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Transmethylation transects nearly every 
area of metabolism (1) .  I t  is an important 
means of altering the biological activity of 
many compounds including RNA and DNA 
(2 ,3 ) .  Methionine, in its active form, 
S-adenosylmethionine, is a major donor of 
methyl groups in mammalian tissues (4). I t  
may also play a role in the regulation of folic 
acid-mediated ( 5 , 6 )  and other metabolic path- 
ways ( 7 ) .  Methionine adenosyltransferase 
(ATP : L-methionine S-adenosyltransferase, 
EC 2.5.1.6) is the specific activating enzyme 
responsible for the formation of S-adeno- 
sylmethionine from L-methionine and ATP 

* Supported in part by a grant from the China 
Medical Board of New York, Inc. (Grant No. 
66-882). 

(8) .  I t  is also the first enzyme on the catabo- 
lic pathway from methionine leading to a 
variety of products. 

Our previous work (9) has shown that 
me thionine adenosyl transf erase activity was 
increased in the livers of both intact and 
adrenalectomized rats treated with cortisone, 
while adrenalectomy caused a slight decrease 
in level of this enzyme. Marked elevation of 
the enzyme activity also occurred when die- 
tary protein levels were increased (9) and 
following the induction of alloxan-diabetes.l 
The present study is concerned with the 
specificity of the response of hepatic meth- 
ionine adenosyl transferase to different types 
of steroid hormones and the mechanism un- 

1 Lien Shou and Floo Pan, unpublished data. 
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derlying the glucocoticoid-induced increase of 
this enzyme as studied with the inhibitors of 
protein and RNA synthesis.? 

The available data indicate that only those 
adrenocortical steroids and synthetic analogs 
with glucocorticoid activity are effective as 
inducers of hepatic methionine adeno- 
syltransferase. The results further suggest 
that the increase in the enzyme activity 
brought about by glucocorticoids represent 
an accelerated enzyme synthesis de nozlo 
probably involving enhanced DNA-directed 
RNA production. The results obtained from 
the experiments with estrogens and androgen- 
ic-anabolic steroids are reported elsewhere 
(10 ) .  

Experimental procedure. 7reatnient of ani- 
mals. General information about the experi- 
mental animals has been described (10).  
Female Sprague-Dawley rats weighing 120- 
160 gm at start of the experiment were used. 
They were maintained on a commercial diet 
(Taiwan Sugar Corp.) and tap water ad 
libitum. Bilateral adrenalectomies were car- 
ried out under light ether anesthesia 8-10 
days before the animals were sacrificed. 
Adrenalectomized rats were given l y  NaC1 
instead of water, except during the treatment 
with aldosterone or deoxycorticosterone. 
Steroids and/or antibiotics were adminis- 
tered by intraperitoneal injection in doses in- 
dicated in legends to the figures and tables. 
Steroids were given as a solution or as a 
finely dispersed suspension in propylene gly- 
col-0.9c/c NaCl (1 : 1,  v ’v), 0.5 ml or less’ 
100 gm of body weight. Other chemicals 
were administered in 0.9% NaCI. Controls 
were given the vehicle only. 

Analytical methods.  Ilethionine adeno- 
syltransferase activity was assayed essentially 
according to Cantoni and Durell (11) as 
described (9,lO) in the supernatant fractions 
of liver homogenates prepared in 10 mM 
acetic acid containing 5 mM 2-mercapto- 
ethanol and 0.2 mM EDTA and centrifuged 
a t  20,000g for 30 min. Proteins were mea- 
sured by the biuret procedure (12) using 

“Presented a t  the annual meeting o f  the Chinese 
Chemical society, Kaohsiung, Taiwan, December 16, 
1967. 

crystalline bovine serum albumin as stan- 
dard. 

