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Untersuchungen zum EinfluB von
cAMP-Effektoragonisten auf die
Synthese von Metallothionein in
primiir kultivierten Ratten-
hepatocyten

Summary The model of rat
primary hepatocytes incubated in
DMEM/F12 (Ham) medium was
used for studying the influence of
the cAMP-effectors epinephrine
(100 pM), norepinephrine

(100 pM), glucagon (1 pM) and iso-
proterenol (1-1000 pM) as well as
the synthetic cAMP-analogon dibu-
tyryl-cAMP on the metabolism of
metallothionein. Liver parenchymal
cells isolated by a two-step
collagenase perfusion were incuba-
ted with DMEM/F12 containing

5 % (v/v) fetal calf serum (FCS)
and 20 yM zinc in Petri dishes.
Experiments were initiated after a
24 h equilibration period by adding
the agonists for 18 h. MT in hepa-
tocyte homogenates was quantified
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by the 19Cd-hemoglobin-binding as-
say. Cell viability was assessed by
the activity of the cytosolic enzy-
me lactate dehydrogenase (LLDH)
liberated into the culture medium
and by trypan blue exclusion. Iso-
proterenol and glucagon produced

a significant increase of cytosolic
MT about 50 %. In contrast, incu-
bation with epinephrine and norepi-
nephrine did not lead to any signifi-
cant effects in the amount of
hepatic metallothionein. Simulating
the influence of cAMP by dibuty-
ryl-cAMP (500 pM) did not affect
the content of hepatic metallo-
thionein. To examine transcriptio-
nal and translational regulatory ef-
fects supplementation of
cycloheximide (0.1-500 uM) and
actinomycin D (0.1-100 pM)
showed a total inhibition of the
agonist induced amounts. Particular-
ly in combination with isoprotere-
nol low LDH activities reflected a
high viability of hepatocytes.

In conclusion, in primary hepa-
tocyte cultures cAMP-mobilizing-
agonists like isoproterenol and
glucagon indicate an independent
effect on the MT-metabolism. This
is possibly due to the de novo syn-
thesis of the protein because sup-
pression by actinomycin D can be
observed. However, cAMP-effec-
tors do not seem to be involved in
the induction of metallothionein be-
cause theophylline and dibutyryl-
cAMP did not affect MT-metabo-
lism by suppressing the

phosphodiesterase or by stimulating
the cAMP-cascade.

Zusammenfassung Am Modell
primérer Rattenhepatocytenkulturen
wurde die Beteiligung von Agoni-
sten des cAMP-Effektorsystems am
Metabolismus von Metallothionein
(MT) untersucht. Alle Experimente
wurden in DMEM/F12 (Ham)-
Medium nach 24stiindiger Vorinku-
bation mit 5 % fetalem Kilber-
serum (FCS) und 20 yM Zn
durchgefiithrt. Zur Untersuchung
einer méglichen Beteiligung von
cAMP-Effektoren am MT-Metabo-
lismus wurde das Nihrmedium zu-
sitzlich mit Adrenalin (100 pM),
Noradrenalin (100 uM), Gluka-
gon (1 yM) und Isoproterenol
(1-1000 uM) sowie dem synthe-
tischen cAMP-Analogon Dibutyryl-
cAMP (500 pM) versetzt. Die Kon-
zentration an MT im Zellhomo-
genat wurde mittels 199Cd-Bin-
dungsassay bestimmt. Die Vitalitét
der Kulturen wurde iiber die Frei-
setzung der Aktivitdt der Laktat-
dehydrogenase (LDH) ins Néhr-
medium und der Anfirbbarkeit der
Zellen mit Trypanblau nachgewie-
sen.

