Tyrosine--Ketoglutarate Transaminase: Induction by

Epinephrine and Adenosine-3',5'-Cyclic Phosphate

Abstract. Epinephrine and the N6-O%-dibutyryl analog of adenosine-3',5'-cyclic
phosphate both are effective inducers of tyrosine-o-ketoglutarate transaminase in
explants of fetal rat liver maintained in organ culture. Combinations of these
inducers with each other and with hydrocortisone, another inducer, yielded results
which suggest that cyclic adenylic acid is an intermediate in the induction by
epinephrine and that the mechanism by which it induces is different from that by

which hydrocortisone operates.

Insulin and glucagon bring about
an induction of rat liver tyrosine-a-
ketoglutarate transaminase [L-tyrosine:
2-oxoglutarate aminotransferase (E.C.
2.6.1.5)] in vivo (Z), in the isolated per-
fused liver (2), and in organ cultures of
fetal rat liver (3). Induction of this en-
zyme by hydrocortisone is more exten-
sive than that obtained with the protein
hormones and has been demonstrated to
operate by a separate mechanism (1).
Available data support the conclusion
that induction by glucagon and insulin
occurs by the same mechanism, but this
has been difficult to reconcile with the
well-known physiological antagonism
exhibited by these two hormones. Since
glucagon stimulates the formation of
adenosine-3",5’-cyclic phosphate (cyclic
AMP) in rat liver (4), as does epineph-
rine (4), it was of interest to test the
latter two compounds as potential in-
ducers of tyrosine transaminase.

Fetal rat liver maintained in organ
culture was used for these studies be-
cause this system is not complicated by
the secretion of other hormones that
occur in vivo (Z). The viability of fetal
liver explants over a 2-day period in
culture and details of the preparation of
the cultures have been reported (3).

Explants of liver from fetal rats at
term were first incubated in the absence
of inducers for 42 hours at 37°C in
Eagle minimum essential medium con-
taining Hanks balanced salt solution,
streptomycin, and penicillin in a humidi-
fied incubator with a gas phase of 98
percent air and 2 percent CO,. Occa-
sional adjustment of the pH was neces-
sary, and dilute NaOH was used to keep
the pH at 7.4 = 0.2.

Various additions were made to the
culture medium at the end of this initial
incubation period, with Hanks solution
used as a vehicle. Five hours later the
explants were removed, blotted, and
homogenized in 1 ml of 0.15M KCl
containing 0.001M ethylenediaminetet-
raacetate. Samples of the homogenate
were assayed for tyrosine transaminase
activity (5) and for protein (6). Incor-
poration of 3H-leucine into protein was
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measured by the filter-paper-disc meth-
od (7).

Epinephrine at concentrations of
10-M or higher produced a two- to
threefold increase in the tyrosine trans-
aminase activity of the explants (Fig.
1A, Table 1). There were smaller effects

at 10~7 and 10—8M. The extent of induc-

tion with optimum amounts of epineph-
rine in this system is essentially the same
as that observed with insulin and glu-
cagon but less than that seen with
hydrocortisone (3). As Litwack and
Wojciechowski have reported (8), the
addition of epinephrine at concentra-
tions from 10-¢ to 10-*M to tissue
homogenates was without significant
effect on transaminase activity assayed
30 minutes later. The effects of epineph-
rine and hydrocortisone on transaminase
activity with optimum concentrations of
each hormone were more than additive,
an indication that each induces by a
separate mechanism.

That both epinephrine and glucagon
induce tyrosine transaminase suggests
that cyclic AMP should also be an effec-
tive inducer. The cyclic nucleotide did
in fact lead to three- to fourfold in-
creases in transaminase activity but
only with concentrations of 3 mM or
higher and only in the presence of
1 mM theophylline, an inhibitor of the
phosphodiesterase that inactivates cyclic
AMP (Table 1) (4). Theophylline itself
led to an increase in transaminase activ-
ity suggesting that endogenous cyclic
AMP is active as an inducer (Table 1).
Because of the very high concentrations
of cyclic AMP required to produce a
response, the N6-O2’-dibutyryl analog of
cyclic AMP was tested as an inducer. It
has been suggested that this more lipid-
soluble analog penetrates cells more
readily and it is more resistant to enzy-
matic degradation than cyclic AMP (4).
The dibutyryl analog proved to be an
effective inducer of the transaminase at
considerably lower concentrations than
cyclic AMP (Table 1). At 7 X 10-5M
a two- to threefold increase in enzyme
activity was achieved with the analog
alone.

In the presence of theophylline up
to fivefold induction was achieved at
7 X 10-5M dibutyryl cyclic AMP (Fig.
1B, Table 1). In the absence of theo-
phylline concentrations of the analog up
to five times higher were required for
maximum induction. The optimum con-
centration of theophylline for potentiat-
ing the effects of 7 X 1075M dibutyryl
cyclic AMP was determined to be 1 mM
in a separate experiment. Consequently,
theophylline was added at 1 mM in
those experiments involving dibutyryl
cyclic AMP. The addition of butyrate,
a possible contaminant or metabolite
of the analog at 10—3M had little or no
effect on transaminase activity, as was
the case with AMP, adenosine diphos-
phate, or adenosine triphosphate at the
same concentrations. The addition of
dibutyryl cyclic AMP at 7 X 10~5M to
homogenates was without significant
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Fig. 1. Concentration dependence of tyro-
sine transaminase induction by epineph-
rine and dibutyryl cyclic AMP. Each point
represents a single culture dish. In each
case, additions were made to 42-hour ex-
plants of liver from term fetuses, and 5
hours later the tissues were homogenized
and assayed for transaminase activity. (A)
Epinephrine; (B) N°O%-dibutyryl aden-
osine-3',5'-cycle phosphate in the presence
of theophylline (10°M); @, controls with-
out added theophylline.
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Table 1. Effects of various additions on tyrosine transaminase activity in organ cultures 9f
fetal rat liver. Data are the mean == standard error, with the number of.observatlons in
parentheses. Five hours after additions were made, explants were homogenized and assays