Expression of results. One unit of methio- 
nine adenosyltransferase activity is the a- 
mount of enzyme catalyzing the formation 
of 1 pmole of S-adenosyl-IA-methionine in 30 
min at  37°C. Cnits per mg of protein and 
per liver of a 100-gm rat are referred to as 
specific and total activity, respectively. The 
values cited in discussion of results are those 
of total activity. The same conclusions were 
obtained when specific activities were com- 
pared, except where otherwise noted. The 
data are given for convenient comparison as 
percentages of values found in adrenalectom- 
ized control animals (0.090 k 0.0031 
unit/mg of protein or 34.5 t 2.3 
units’100-gm rat) and expressed as means 
_t standard errors. The results were subject- 
ed to statistical evaluation by t test and the 
significant differences between the means are 
shown when the p value was <0.05. 

Materials. Actinomycin D and 9~-fluoro- 
1 6 ~  - hydroxy- 1 -dehydrocortisol (triamcyno- 
lon) were generously supplied by Merck, 
Sharp and Dohme and American Cyanamid 
Co., respectively. Puromycin hydrochloride, 
cortisol, l-dehydrocortisol ( prednisolone) and 
aldosterone were purchased from Sigma 
Chemical Co : corticosterone, deoxycorticos- 
terone, and ll-epicortisol from Mann Re- 
search Laboratories; cortisone acetate from 
Upjohn Co., and cycloheximide from Nutri- 
tional Biochemicals Corp. All other chemicals 
used were obtained commercially and were 
of reagent grade. 

Results and Discussion. EBects of various 
rorticosteroid hormones on hepatic methio- 
nine adenosyltransferase activity.  In an at- 
tempt to obtain information on the specificity 
of the response, effects of various steroid 
hormones on the hepatic levels of methio- 
nine adenosyltransferase have been compara- 
tively studied in adrenalectomized rats. Be- 
sides gonadal hormones ( l o ) ,  five adrenocor- 
ticoids including cortisone acetate, cortisol, 
corticosterone, deoxycorticosterone, and al- 
dosterone and three synthetic analogues, 
namely triamcinolone, prednisolone, and 1 1 - 
epicortisol, were examined. The results pre- 
sented in Table I show that, among the 
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T A B L E  I. Eff cct.s of Adrciial Corticostcroiils ;id 

Synthetic Analogues oil Hepatic Metliioiiiiie Adrwo- 
sylt raiisferase Activity.” 

Enzyiiie activity 
(% of control) 

s o .  of 
r:i t s  T rea t iii eii t Specific act. Total : \ c a t .  

11 
9 

10 
7 
4 
4 
5 
4 
7 

Co11trol 100 & 4.9 100 2 4.6 
Cortisol 158 2 1 3 . 0  179 f 16.9 
Cortisoiic :icctntc 151 2 2.1 190 2 6.5 
Corticost eroiie 121  2 7.9 121 2 10.8 
Aldosteroiie 98 9.4” 104 2 10.Sh 
I~c.osycorticostcri,n(. 87 2 3.3 92 2 3.7” 
11  -El)icortisol 79 & 3.5 74 & 3.5 
Prediiisoloiie 147 2 1 3 . 7  177 f. 14.0 
T r i : i iiic i ii o 1 o l i e  182 2 9.0 230 2 12.3 

a Atlrciialcc.toiiii?.(.d fciii:ilc rats ~ w r c  given iiitra- 
pc‘ritoiic:illy a single dose ( 6  iiig/100 g i i i )  of wiri- 
oils steroids or wliiclc (coiitrols) a t  zero tiiiic : i i i d  

s:ic.rific.ctl 24 hours later, csccq)t the altlosterone- 
ttwited :t.iiimals. Tlicl latter were girw 75 pg of 
:iltlostcroiic~/l00 gill ilzily for  4 d : i p  aiid sacrificed 
94 liours a f te r  tlie last iiijcctioii. 

