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Abstract. Significant changes in the activities of the enzymes of methionine metabolism
occur in the regenerating rat liver. We found that the levels of methionine adenosyl-
transferase and cystathionine synthase increased immediately after partial hepatectomy. A
secondary peak of activity was noted on the eighth postoperative day. In contrast, activities
of both S-methyltetrahydrofolate homocysteine methyltransferase and betaine —homocys-
teine methyltransferase declined. This pattern of changes suggests that transsulfuration,
rather than methionine conservation, is a major metabolic response in hepatic regeneration.

The major metabolic functions of me-
thionine are utilization for protein syn-
thesis; conversion to adenosylmethionine,
which is both the primary biological methyl
donor and an essential reactant in the syn-
thesis of the higher polyamines; and con-
version to cystathionine and cysteine by
means of the transsulfuration pathway.
Figure 1 depicts these reactions. In view of
the numerous competing pathways, it is not
surprising that the metabolism of methi-
onine appears to be modulated by several
complex mechanisms (1). A major reg-
ulatory locus is the distribution of avail-
able methionine between the synthesis of
protein (Fig. 1, reaction 31) and the forma-
tion of S-adenosylmethionine (Fig. 1, reac-
tion 1). The reactions which utilize
homocysteine provide a second control
point. At that junction homocysteine may
be converted to cystathionine (Fig. 1, reac-
tion 4) which irreversibly commits the
compound to the transsulfuration pathway.
Alternatively there are two enzymes which
may remethylate homocysteine and thus
conserve methionine. Based on both ex-
perimental data and theoretical consid-
erations (1, 2), it is likely that 5-methyl-
tetrahydrofolate homocysteine methyl-
transferase (Fig. 1, reaction 8) rather than
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betaine homocysteine methyltransferase
(Fig. 1, reaction 7) is the primary methi-
onine-conserving reaction.

The rapid regenerative phase, immedi-
ately following partial resection of the liver,
is characterized by an increase in reactions
and pathways which require methionine
and its metabolic derivatives. Consequently
we have studied the effect of partial
hepatectomy on the hepatic activities of the
enzymes which participate in the regulation
of methionine metabolism.

Methods. We used male Sprague—Daw-
ley rats weighing 250—300 g. Wayne Lab
Blox was the routine laboratory diet. Partial
hepatectomy was performed by the method
of Higgins and Anderson (3) under light
ether anesthesia. Laparotomy with ma-
nipulation of the liver was the control,
“‘sham” procedure. Following surgery the
control animals were pair-fed the measured
intake of the hepatectomized animals. This
level was virtually zero for the first 36 hr
postoperatively. During this period we pro-
vided 5% glucose as the drinking solution.

Animals were stunned and sacrificed by
carotid transection. We used published
methods for the preparation of the extracts
and for the assays of methionine adenosyl-
transferase (EC 2.5.1.6) (4); cystathionine
B-synthase (EC 4.21.22) (4); y-cystathi-
onase (EC 4.4.1.1) (4); 5-methyltetrahy-
drofolate homocysteine methyltransferase
(EC 2.1.1.13) (2); betaine—homocysteine
methyltransferase (EC 2.1.1.5) (5); and
adenosylhomocysteinase (EC 3.3.1.1) (6).
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FiG. 1. Methionine metabolism in mammalian liver. Reactions 1 through 5 constitute the transsulfu-
ration pathway. Reactions 1 through 3 together with either reaction 7 or 8 represent the methionine
cycle. Reproduced, with permission, from S. H. Mudd and J. R. Poole, Metabolism 24, 721 (1975).

Protein was determined by the Lowry
method (7).

We analyzed our results expressed as en-
zyme concentration (units/g liver), hepatic
content (units/liver), and specific activity
(units/mg protein). Student’s ¢ test for un-
paired samples was the method for statisti-
cal comparisons.

Results. Table 1 summarizes the data
obtained from studies during the first 2
weeks following hepatectomy. The re-
sponses of the enzymes were not coordi-
nate and no two enzymes followed the same
pattern. The specific activity of methionine
adenosyltransferase increased immediately
after surgery and reached a peak of 170% of
the control value on the second postopera-
tive day. A second, equivalent peak in the
activity of this enzyme occurred on the
eighth day. This biphasic pattern also
characterized the response of betaine—
homocysteine methyltransferase. How-
ever, the magnitude of the maximum
activities was less with this enzyme. Con-
versely the nadir on the fourth day was 58%
for the betaine enzyme and 73% for
methionine adenosyltransferase. The spe-
cific activity of cystathionine synthase
showed only a single peak on the second
day. Thereafter the value declined to the
control levels. During the first 10 days the
specific activity of methyltetrahydrofolate
homocysteine methyltransferase was in-
variably less than the control activity. The
relative value of 132% on Day 15 was not
significant statistically.

