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The resistance to the effects of glucagon was studied in isolated hepatocytes prepared from 
male rats treated with 6N-propyl-2-thiouracil (PTU). Incorporation of [Wloleate into 
ketone bodies in response to various concentrations of glucagon (10-5 to 10-'OM) was 
reduced in hepatocytes from hypothyroid rats compared with the euthyroid group. The 
reduced sensitivity to the effects of glucagon on ketogenesis after treatment with PTU was 
associated with a reduced ability of those hepatocytes to maintain cyclic adenosine-3',5'- 
monophosphate (CAMP) at levels required to stimulate ketogenesis. The concentration of 
cAMP in response to glucagon (10-5 to 10-10~)  was diminished in hepatocytes from 
hypothyroid rats, compared with those from euthyroid animals. 

The response of target tissues to various endocrine 
factors and neurotransmitters has been shown to be 
affected by changes in thyroid status (Broadus et a1 
1970; Elkeles et a1 1975; Gutler et a1 1977; Shaheen 
et a1 1982). The increased sensitivity of the myocar- 
dium in rats from hyperthyroid subjects to the 
p-adrenergic agonists is perhaps the most widely 
known example (Heimberg et a1 1964; Berry & 
Friend 1969). However, liver and adipose tissue 
which are involved in the regulation of fuel homeo- 
stasis and metabolism are also markedly affected by 
thyroid status of both man and animals (Broadus et 
a1 1970; Elkeles et a1 1975; Gutler et a1 1977). In 
previous studies (Weiner & Berry 1974) glucagon- 
dependent regulation of ketogenesis and triglyceride 
output was examined in perfused livers from rats 
made hypothyroid by 6N-propyl-2-thiouracil (PTU) 
(1 mg/100g daily). The effects of glucagon on 
ketogenesis and triglyceride output was modulated 
by altered thyroid status. Glucagon caused a marked 
decrease in ketogenesis and triglyceride output in 
perfused livers from hypothyroid animals, while 
h e r s  from hyperthyroid animals showed additional 
increase in ketogenesis and triglyceride output. 

The mechanism(s) by which thyroid status modu- 
lates the effect of glucagon to regulate intracellular 
ketogenesis and triglyceride output may include 
alteration of intracellular cAMP response to glu- 
cagon (Elkeles et a1 1975; Gutler et a1 1977) and/or 
glucagon receptors (Madsen & Sonne 1976; Sperling 
et a1 1980). Furthermore, plasma cAMP responses to 
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glucagon were augmented in hyperthyroid (Gutler et 
a1 1977) and diminished in hypothyroid patients 
(Elkeles et a1 1975). 

In this work, the effects of thyroid status on the 
glucagon-dependent cAMP response were investi- 
gated. Isolated hepatocytes were used to study the 
regulation of cAMP and fatty acid metabolism. 

M A T E R I A L S  A N D  METHODS 
Male rats (125-150 g) were maintained under stan- 
dard conditions for at least one week before treat- 
ment with 6N-propyl-2-thiouracil (PTU) (1 mg/100 g 
s.c.) in 0.9% NaCl at pH 8.5 and administered in the 
dorsolumbar region daily for seven days. 

At the end of the treatment the animals were 
anaesthetized with ether and the livers were 
removed as described by Kohout et a1 (1971) except 
that the posthepatic inferior vena cava and bile duct 
were not cannulated. The livers were then mounted 
in the perfusion apparatus described by Heimberg et 
a1 (1964) and which had a hydrostatic pressure of 
12mL water, and were perfused with a Caz+-free 
Krebs-Henseleit bicarbonate buffer containing 
300 mg glucose dL-1, pH 7-4 at 37°C in an 
atmosphere of Oz/COz (95 : 5%) (Berry & Friend 
1969; Weiner & Berry 1974). Collagenase was added 
to give a final concentration of 0.5 mg mL-1, and 
after 30 min the livers were removed and were placed 
in beakers with the perfusion medium. They were 
then minced and shaken at 80-90 oscillations min-1 
at 37°C for 10 min. The preparation was filtered 
through silk sieves and the cell suspension centn- 
fuged at 45g for 3 min. The cells were counted using a 
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Coulter Counter and then adjusted to 1.5-2.5 million 
cells mL-1 suspension. 