” Except those iiiarked as 2, footnote, a11 other 
(1:it:L :ire st:itistic:rlly significantly differeiit :is coin- 
p r e d  witli tlie v : i I i i ~ . s  of :idrrii:~lectomized coiitrol 
I.:rts ( 2 1  <0.0.5). 

steroids studied, all the compounds known to 
have potent glucocorticoid activity increased 
the activity of methionine adenosyltrans- 
ferase in the livers of treated rats. The in- 
crease found with triamcinolone was more 
marked than those obtained with cortisol and 
other natural glucocorticoids. This accords 
with the higher gluconeogenic potency of the 
fluorinated steroids (13). On the other 
hand, two mineralocorticoids, aldosterone and 
deoxycorticosterone, failed to raise the hepa- 
tic level of the enzyme under our experimen- 
tal conditions. In fact, the rats treated with 
deoxycorticosterone had slightly lower en- 
zyme activity than the controls, when calcu- 
lated on the basis of units per mg of protein. 
Further correlation concerning the specificity 
of this response was obtained by testing a 
stereoisomer of cortisol, 1 1 -epicortisol, which 
was biologically inactive with respect to the 
glycogen deposition and an ti-inflammatory 
assays (14). It was also found to be inactive 
in inducing the transferase in liver. Actually 

it lowered the enzyme activity to 7470 of 
the control value. 

The response of methionine adenosyltrans- 
ferase to the treatment with glucocorticoids, 
but not to the treatment with structurally 
related but inactive steroids indicated a spe- 
cific association of the response with glucone- 
ogenic activity. This relationship might be 
explained on a teleological basis, since glu- 
coneogenesis requires the catabolism of ami- 
no acids, and S-adenosylmethionine forma- 
tion is the first step in this process with 
methionine. 

Dose-response study with triamcinolone. 
Since triamcinolone was found to be the most 
potent inducer of liver methionine adenosyl- 
transferase, a dose-response study was car- 
ried out at  one time interval (24 hours) with 
this steroid. Figure 1 shows that a dose of 
0.25-0.5 mg/100 gm was sufficient to induce 
a statistically significant increase in this en- 
zyme. An optimum induction was observed 
with a dose of 6 mg,.’l00 gm which resulted 
in an 246%) increase in enzyme activity. 

Since enzyme increases were lower in the 

0 0.25 0.5 

Tria mcinolon e 

1.0 3.0 6.0 9.0 16.0 

( mg/ ioO g r a t  1 

FIG. 1. Effect of varying doses of triamcinolone on 
liver methionine adenosyltransferase. Groups of 5 or 
more adrenalectomized female rats were given tn- 
am.cinollone in doses varying from 0.25 to 16.0 
mg/100 gm and sacrificed after 24 hours. (*), Statis- 
tically significant difference as compared with the 
values of control rats ( p < O . O S ) .  
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FIG. 2 .  Time course of the induction of hepatic 
methionine adenosyltransferase in adrenalectomized 
female rats by a single dose of triamcinolone, 6 
mg/100 gm body weight. Each group had 4 or  more 
rats. (*) , Statistically significant difference as  com- 
pared with the values of control rats (p<O.Oj). 

group treated with 9 or 16 mg of triamcino- 
lone/100 gm than in the group receiving 6 
mg/100 gm, toxic effects of the steroid 
might be operating a t  the higher dose level. 
Similar interpretations were proposed for anal- 
ogous findings on the inducing effects of 
high doses of corticosteroid hormones on the 
activities of hepatic tyrosine aminotrans- 
ferase ( 15), glucose-6-phosphatase and fruc- 
tose- 1,6-diphosphatase ( 16). 

Time course and magnitude of response 
of methionine adenosyltransferase to tri- 
amcinolone. The  rate of increase in methio- 
nine adenosyltransferase activity in the livers 
of adrenalectomized rats injected intraperi- 
toneally with a single dose (6  mg!100 gm) 
of triamcinolone is shown in Fig. 2. A signifi- 
cant rise (129%') in the enzyme activity 
was detectable within 6 hours and the en- 
zyme reached peak level (31 1 y ) after 48 
hours. 

