino acid oxidase) in liver
and kidney which initiates such a reaction is well
known. Quantitation of keto acid production and
of other metabolites, now in progress, may help to
throw further light on this problem.

Fasting plasma methionine
An additional factor which deserves emphasis in

regard to L-methionine is the high fasting level
noted in a few patients with acute hepatitis and
during the acute phase of chronic liver damage,
e.g., Patient- SMI (Figure 3). As the disease
subsides, the elevated level returns to normal well
before a normal rate of utilization is achieved.
The analogy to the behavior of blood dextrose in
diabetes is obvious. Work now in progress indi-
cates that very high fasting plasma L-methionine
levels in cirrhotics may be found for several days
after the discontinuance of oral methionine.

L-methionine metabolism
The evidence in support of the interpretation

of the rate of fall during the 30 to 180-minute pe-
riod is also worthy of further discussion, as such
an interpretation is still to be proved. That the
rapid fall during the 15 to 30-minute period is
largely referable to diffusion, is well evidenced by

the plasma-interstitial (edema) fluid values ob-
tained in patient HAN (Figure 2). It is also ap-
parent from the same data that once this initial
diffusion has occurred, equilibrium is maintained
between these two phases of body fluid. As al-
ready noted no phase of the L-methionine plasma
curve is referable to urinary excretion and hence
only two interpretations of the 30 to 180-minute
fall appear to be possible, viz., metabolism or intra-
cellular storage. It would appear unlikely that
cellular storage of methionine, as such, would be
influenced significantly by impaired liver function
and thus only one -interpretation remains, viz.,
utilization (anabolism or catabolism).

Because of the fortuitous presence of sulfur in
the methionine molecule, and the mandatory ex-
cretion of this sulfur as urinary sulfate when the
amino acid is metabolized, one can speak with more
assurance of catabolism than of anabolism. From
the urinary sulfate data which we have so far ob-
tained, one can say that no significant catabolism
of the infused methionine occurs over the three-
hour post-infusion period, with a single exception
(DRE, Figure 7). That this exception occurred
in a man who died of hepatic insufficiency a few
weeks later is probably of considerable impor-
tance. This man, to our initial discomfiture, had
a normal disappearance rate. In retrospect, we
believe that this finding was referable to two fac-
tors-the excessive rate of catabolism, and the
presence of a huge amount of ascites at the time
the test was done. Since the majority of cirrhotics
with ascites, but without evidence of excessive
catabolism, have had abnormally slow rates, it is
probable that the catabolic factor was of more im-
portance in the production of a "normal" rate of
disappearance than was the increased interstitial
fluid volume.

"False normal" rates of disappearance of the
L-isomer have also been noted in a few instances
in men who have had abnormally high fasting
levels. It may be that one should not attempt to
evaluate the utilization rate until the fasting level
has returned to normal.

One further word concerning anabolism-catab-
olism: the small amount of urinary sulfate data
which have so far accumulated in normal indi-
viduals suggests that little of the administered
methionine is catabolized during the first three
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hours. This could be construed as an anabolic
effect. Nitrogen-sulfate ratio determinations now
in progress should support or refute this impres-
sion. A number of the acute and chronic liver pa-
tients have excreted less urinary sulfate after the
methionine than in the basal, pre-methionine pe-
riod. It is our present feeling that this serves as
a. significant index of anabolic effect. Confirma-
tion of this impression, and of other of our present
interpretations of the data presented, await the ac-
cumulation of further pertinent information in
the patients here presented, and in others cur-
rently under study.

SUMMARYANDCONCLUSIONS

1. Normal human subjects remove intrave-
nously administered methionine from the plasma
at a predictable rate.

2. This rate of removal is impaired in many in-
dividuals with liver damage.

3. On the basis of the evidence presented, it
seems probable that the rate of removal is synony-
mous with the rate of utilization (anabolism and/
or catabolism).

4. Urinary sulfate may serve as an anabolic/
catabolic index.

5. Under all conditions studied, the urinary ex-
cretion of L-methionine is negligible, while that
of D-methionine is considerable.
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