Isoproterenol und Glukagon fiihr-
ten zu einem signifikanten Anstieg
der cytosolischen MT-Konzentra-
tion von bis zu 50 %. Im Gegen-
satz hierzu konnte weder nach
Applikation von Adrenalin noch
Noradrenalin eine signifikante Ver-
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dnderung der MT-Synthese beobach-
tet werden. Die zusitzliche Supple-
mentierung von Theophyllin
(10-1000 pM) und Propranolol
(1-100 pM) als Hemmer der Phos-
phodiesterase bzw. von B-Rezepto-
ren zeigte ebenfalls keine Effekte.
Die Uberpriifung der regulatori-
schen Mechanismen auf transkriptio-
naler und translationaler Ebene mit-
tels Cycloheximid (0,1-500 pM)
und Actinomycin D (0,1-100 pM)
lieB eine vollstdndige Inhibierung
des durch die Agonisten provozier-
ten MT-Anstieges erkennen. Gene-
rell niedrige LDH-Aktivititen, vor
allem in Verbindung mit Isoprotere-
nol, waren Zeichen einer guten
Vitalitit des Systems.

Die vorliegende Untersuchung
zeigt, daB die cAMP-Effektoragoni-
sten Isoproterenol und Glukagon

einen voneinander unabhéngigen
Effekt auf den Metabolismus von
MT ausiiben. Dabei ist der zu beob-
achtende MT-Anstieg auf eine de
novo Synthese des Proteins zuriick-
zufithren, da eine Hemmung mit-
tels Actinomycin D méglich ist.
Trotzdem muB die Beteiligung von
cAMP-Effektoren am Metabolismus
von MT bezweifelt werden, da we-
der nach Supplementierung des
Phosphodiesterasechemmers Theo-
phyllin noch des synthetischen
cAMP-Analogons Dibutyryl-cAMP
eine Stimulation des Systems beob-
achtet werden konnte.

Key words rats — hepatocytes —
cAMP-cascade — metallothionein —
epinephrine — norepinephrine —
glucagon — isoproterenol —
dibutyryl-cAMP

Schliisselworter Ratten — Hepa-
tocyten — cAMP-Effektorsystem —
Metallothionein — Adrenalin —
Noradrenalin — Glukagon —
Isoproterenol — Dibutyryl-cAMP

Abbreviation index DMSO =
dimethy! sulfoxide - FCS = fetal
calf serum - HEPES = N-2-hy-
droxyethylpiperazine N’-2-ethanesul-
fonic acid - LDH = lactate dehydro-
genase - MT = metallothionein -

ns = not significant - p = prob-
ability (level of significance) -

PBS = phosphate buffered saline -
TRIS = tris(thydroxymethyl)amino-
methane - U = unit

Introduction

Metallothioneins were discovered in 1957, when Mar-
goshes and Vallee (14) were searching for a tissue
component responsible for the natural accumulation of
cadmium in mammalian kidney. Mammalian metal-
Iothioneins (MT) are a group of polypeptides, containing
61 to 62 amino acid residues, among them 20 cysteines
binding 7 equivalents of bivalent metal ions in 2 clusters.
It has been suggested that MT is involved in Zn homeo-
stasis, in Cd detoxification, in supplying metalloenzymes
with Zn and also functions as a radical scavenger. Met-
allothionein is induced in vivo by metals (Zn, Cu, Cd),
steroids, catecholamines, polypeptide hormones and in
response to acute-phases caused by various chemicals,
cold, infections and starvation. For reviews see Bremner
and Beattie (4) Cousins (5, 6) and Sato and Bremner
(20). The mechanism of MT induction can be either a
direct genomic event (metals and glucocorticoids) or an
indirect, integrated physiological response to changes in
neural, hormonal, or hemodynamic homeostasis. Because
of this complexity, classification of various MT inducers
as direct or indirect inducers may be complex when
studied in intact animals. Previous in vive experiments
showed that rat hepatic MT is induced by agonists of the
cAMP-effector-system like epinephrine and glucagon
(7, 11). Use of monolayer cultures of rat liver parenchy-
mal cells has facilitated the observation and elucidation
of the mechanisms of MT induction, whereas proliferat-
ing, immortalized cell lines have changed many of the in
vive metabolic and structural features. Nevertheless, in

vitro studies on the involvement of agonists of the cAMP-
cascade are almost unknown. In this study the role of the
cAMP-effector-system on the synthesis of MT was inves-
tigated by adding natural (epinephrine, norepinephrine
and glucagon) and synthetic effectors (dibutyryl cAMP,
isoproterenol and propranolol) to the medium. The model
of primary rat hepatocytes was used to examine the
separate influences of each mediator. The viability of the
system was assessed by the integrity of cell membrane
and the release of the cytosolic enzyme lactate dehydro-
genase into the medium.