Figure 3 shows the time course and extent 
of response of the transferase to the adminis- 
tration of repeated doses of triamcinolone. A 
maximal induction (403?,) of the enzyme 

was achieved after 4 daily doses of 6 
mgjlOO gm. 

The time course of triamcinolone-induced 
methionine adenosyltransferase increase re- 
vealed that this enzyme elevation occurs grad- 
ually which is more compatible with a syn- 
thetic mechanism than with activation (cf. 
the experiments with antibiotics discussed be- 
low). The  rather long time required for a 
maximal induction of methionine adeno- 
syltransferase by glucocorticoid also suggests 
a relatively long half-life for this enzyme. 
The  apparent small response of arginase and 
the slow response of alanine aminotrans- 
ferase, as compared to the rapid and large 
response of tryptophan oxygenase and tyro- 
sine amino transferase, have been shown to be 
a reflection of the slower turnover of these 
enzymes ( 17). 

Mechanism of glucocorticoid action on 
methionine adenosyltrans jerase activity. Glu- 
cocorticoids could elevate methionine adeno- 
syltransferase level by directly stimulating 
enzyme activity, or by affecting the synthesis 
or breakdown of the enzyme protein. To 



INDUCTION OF METHIONINE ADENOSYLTRANSFERASE 615 

TABLE 11. Effects of Puromycin and Actinomycin D on the Methionine Adonosyltransferase 
Induction by Triamcinolone." 

Enzyme activity (% of control) 

Expt. no. Treatment No. of rats Specific act. Total act. 

1 

2 

Control 5 
Puromycin (P) 4 
Triamcinolone (T)  8 
T + P  8 
Inhibition of induction by 

Control 5 
Actinomycin D (A) 5 
Triamcinolone (T)  6 
T + A  7 
Inhibition of induction by 

puromycin ( % ) 

actinomycin D ( 96 ) 

100 4.8 
102 -e 5.9 
149 f 6.5b 
115 1 7.3' 

(69) 

100 f 1.5 
93 f 7.7 

143 ~ 1 0 . 7 ~  
116 f 8.1' 

(63) 

100 f 5.8 
94 & 5.3 

152 f 6.7b 
117 f 4.7' 

(67) 

100 f 2.6 
85 f 5.gb 

156 f 4.5b 
122 f 4.6b0 

(61) 

a Adrenalectomized female rats were treated as follows: puromycin hydrochloride (pH 
adjusted to 6.0), 1.25 mg/rat at 0, 2, 4, 6, 8, and 10 hours (total dose, 7.5 mg/rat) ; triamcino- 
lone, 6 mg/100 gm at 0.5 hour ; actinomycin D, 50 @g/lOO gm, about 15 min before the injection 
of triamcinolone. Controls and other rats were given the vehicles instead of the steroid and/or 
antibiotic at the same time. All rats were sacrificed at 12.5 hours. 

Statistically significant diff erence as compared with the va.lues of adrenalectomized controls 

' Statistically significant difference as compared with the values of triamcindonc but not 
(P <0.05). 

antibiotic-treated rats (p <0.05). 
The enzyme levels in control anima.h were subtracted in calculating this value. 

examine the possibility of direct effect, super- 
natant fluids from the livers of control and 
cortisol- or triamcinolone-treated animals 
were mixed and then assayed for methionine 
adenosyl transferase activity. Such admixing 
failed to produce any appreciable activation 
or inhibition of enzyme activity and resulted 
only in the expected summation. In addition, 
enzyme extracts obtained from normal or 
adrenalectomized rats were assayed for meth- 
ionine adenosyltransferase activity with or 
without the addition in vitro of cortisol or 
triamcinolone. The steroids, added as a solu- 
tion in 25 pl of propylene glycol to a final 
concentration of M, as well as the 
solvent used, h.ad no effect on the enzyme 
activity. 