Cell suspensions were shaken at 80-90 oscillations 
min-1 at 37°C in the presence of FFA-albumin 
complex, 0.5 mM oleate, 1% bovine serum albumin 
and 0.0675 pCi mL-1 [14C]oleate. Glucagon in 
glycine buffer (pH 9.0), or glycine buffer alone, was 
added to the medium, when indicated, to give a 
glucagon concentration of 10-11 to 10-5 M. Incuba- 
tions were for 60min for studies of ketogenesis at 
which time 0.5 mL aliquots of cell suspension were 
assayed for ketone bodies. In companion studies, 
cells were incubated without radioactive oleate in the 
medium, and when indicated 1OOpL of those cell 
suspensions were taken for cAMP assay. 

The aliquots of cell suspension for analysis of 
ketone bodies were treated with Ba(OH)* (0.1 mL, 
0.15 M) and ZnS04 (1.0 mL, 2.5%) (Van Harken et 
a1 1969; Michaels et a1 1951). Incorporation of 
[14C]oleate was measured by mercury precipitation 
of ketones (Beibendorf et a1 1970). 

For determination of CAMP, 100 pL of cell sus- 
pension was added to 100 pL of 0.3 M perchloric acid 
and centrifuged. The supernatant was neutralized 
with 20% KOH. Aliquots were then taken for 
determination of cAMP by radioimmunoassay using 
the method of Steiner et a1 (1969, 1972). 
DNA was measured using a modification of the 

diphenylamine reaction as described by Burton 
(1956) and Richards (1974). 

RESULTS 
The rate of ketogenesis and the accumulation of 
cyclic adenosine-3’ ,5’-monophosphate (CAMP) in 
response to glucagon were studied in hepatocytes 
from euthyroid and hypothyroid rats. The concentra- 
tions of cAMP in hepatocytes from either euthyroid 
or hypothyroid animals generally reached a maxi- 
mum within 5 min after the addition of glucagon and 
returned to the basal levels within 15-30 min, 
depending on the concentration of glucagon in the 
incubation medium (Figs 1, 2). 

The cAMP response to glucagon was first ob- 
served at 1 0 - 9 ~  and reached a maximal effect at 

M in hepatocytes from both euthyroid and 
hypothyroid animals. Accumulation of cAMP in 
response to glucagon, however, was substantially 
reduced in hepatocytes from hypothyroid rats com- 
pared with euthyroid controls. The EC50 for glu- 
cagon appears to be similar in both groups. 

The data in Fig. 3 indicate that accumulation of 
cAMP by hepatocytes from hypothyroid rats in 
response to glucagon was less than the euthyroid and 
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FIG. 1. Time-course and dose-course effects of glucagon on 
cAMP accumulation in hepatocytes from euthyroid rats. 
Glucagon concentration: -A-, 10-5 M; ---A- --, 
i o - 6 M .  -A-, 1 0 - 7 ~ ;  - - + - - 10-EM; A, ~ O - ~ M ; - - - O - - - ,  10-10~;&, basal 
level. 
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FIG. 2. Time-course and dose-course effect of glucagon on 
cAMP accumulation in hepatoc es from hypothyroid rats. 
Glucagon concentrations: r, M; - - 0 - -, 
10-6M; -5-, 1 0 - 7 ~ ;  - - -A- - -, 10-EM; 

basal level. 
-A- 1 0 - 9 ~ .  - - -A- - - 1 0 - ’ O M .  -Ap, 

never achieved the same maximum. Furthermore, 
the unchanged EC50 suggests the potency of the 
hormone was not altered by hypothyroidism. 