Materials and methods
Isolation and cultivation of hepatocytes

All chemicals exposed to the hepatocytes were, if avail-
able, cell culture tested and sterile or at least reagent
grade. Sterilization of non-sterile chemicals and materials
was performed by dry and wet heat (autoclaving) or for
the heat sensitive collagenase enzymes and hormones
through sterile filtration. Hepatocytes were isolated by a
modification of the two-step collagenase perfusion pro-
cedure described by Seglen (21). All buffers used were
equilibrated with a gas mixture composed of 5 % CO2
and 95 % Oa2.

Liver parenchymal cells were isolated from 3-4 month
old rats (250-300 g) from the Institute’s breeding colony.
The animals were housed under environmentally control-
led conditions (12h light-dark cycle, 22°C, 55 %
humidity). Rats were given free access to a commercial
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rat chow (ALTROMIN, Lage) and tap water prior to
experimentation. Rats were anesthetized by an intraperi-
toneal injection of sodium pentobarbital (90 mg/kg body
weight). The abdomen was opened and 0.5 mL (2500 IU)
sodium heparin (ROCHE, Grenzach-Wyhlen) were
dropped onto the mesentery to prevent blood clotting. The
intestine was displaced to inspect the portal vein and
inferior vena cava. Loose ligatures were tied around the
portal vein and vena cava inferior. An incision was made
along the vena porta and a catheter introduced into the
vein which was connected via a peristaltic pump to a
reservoir with perfusion buffer 1 (107.9 mM NaCl,
6.7 mM KCl, 8.5 mM NaOH, 25 mM HEPES, 5 mM
glucose, 25 mM NaHCOs, 0.01 % phenol red, pH 7.4)
at 37 °C. The vena cava inferior was severed for per-
fusate outflow and the catheter fixed by tightening the
ligature. While the thoracic cavity was opened the liver
was perfused in situ at a flow rate of 20 mL/min. The
thoracic vena cava was cut and the flow rate increased
to 30 mL/min. A second catheter was inserted into the
thoracic vena cava and secured by a ligature. After
200 mL of perfusion buffer 1 had passed the liver it was
changed to perfusion buffer 2 (perfusion buffer 1 plus
3 mM CaCl; and 0.1 % collagenase H (Boehringer-
Mannheim). The intercellular junctions were dissolved by
recirculating 100 mL of this enzyme-containing buffer
through the liver for 12 min at 30 mL/min. The liver was
cut off with care and the liver cells were liberated into
the ice-cold perfusion buffer 1 by gently raking with
SCiSSOrS.

Parenchymal cells were separated from nonparenchy-
mal cells and vascular debris in three washing steps. The
initial cell suspension was filtered through a nylon gauze
(150 pm pore size), centrifuged (63 g, 2 min), the super-
natant discarded, the pellet suspended in buffer 1, filtered
through a 80 pm nylon mesh and pelleted again. The
washing was repeated without filtration in ice-cold
DMEM/F12 (Ham) medium with glutamine and HEPES
(Gibco, Eggenstein) and resuspended in DMEM/F12 me-
dium supplemented with 107 M insulin, 5 mg/L transfer-
rin and 50 mg/l. gentamycin (Boehringer-Mannheim),
subsequently termed as basal medium. Cells were counted
and cell viability was estimated by trypan blue exclusion
in a hemocytometer (Fuchs-Rosental). Routinely
> 100 x 106 cells/100 g body weight were yielded and
the viability was assessed > 75 %. Cells were finally
diluted in basal medium containing 10 % (v/v) fetal calf
serum (FCS) (Boehringer-Mannheim) to obtain 1.1 x 106
cells/mL. Collagen-coated 60 mm polystyrene culture
dishes were inoculated with 2 mL aliquots of the final
cell suspension. Collagen coating of culture dishes was
performed according to (22) with rat tail collagen (Serva,
Heidelberg). Culture dishes were incubated at 37 °C
(98 % air/2 % CO2, 95 % humidity). After a 70 min
incubation period, the medium with unattached cells was
aspirated and the cultures were washed with 3 mL of