To determine whether the glucocorticoid- 
induced rise in the transferase activity re- 
sulted from increased synthesis of the en- 
zyme protein, the effect of triamcinolone was 
examined in animals treated with compounds 
known to inhibit RNA or protein synthesis. 

The data presented in Table I1 show that 
actinomycin D, 50 d l 0 0  gm, given short- 
ly before triamcinolone, or puromysin, 1.2 5 
mg/rat every 2 hours starting 30 min be- 
fore the administration of triamcinolone, in- 
hibited the induction by 61489% within 12 
hours. Puromycin given alone produced no 
significant alteration in the enzyme activity 
under experimental conditions. Actinomycin 
D lowered the enzyme activity by 15% 
when calculated as total activity. Table I11 
shows the effect of another protein synthesis 
inhibitor, cycloheximide (18), on the cor- 
tisone-induced increase in liver methionine 
adenosyltransferase activity. The results were 
similar to those obtained with puromycin. 
These data are consistent with the interpreta- 
tion that the changes in methionine adeno- 
syltransferase activity brought about by glu- 
cocorticoids are due to increases in the rate 
of synthesis of the enzyme protein. Immuno- 
chemical-isotopic analyses ( 19, 20) would 
provide more direct evidence for this conclu- 



616 INDUCTION OF METHIONINE ADENOSYLTRANSFERASE 

TABLE 111. Effect of Cycloheximide cm the Meth- 
ionine Adenosyltransferase Induction by Cortisone 

Acetate: 

Enzyme activity 
(% of control) 

No. of 
rats Treatment Specific act. Total act. 

8 Control 100 & 2.3 100 2 4.4 
5 Cyclolheximide 78 &lO.Ob 74 f 7.3b 
8 Cortisone acetate 123 2 5.gb 125 2 5.6b 
7 Cortisonc acetate 93 2 5.7” 103 2 7.2” 

+ cycloheximide 

by cycloheximide (%), 
Inhibition of induction (100) (88) 

~~ ~ ~ ~~~~ 

Adrenalectomized female rats were given intra- 
peritoneally cortisone acetate (10 mg/100 gm) and 
/or cycloheximide (50 &g/lOO gm) and sacrificed 12 
hours later. Both compounds were in 0.9% NaCl. 
Controls were given the vehicle. 

b * c ~ d  See footnotes of Table 11. 

sion. However, this enzyme is not available 
in the highly purified form required for the 
preparation of the antitransferase antiserum 
since it was found to be very unstable (21, 
22) .  

Summary. The induction of hepatic meth- 
ionine adenosyltransferase by adrenal cortical 
hormones has been studied in adrenalectom- 
ized rats. Experiments with cortisol, cor- 
tisone, corticosterone, prednisolone, and tri- 
amcinolone revealed that triamcinolone was 
the most potent inducer of methionine adeno- 
syltransferase activity. On the contrary, two 
mineral corticoids, aldosterone and deoxycor- 
ticosterone, and a biologically inactive isomer 
of cortisol, ll-epicortisol, were found to be 
ineffective in raising the hepatic level of this 
enzyme, indicating the specificity of the ac- 
tion of glucocorticoids in this respect. Actino- 
mycin, puromycin, and cycloheximide, inhibi- 
tors of RNA or protein synthesis, largely 
blocked the glucocorticoid-induced increase 
in the enzyme, observed 12 hours after hor- 
mone adminstration. The results suggest that 
the changes in the hepatic levels of methio- 
nine adenosyltransferase brought about by 
glucocorticoids represent enzyme synthesis de 
novo probably involving enhanced DNA- 
directed RNA production. 

The generous gift of actinomycin D from Merck 
Sharp and Dohme and of triamcinolone from Ameri- 
can Cyanamid Co. are gratefully acknowl- 
edged. 
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