The basal rate of ketogenesis by rat isolated 
hepatocytes was not altered by the mild hypothyroid 
state induced by treatment with PTU (euthyroid, 
4.99 f 0.47 compared with hypothyroid, 4.56 f 
0.36 pmol [Wloleate mg-1 DNA). Incorporation of 
[Wloleate into ketone bodies was increased by 
addition of glucagon in both groups (Fig. 4). The 
ketogenic response to glucagon was observed at 
10-9 M concentration. Maximal rate, at 10-5 M con- 
centration, observed for the euthyroid rats was 9.40 
L 0.45 and for the hypothyroid rats 6.63 f 0.27 pmol 
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FIG. 3 .  Dose-response curve of glucagon-stimulated cAMP 
accumulation in hepatocytes from: euthyroid +; 
hypothyroid -A- rats. 
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FIG. 4. Modulation by hypothyroidism of the effects of 
fucagon on hepatic ketogenesis. Euthyroid e; 
ypothyroid -A- rats. 

[Wloleate mg-1 DNA. However, the maximal 
change in the rate of ketogenesis due to glucagon was 
approximately two-fold in the euthyroid rats com- 
pared with the basal rate. Stimulation of ketogenesis 
in response to glucagon was reduced in hepatocytes 
from hypothyroid rats compared with euthyroid rats 
at all concentrations of glucagon; the response was 
approximately 50% at the maximal glucagon concen- 
tration compared with that of the euthyroid group. 
The data suggest that the maximal effect of glucagon 
was reduced by hypothyroidism rather than the 
potency of the hormone, since the EC50 was similar 
in both groups. 

D I S C U S S I O N  

The mechanism(s) through which thyroid status 

influence the effects of glucagon to regulate intracel- 
Mar ketogenesis and triglyceride output may include 
alteration by thyroid status of intracellular cyclic 
adenosine-3',5'-monophosphate (CAMP) response 
to glucagon (Elkeles et a1 1975; Gutler et a1 1977) 
and for glucagon receptors (Madsen & Sonne 1976; 
Sperling et a1 1980). Also, plasma cAMP responses 
to glucagon were augmented in hyperthyroid (Gutler 
et a1 1977) and diminished in hypothyroid patients 
(Elkeles et a1 1975). This is relevant to hepatic lipid 
metabolism because plasma and urinary cAMP are 
thought to be derived primarily from hepatic produc- 
tion of the nucleotide (Broadus et a1 1970). The 
number of glucagon receptors were found to be 
increased in adipocytes from hypothyroid rats (Mad- 
sen & Sonne 1976), while the number of functional 
glucagon receptors in livers from hypothyroid rats 
were reported to be reduced (Sperling et a1 1980). 

The resistance to the effects of glucagon on hepatic 
lipid metabolism observed previously in perfused 
livers from hypothyroid rats (Shaheen et a1 1982) was 
further investigated with isolated hepatocytes in the 
present study. In confirmation and extension of 
those studies with perfused livers, incorporation of 
[Wloleate into ketone bodes was reduced in hepat- 
ocytes from hypothyroid rats compared with the 
euthyroid group, at all concentrations of glucagon. 
Furthermore, production of cAMP in response to 
glucagon was diminished severely in hepatocytes 
from hypothyroid rats. 

The data reported herein suggest that one means 
by which thyroid hormones modulate the effect of 
glucagon may be through metabolism or subsequent 
action of cyclic nucleotidase. Several workers have 
investigated the effects of thyroid status on glucagon 
and on adenylate cyclase activity in many tissues in 
an attempt to explain the modulatory effects of 
thyroid hormones. The results have been inconclu- 
sive and conflicting (Levey et a1 1969a, b; Malbon et 
a1 1978; Malbon 1980a, b). Malbon et a1 (1978) and 
Malbon (1980b) observed an increase (35%) in 
[ 125I]glucagon binding to purified membranes 
obtained from hypothyroid rat hepatocytes. This 
increase in binding, however, had no apparent effect 
on cAMP accumulation or adenylate cyclase activity. 
In contrast, Sperling et a1 (1980) observed a decrease 
in the number of functional liver glucagon receptors 
in hypothyroid rats. 

The evidence presented in this study supports the 
hypothesis that thyroid hormones and glucagon are 
related through cAMP metabolism, and that thyroid 
status appears to regulate, at least in part, the 
intracellular cAMP concentrations. 
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