phosphate buffered saline (PBS) (1369 mM NaCl,
27 mM KCl, 6.5 mM NasHPO4x 2 H;O, 1.5 mM
KH;PO4, pH 7.4). Afterwards, cells were cultured in 3
mL fresh basal medium supplemented with 10 % (v/v)
FCS (7.3 uM Zn) (Myclone plus, Gibco, Eggenstein) for
a further 24 h. In this equilibration period the hepatocytes
adapted to in vitro conditions, recovered from the isola-
tion stress and flattened to a monolayer.

Experimental design

After 24 h the medium was changed and experiments
initiated by adding effectors (0.5 % of volume). The Zn
concentrations of the media were approximately 20 uM.
Control culture dishes were supplemented with the sol-
vents. Experiments were performed with FCS (10 % (v/v)
with 7.3 pM Zn) incorporation into the medium during
the 24 h equilibration period. All incubations usually
lasting 18 h were done in triplicate from two independent
cell preparations (n = 3; one batch). Agonists and their
concentrations tested are listed below:

Actinomycin D (SIGMA,
Deisenhofen) in PBS

Butyrate (Sigma,
Deisenhofen) in PBS

Cycloheximide (SIGMA,
Deisenhofen) in PBS

Dibutyryl cAMP (SIGMA,

0.1, 1, 10, 100 pM
500 pM

0.1, 1, 10, 100 yM

Deisenhofen) in H2O 500 uM
Epinephrine (SIGMA,

Deisenhofen) in 0.9 N NaCl 100 pM
Glucagon (SIGMA,

Deisenhofen) in H.O 1 yM
Isoproterenol (SIGMA,

Deisenhofen) in 0.9 N NaCl 100 uM
Norepinephrine (SIGMA,

Deisenhofen) in 0.9 N NaCl 100 uM
Propranolol (SIGMA,

Deisenhofen) in 0.9 N NaCl 1, 10, 100 pM
ZnS0O4 x 7 H20 (SIGMA,

Deisenhofen) in H2O 20 uyM

Theophylline (SIGMA,

Deisenhofen) in 0.9 N NaCl 10, 100, 500, 1000 pM

Sample preparation and analytical methods

At the end of the experiments the supernatant media
were transferred into plastic tubes. The monolayers were
rinsed with 3 mL PBS and harvested into 2 mL of TRIS-
HCI buffer (10 mM, pH 7.4) with a rubber policeman.
All samples were stored until analysis at -25 °C. Homog-
enization was performed after the addition of a protease
inhibitor mixture (in final concentrations 0.3 mM phenyl-
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methylsulfony! fluoride (Serva, Heidelberg) and 1 mM
benzamidine hydrochloride (Sigma, Deisenhofen) by
sonication (Labsonic U, Braun, Melsungen) for 1 min at
60 W and 0.5 s duty cycle.

Metallothionein in hepatocyte homogenates was quan-
tified by the 199Cd-hemoglobin-binding assay (12) using
a high specific activity Cd solution (1.15 uCi 199Cd (car-
rier free, Amersham, Braunschweig) and 1.5 pg Cd/mL
in 10 mM TRIS-HCI, pH 7.4) and 20 000 g for centrifu-
gation of samples. Cell viability was assessed by the
activity of the cytosolic enzyme lactate dehydrogenase
(EC 1.1.1.27, LDH) liberated into the culture medium
(10). Protein concentration was evaluated according to
the Lowry-Folin method (9). Media zinc was analyzed
by atomic absorption spectrophotometry in an air-acety-
lene-flame (Philips PU 945, Kassel).