in the present case, the effect of cyclo-
heximide on induction of the transami-

performed. nase by epinephrine and dibutyryl cyclic
Final Tyrosing AMP (plus theophylline) was deter-
Addition concentration transaminase mined (Table 2). Cycloheximide, at a
(unit/mg of protein) concentration that inhibits protein syn-
None 5302 (14) thesis by about 90 percent, abolished
Epinephrine 5% 10°¢ 154+ .6 (9) induction by the hormone and the cyclic
Hydrocortisone 10 2212 L1 (16) nucleotide. These results lend support to
Epﬁ;g‘;gg;zs:;e 5 >1<0_160 4535193 the conclusion that enhanced de novo
Cyclic AMP + 3% 10 19.8 2.1 (2) synthesis of transaminase protein under-
theophylline 10-¢ lies the action of these agents. There
Theophylline 10 92209 (3) was no effect of epinephrine on general
gigﬁg’;ﬁ ch:llllcc :I\l)g' + ;i 13_5 ;3?;%2 g; protein synthesis, but a slight increase
theophylline 10-2 did occur with dibutyryl cyclic AMP.
Dibutyryl cyclic AMP - 7 X 10- 477269 (4) This effect may have significance in view
theophylline -+ 10-* of a report that this nucleotide stimu-
Diﬁi(ti;f;lorct;sc(l);eAMP N ; >1<0;“0‘5 1894 15 (2) lates the release of nascent protein from
theophylline - 10-: T the polysomes of rat liver (10).
epinephrine 5% 10-5 My results are consistent with the
Dichloroisoproterenol 10-8 8.8 = 0.8 (2) conclusion that epinephrine induces ty-
Dichloroisoproterenol - 10-® 75+ .50) rosine transaminase by a mechanism
5D inePPfine 5% }30“5 . involving cyclic AMP, and that this
Dlﬁgﬁgfiﬁgzg;egeml + i84 213£16 (3) mechanism is different from that by

effect on the activity of tyrosine trans-
aminase.

The degree of induction achieved
with theophylline and dibutyryl cyclic
AMP together is slightly greater than
that elicited by hydrocortisone (Table
1). Optimum concentrations of both di-
butyryl cyclic AMP (plus theophylline)
and hydrocortisone resulted in a slightly
greater than additive increase in the
activity of tyrosine transaminase. The
effects of epinephrine and the cyclic
nucleotide together were not additive,
as would be predicted if they operated
by the same mechanism. The apparent
inhibition of the effect of dibutyryl cy-
clic AMP by epinephrine is not yet
understood.

More evidence that epinephrine exerts
its effect on tyrosine transaminase by
way of cyclic AMP was provided

by studies with dichloroisoproterenol,
which completely blocks the effects of
epinephrine on adenyl cyclase in liver
(4). The addition of this inhibitor alone
produced a small increase in transami-
nase activity, but induction by epineph-
rine was completely blocked (Table 1).
In contrast, no effect of this agent was
observed on the induction by hydrocor-
tisone. The small elevation in enzyme
activity with the blocking agent alone
is consistent with the report that it in-
creases the concentration of cyclic AMP
slightly (4). These results underscore
the point once again that hydrocorti-
sone and epinephrine induce the trans-
aminase by different mechanisms.

So far, all hormonal modifications of
tyrosine transaminase have involved
changes in the rate of enzyme synthesis
(Z, 9). As an indirect test of this point

Table 2. Effects of cycloheximide on induction of transaminase and *H-leucine incorporation.
Data are the mean == standard- error, with the number of observations in parentheses. Cyclo-
heximide was added together with the inducers to 42-hour explants of fetal rat liver. Four
hours later, 2 uc of *H-leucine (5067 uc/umole) were added; and 60 minutes later, the
explants were homogenized. Theophylline (10°M) was added to those dishes receiving

dibutyryl cyclic AMP,

Final Tyrosine *H-leucine
Addition concentration transaminase incorporation
(M) (unit/mg of protein) (cpm/mg of protein)
None 39+0.2(3) 639 =46 (3)
Epinephrine 5 X 10-% 106+ .3 (2) 647+ 3 (2)
Dibutyryl cyclic' AMP 7 X 10 206 = .2 (2) 744 =49 (2)
Cycloheximide 3 X 10 2.8+ .3(2) 5474 52)
Epinephrine -} 5 X 10 27E 3Q) 48+ 8 (2)
cycloheximide 3 X 10
Dibutyryl cyclic AMP - 7 X 108 3 7%= 4(2) 8616 (2)
cycloheximide 3 X 103
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which hydrocortisone increases the syn-
thesis of this enzyme. Since glucagon
also increases the concentration of cy-
clic AMP in liver, it seems reasonable
to suppose that induction by this hor-
mone should proceed via cyclic AMP
as an intermediate. However, the in-
duction response to insulin is virtually
identical to that with glucagon both in
vivo (I) and in the isolated perfused
liver (2), and yet insulin lowers the con-
centration of cyclic AMP in the liver
(11). This apparent discrepancy points
out the need for further experimenta-
tion to resolve the mechanisms operat-
ing to control the synthesis of tyrosine
transaminase.

WESLEY D. Wicks
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