When we expressed our results as units
per gram of liver, these patterns changed.
The primary difference was on the second
day and resulted from the significant de-
crease in soluble protein at that time (Table
1). As a consequence the values for
methionine adenosyltransferase and cys-
tathionine synthase approximated the con-
trol level while the values for the two
methyltransferases were decreased signifi-
cantly.

We did not assay the activities of
adenosylhomocysteinase and cystathionase
in all studies. One day after hepatectomy
both the specific activity and the hepatic
concentration of adenosylhomocysteinase
were increased to 117 and 139% (P <
0.001), respectively. These values were at
the control levels when tested 8 days fol-
lowing surgery. We found no significant
changes in hepatic cystathionase activity on
the second and third postoperative days.

Discussion. Changes in the pattern of
methionine metabolism must occur in the
regenerating rat liver since previous studies
have demonstrated enhanced activity in at
least three pathways which require this
amino acid. Clearly the rate of protein
synthesis is augmented. In addition, both
methylation of nucleic acids and histones
(8, 9) as well as the synthesis of polyamines
(10, 11) are increased. The latter two pro-
cesses utilize adenosylmethionine as a
donor of either a methyl group (trans-
methylation) or of a propylamine moiety
(spermidine and spermine synthesis). In-
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TABLE 1. SpecIFIC ACTIVITIES OF ENZYMES IN REGENERATING RAT LIVER®

Liver Cyst.

Day (No.)? weight Protein MAT Syn. mTHF Enz BH Enz
1 (17/15) 51 106 127 + 25¢ 114 = 164 67 = 27¢ 80 + 144
2 (12/10) 60 65 169 + 46¢ 173 = 60¢ 84 £ 29 113 £ 17
4 (13/10) 73 98 73 + 18¢ 116 = 16¢ 87 £ 13 58 = 10¢
6 (5/5) 75 92 131 + 23¢ 9% + 7 92 +19 8 = 10
7 (6/5) 86 100 132 + 28¢ 89 + 22 75 + 25 120 += 119
8 (6/5) 74 100 167 + 55¢ 113 = 46 819 119 = 30
10 (5/5) 87 113 97 + 31 95 + 33 70 + 28 89 + 13
15 (6/5) 89 98 108 = 17 88 +9 132 = 31 122 = 14

« Results for liver weight, protein concentration, and enzyme specific activities are expressed as a per-
centage of the mean values for the sham-operated animals which we studied simultaneously. Abbreviations:
MAT, methionine adenosyltransferase; Cyst. Syn., cystathionine-8-synthase; mTHF Enz, methyltetrahy-
drofolate homocysteine methyltransferase; BH Enz, betaine—homocysteine methyltransferase.

® Number of hepatectomized animals/control animals.

c—¢ P values relative to control.
<P <0.001.

¢ P <0.01.

¢ P <0.05.

deed the level of adenosylmethionine de-
carboxylase (Fig. 1, reaction 27) increases
by approximately 300% within the first 2
days following partial hepatectomy (11, 12).

Based on these considerations we antici-
pated that the enzyme pattern in the re-
generating liver, similar to that in fetal and
growing liver, would reflect the need to
conserve methionine by limiting the syn-
thesis of cystathionine (1, 13, 14). The pres-
ent data indicate the contrary. During the
first 10 days of regeneration the ratio of
cystathionine synthase/methyltetrahydro-
folate homocysteine methyltransferase
invariably exceeds that found in the
livers of the control rats. We observed
values greater than twice normal on Days 1
and 2. Nor is the level of the second
homocysteine methylase increased during
the acute postsurgical period. The concen-
tration of this betaine enzyme is decreased
significantly until the end of the first week.
Consequently the pattern of enzymes
suggests that sustained synthesis of
adenosylmethionine and maintenance of
the transsulfuration pathway characterize
the regenerating liver. This conclusion gen-
erates several interesting questions. An
immediate problem is the source of
methionine during the initial 24— 36 hr when
the rat is neither eating nor apparently con-
serving the amino acid. The plasma con-
centration of methionine increases sub-

stantially following partial hepatectomy
(15, 16). Mobilization from skeletal muscle
and other extrahepatic sources is a likely
explanation.

A second question is the teleological
basis for the observed maintenance of the
transsulfuration sequence. This pathway
provides cysteine and several significant
metabolites including taurine and gluta-
thione. We are tempted to speculate that
one, or more, of these compounds is
essential for the regenerative process.

Finally we may seek a nutritional or hor-
monal mechanism which initiates and coor-
dinates the changes in the hepatic content
of the enzymes. Morley ef al. noted marked
increases in serum glucagon following par-
tial hepatectomy (17). Insulin levels were
constant while growth hormone and
thyroxine declined. However, our previous
studies (2, 5, 18) do not allow a simple cor-
relation between the changes in hepatic en-
zymes and either these alterations in the
levels of hormones or the increase in
plasma methionine.
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