Statistical analysis

All experiments were compared by analysis of variance.
After testing homogeneity of variance and if analyses
indicated significant differences, treatment effects were
determined by comparison to appropriate controls by
LSR-test for multiple comparisons of means. Student’s
r-test was used to compare two means. Results from
agonists of the cAMP-cascade were processed by regres-
sion models for elimination equations and for increase
equations, evaluating a dependence on agonist concentra-
tion. Differences were considered significant if p < 0.05
and marked by asterisks (*).

Results and discussion

Previous time- and dose-dependent experiments detected
maximal differences in metaliothionein (MT)-content be-
tween control and treatment after a period of 18h.
Groups treated with isoproterenol (100 pM) showed a
significant increase in cytosolic MT-content of about
30-70 %. Similar rises in MT-induction were measured
in relation to 1 pM glucagon. Nevertheless, neither epi-
nephrine (100 pM) nor norepinephrine (100 pM) led to
a significant increase of hepatic MT (Fig. 1A). None of
the supplements effected a significant rise in the activity
of lactate dehydrogenase (LDH) released into medium.
Only in the case of isoproterenol- and glucagon treatment
was the viability of hepatocytes improved measured by
low LDH-activities (Fig. 1A and 1B). Brady and Helvig
(2) and Brady et al. (3) reported after iv- and ip-appli-
cation of cAMP-mobilizing agonists significant increases
in the cytosolic MT-content. In the case of the synthetic
effector isoproterenol a larger amount of MT was de-
tected than when the natural agonists epinephrine and
norepinephrine were supplemented. To our knowledge no
literature is available about the influence of isoproterenol
on the MT-metabolism in primary hepatocytes. In the

present study glucagon, epinephrine, norepinephrine and
the synthetic cAMP-analogon dibutyryl-cAMP produced
a significant induction of hepatic MT under similar con-
ditions (Figs. 1A, 1B and 2). With the model of cell
culture, concentrations of effectors in micromole-levels
are necessary to get effects comparable with in vivo
studies (17, 18). In previous time- and dose-dependent
experiments agonist concentrations between 100 and 200
UM showed optimal increases of MT. Concentrations of
500 uM and more did not produce any higher amounts
and reduced the viability of the system measured by the
leakage of the cell membrane (LDH) and the condition
of the cell ground. This demonstrates the narrow area of
effector-concentrations necessary to get an optimal induc-
tion of MT without cytotoxical effects.

Theophylline influences the duration and intensity of
the effects produced by the agonists of the cAMP-cascade
by blocking phosphodiesterase and leads to a prolonged
or an intensive reaction. Application of dibutyryl-cAMP
simulates the effects produced by cAMP. The addition of
isoproterenol (100 uM), glucagon (1 pM) and theophyl-
line in four concentrations (10 pM, 100 pM, 500 pM and
1000 pM) was used to investigate the influence of theo-
phylline on the induction of MT (Fig. 3A). A possible
effect of theophylline on the MT-induction should be
independent of the MT-induction caused by isoproterenol
and glucagon. However, none of the theophylline concen-
trations led to a significant influence on the agonist in-
duced MT-increase (Fig. 3A). Dibutyryl-cAMP produced
only a moderate increase of cytosolic MT, which was not
intensified in the presence of theophylline. However,
0.5 pM butyrate as a metabolite of the dibutyryl-cAMP
catabolism caused a distinct increase of the MT-concen-
tration (Fig. 2). In general, low LDH-activities were not
influenced by adding the effectors. In groups supple-
mented with isoproterenol or isoproterenol plus theophyl-
line a decrease in LDH-release was measured. Cousins
and Coppen (8) also incubated primary rat hepatocytes
with 0.5 mM dibutyryl-cAMP and 0.5 mM theophylline.
However, a theophylline control group was missing. After
18 h incubation time a distinct increase of hepatic MT
of about 50 % was observed. When both supplements
were added separately or simultaneously, other authors
(1) reported a 50 % or 100 % increase of cAMP respec-
tively. Therefore the independent effect of the MT-induc-
tion by isoproterenol and glucagon, not influenced by
theophylline, demonstrates that an involvement of cAMP
on the MT-induction is improbable.

