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The effect of increased intracellular adenosine 3 ’ ,5 ’ -monophosphate (CAMP) concentrations on bile acid 
synthesis in isolated rat hepatocytes was investigated. When the cells were incubated in the presence of 
glucagon (0.2 /IM) and theophylline (1 mM) the observed rise in the level of CAMP was accompanied by 
an increase in bile acid production. Hepatocyte CAMP concentrations after 1 h of incubation showed a 
highly significant positive linear correlation with the amounts of bile acid synthesised by the cells during 
this time. These results suggest that bile acid production is related to the concentration of CAMP in isolated 
hepatocytes and provide evidence for a role for the cyclic nucleotide in the regulation of bile acid synthesis. 
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1. INTRODUCTION 

Recent experiments in our laboratory have 
shown that bile acid synthesis in isolated 
hepatocytes is increased in the presence of Bt2 
CAMP [l]. Authors in [2] reported similar effects. 
There is also some evidence from in vitro studies 
that the activity of cholesterol 7a-hydroxylase, the 
rate-limiting enzyme in bile acid synthesis, can be 
increased by phosphorylation [3,4]. These findings 
suggest that CAMP may be involved in the regula- 
tion of bile acid synthesis. If this is so then a rise 
in the endogenous levels of CAMP in isolated 
hepatocytes should lead to increased production of 
bile acids. Glucagon is known to cause a large 
elevation of the CAMP content of isolated liver 
cells [5,6] and this response is increased and pro- 
longed in the presence of the methylxanthine, 
theophylline [5,7]. We have here used a combina- 
tion of glucagon and theophylline to investigate 

the relationship between intracellular CAMP con- 
centrations and bile acid synthesis in isolated rat 
hepatocytes. 

2. MATERIALS AND METHODS 

2.1. Chemicals 
Glucagon and collagenase were obtained from 

Sigma (London). Bile acids were removed from 
bovine serum albumin fraction V powder (Sigma, 
London) as in [8]. Theophylline was supplied by 
Chas. Zimmerman & Co. (Perivale, Middlesex). 

2.2. Cell preparation 
Female rats of the Wistar strain (150-250 g) 

were maintained on a diet consisting of 70% 
wholemeal flour, 25% skimmed milk and 5% 
dried yeast. Animals were allowed access to food 
and water ad libitum. 

+ Professor G.S. Boyd died on 10th January, 1983 

Abbreviations: CAMP, adenosine 3 ’ ,5 ’ -monophos- 
phate; Btz CAMP, dibutyryl CAMP 

Hepatocytes were prepared and incubated as in 
[8] except that hyaluronidase was omitted from the 
appropriate perfusion medium and 0.5 mM 
calcium was added. Cell viability was >85% as 
determined by trypan blue exclusion. For bile acid 
determinations duplicate samples from each in- 
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cubation were taken at zero time and after 1 h and 
prepared for radioimmunoassay as in [ 11. Samples 
for estimation of CAMP content were taken at the 
appropriate times, treated as in [9], and assayed by 
a method utilising CAMP binding protein supplied 
in kit form by Boehringer (London). 

2.3. Radioimmunoassay 
Conjugated cholic, chenodeoxycholic and fl- 

muricholic acids were determined using radioim- 
munoassays [lo-121. The rabbit antiserum used in 
the ,&muricholic acid assay differed from that in 
[12] in that it maintained 100% cross-reactivity 
between the tauro- and glycoconjugates. The 
amount of each individual bile acid synthesised by 
the hepatocytes was calculated by subtracting the 
amount found at 0 h from that found after 1 h 
incubation. 

3. RESULTS AND DISCUSSION 

In the experiment shown in fig.1 hepatocytes 
were incubated in the presence and absence of 
glucagon (0.2 PM) and theophylline (1 mM). The 
amount of conjugated cholic acid produced by the 
cells during 1 h incubation was increased 
significantly when the drugs were present (fig.lA). 
Conjugated chenodeoxycholic acid synthesis, 
however, was. unchanged (not shown). We have 
shown that much of the chenodeoxycholic acid 
produced by hepatocytes in vitro is metabolised to 
,&muricholic acid [13]. The sum of the amounts of 
these two bile acids formed by the cells, therefore, 
represents a truer measure of chenodeoxycholic 
acid synthesis than the amount of chenodeox- 
ycholic acid alone. The sum showed a significant 
rise in the presence of glucagon and theophylline 
(fig. 1 B). Conjugated cholic, chenodeoxycholic and 
fl-muricholic acids together probably represent 
about 90% of the bile acid synthesised by isolated 
hepatocytes [l, 131. The sum of the amounts of 
these 3 bile acids (referred to as total bile acid syn- 
thesis for clarity) was increased significantly when 
glucagon and theophylline were included in the in- 
cubations (fig. 1). These results show that glucagon 
in the presence of theophylline stimulates bile acid 
synthesis in isolated hepatocytes. 