A clear explanation for the increasing MT-content
caused by butyrate cannot be given, although comparable
effects are reported in literature. In tumor cells sodium
butyrate (0.5 mM) activates a number of enzymes like
adenylatcyclase, but not phosphodiesterase (19). Waalkes
and Wilson (23), working with an established cell line
based on rat hepatocytes, reported no MT-inducing ef-
fects of cadmium when butyrate was added simultane-
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Fig. 1 Relative changes in

MT-content in rat hepatocytes
and activity of LDH (%) in
culture media following a 18 h
treatment with isoproterenol
(100 uM), epinephrine (100
uM), norepinephrine

(100 uM), glucagon (1 pM)
(A), isoproterenol (100 uM) in
combination with propranoclol
(100 uM) (B). Hepatocytes
were cultured in DMEM/F12
(Ham) medium and
preincubated for 24 h with
fetal calf serum (FCS, 10 %
v/v). Asterisks (*) indicate a
significant difference of
treatment from the
representative control by LSR
test (p < 0.05, n = 3).
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ously. If hepatocytes were preincubated with butyrate the
content of Cd-induced MT was doubled.

The B-receptor blocking agent propranolol did not in-
fluence the basic MT-level of primary cultured rat hepa-
tocytes in an area of 1 pM-100pM (Fig. 3B). Simulta-
neous supplementation of isoproterenol (1060 pM) and
propranolol (1 pM) did not effect the MT-induction by
isoproterenol, whereas increasing concentrations of B-re-
ceptor blocker led to a significant reduction of the cy-
tosolic MT-level. Equimolar application of isoproterenol
and propranolol (100 pM), which show an almost iden-
tical receptor-binding-affinity, produced a 50 % inhibi-
tion of the isoproterenol-mediated MT-increase. None of
the supplement combinations produced a significant
change of LDH-activity in the media. Brady and Helvig

(2) also describe a 50 % inhibition of the isoproterenol-
(5 x 10 pg/kg LW) induced MT-increase in the liver of
rats by propranolol (2 x 10 mg/kg LW). They concluded
B-receptor agonists are involved in the synthesis of MT.

On the one hand, cycloheximide, a selective inhibitor
of the transketolase of 80 S-ribosomes, produces in con-
centrations of 0.1 pM and 1 pM a partial or complete
inhibition of the isoproterenol- or glucagon induced MT-
increase (Fig. 4A). On the other hand, a slight inhibition
of cytosolic MT-content was measured if only 1 puM
cycloheximide was supplemented. A further increase of
cycloheximide concentration to 10 pM, 100 pM and
500 pM however showed no differences between control
and treatment groups with isoproterenol and glucagon,
whereas a dose-dependent depression of cytosolic MT-




298

Zeitschrift fiir Erndhrungswissenschaft, Band 34, Heft 4 (1995)
© Steinkopff Verlag 1995

Fig. 2 Relative changes in
MT-content in rat hepatocytes
and activity of LDH (%) in
culture media following a 18 h
treatment with theophylline
(500 uM), dibutyryl-cAMP
(500 uM) and butyrate (500
uM). Hepatocytes were
cultured in DMEM/F12 (Ham)
medium and preincubated for
24 h with fetal calf serum
(FCS, 10 % viv).

Fig. 3 Metallothionein (MT)
content and activity of lactate
dehydrogenase (LDH) in rat
hepatocytes following a 18 h
treatment with isoproterenol
(100 pM) and glucagon (1pM)
in combination with increasing
theophylline- (10-1000 uM)
(A) and propranolol-

(1-100 uM) concentrations
(B). Hepatocytes were
cultured in DMEM/F12 (Ham)
medium and preincubated for
24 h with fetal calf serum
(FCS, 10 % v/v). Asterisks (*)
indicate a significant
difference of treatment from
the representative control by
LSR test (p < 0.05,n=3).
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content and activity of lactate
dehydrogenase (LDH) in rat
hepatocytes following a 18 h
treatment with isoproterenol
(100 pM) and glucagon (1pM)
in combination with increasing
cycloheximide- (0.1-100 uM)
(A) and actinomycin D-
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levels was measured. In a range from 0 uM to 500 pM
cycloheximide supplementation the hepatic MT-content
was reduced by about 40 %-70 % in groups treated with
isoproterenol or glucagon and 31 %—55 % in the controls.
In the case of cycloheximide supplementation, a distinct,
but not significant, increase of LDH-activity was detected
in all groups. Except for the hepatocytes supplemented
with 500 pM cycloheximide no trypan blue stained or
released cells were observed. McCormick et al. (16) re-
ported a decrease of protein synthesis of 84 % when
monolayer hepatocytes from chicken embryos were
treated with 2 pM cycloheximide. Simultaneously levels
of MT-mRNA rose fivefold after the addition of 8 uM
- 96 uM of the transketolase-blocker, whereas a part of
these MT-conserving effects is connected with a reduced
turnover of MT-mRNA. Sarcoma cells of mice, also
treated with cycloheximide, produced a twofold increase
of MT-mRNA after a 90 min incubation period. An in-

tensified fixing of marked uridin in the MT-mRNA points
to a forced transcription (15). This can be explained by
a decrease of repressor proteins and an increased rate of
transcription as a consequence of the reduced protein
synthesis, which can be influenced by cycloheximide re-
ducing the catabolism of MT-mRNA (16). An explanation
for these observations seems to be very complicated.
Effects such as a reduced influx of Zn, a decelerated
reduction of MT, an increased content of MT-mRNA and
an inhibition of the protein synthesis are superimposed
on each other. Studies on the influence of isoproterenol
and glucagon are not reported in literature.

Actinomycin D (0.1 yM), a blocker of protein synthe-
sis, produced a complete inhibition of the isoproterenol
(100 uM)- and glucagon (1 pM)- induced MT-induction
(Fig. 4B). The application of actinomycin D in concen-
trations of 1 pM and 10 pM led to similar results,
100 pM actinomycin D effected a significant reduction
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of the hepatic MT-level. In general, none of the supple-
ments increase the activity of LDH in the media. Only a
concentration of 100 pM actinomycin D with or without
isoproterenol or glucagon raised the LDH-activities to
400 U/L (Fig. 4B). Cousins and Burges (7) attributed the
reduction in MT-content to a de novo synthesis of the
protein by epinephrine (10 pM) and glucagon (1 puM)
because the reaction was completely inhibited by acti-
nomycin D. Failla and Cousins (13) reported that an
accumulation of Zn led to increasing MT-levels after
supplementing dexamethasone to primary hepatocyte cul-
tures. This effect was also inhibited by actinomycin D-
supplementation. A distinct decrease of glucagon-induced
MT is reported in in vivo studies only with a concentra-
tion of 100 uM actinomycin D.

The results in literature and those in the present study
indicate that the conditions for hepatocytes are suitable
for studying hormonal effects proved by the established

response of MT to the cAMP-effectors. This also applies
to the viability measured by the release of LDH into the
medium. The increase of cytosolic MT by isoproterenol
and glucagon is caused by de novo synthesis of the
protein based on the inhibitory effect of MT-synthesis
through actinomycin D. The mechanism of these findings
is still unclear because stimulation of cAMP-cascade with
dibutyryl-cAMP and blockade of phosphodiesterase by
theophylline did not influence the cytosolic MT-level.
Therefore an involvement of agonists of the cAMP-effec-
tor system on the metabolism of metallothionein is ques-
tionable.
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