As expected CAMP levels in the cells were 
elevated when the drugs were present (fig.lD). 
Previous work has shown that glucagon induces a 
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Fig. 1. The effect of glucagon and theophylline on bile 
acid synthesis and CAMP concentrations in isolated 
hepatocytes. (A) Conjugated cholic acid synthesis; (B) 
conjugated chenodeoxycholic + ,&muricholic acid 
synthesis; (C) conjugated cholic + chenodeoxycholic + 
,&muricholic acid (total bile acid) synthesis and (D) 
CAMP concentrations in isolated hepatocytes incubated 
in the presence (unshaded bars) and absence (shaded 
bars) of glucagon (0.2 CM) and theophylline (1 mM). 
Values given are the mean from 3 separate incubations. 
Error bars show the SD. The results shown represent a 
typical experiment from 8 performed. Significance limits 
(+ glucagon and theophylline vs controls): conjugated 
cholic acid, p < 0.01; conjugated chenodeoxycholic + fl- 
muricholic acid, p < 0.05; total bile acid, p < 0.025; 

CAMP, p < 0.0025. 

rapid rise in CAMP concentrations in isolated 
hepatocytes which reaches a peak after a few 
minutes [5-71. The duration of this elevation can 
be prolonged by increasing the concentration of 
glucagon and by including theophylline in the in- 
cubations [7]. In our experiments, using a concen- 
tration of 0.2pM glucagon and 1 mM 
theophylline, the total amount of CAMP found in 
the cells after 1 h incubation was not significantly 
different from the maximum attained during this 
time (fig.2). This is consistent with the results of 
authors in [7], who used 75 nM glucagon and 
1 mM theophylline and found that the level of 
CAMP in isolated hepatocytes had not declined 
from its peak value after 40 min of incubation. 
Our results, then, show that the glucagon-induced 
rise in CAMP concentrations in isolated liver cells 
is accompanied by a rise in bile acid synthesis. It is 
possible, however, that the two effects are in- 
dependent of each other. To test this the data from 
8 separate experiments were used to estimate the 
correlation between CAMP levels and the amounts 
of bile acid synthesised by the cells in 1 h incuba- 
tion (fig.3). The concentrations of CAMP showed 
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Fig.2. Time course of the effect of glucagon and 
theophylline on CAMP concentrations in isolated 
hepatocytes. Triplicate samples were taken from 
hepatocytes incubated in the presence of glucagon 
(0.2 ,uM) and theophylline (1 mM) at the appropriate 
times and assayed for CAMP. Mean values are shown 
and error bars indicate the SD. CAMP concentrations in 
hepatocytes incubated in the absence of glucagon and 
theophylline did not change significantly from the value 
found at zero time during 1 h incubation. The results 
shown represent a typical experiment from 3 performed. 

a significant positive linear correlation with con- 
jugated cholic acid synthesis (Pearsons correlation 
coefficient, r = 0.65, p < 0.005) conjugated 
chenodeoxycholic acid + /3-muricholic acid syn- 
thesis (r = 0.62, p c 0.01) and total bile acid syn- 
thesis (r = 0.67, p c 0.005). Previous work has 
shown that the production of bile acids by isolated 
liver cells is increased in the presence of exogenous 
Btz CAMP [1,2]. Our findings, therefore, indicate 
that the amount of bile acid formed is related to 
the CAMP content of the hepatocytes and provides 
further evidence for a role for the cyclic nucleotide 
in the regulation of bile acid synthesis. Recent 
reports have suggested that the activity of 
cholesterol 7m-hydroxylase, which is rate-limiting 
for the bile acid pathway, may be increased when 
the enzyme is phosphorylated [3,4]. If this were so, 
then a function for CAMP in stimulating protein 
kinase activity could be envisaged. A link between 
the action of CAMP in increasing bile acid syn- 
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Fig.3. Correlation between CAMP concentrations and 
bile acid synthesis in isolated hepatocytes. (A) 
Conjugated cholic acid (Pearsons correlation coefficient 
r = 0.65, p < 0.005); (B) conjugated chenodeoxycholic + 
fl-muricholic acid (r = 0.62, p c 0.01); (C) conjugated 
cholic + chenodeoxycholic + &muricholic acid (total 
bile acid) (r = 0.67, p < 0.005). The experiments were 
performed as described for fig.1 and each point is the 
mean from 3 incubations. Data from 8 animals were 

used. 

thesis and the phosphorylation of cholesterol 7a- 
hydroxylase, however, has yet to be established.. 

ACKNOWLEDGEMENT 

This work was supported by a Programme 
Grant from the Medical Research Council. 

319 



Volume 168, number 2 FEBS LETTERS March 1984 

REFERENCES 

[l] Botham, K.M. and Boyd, G.S. (1983) Eur. J. Bio- 
them. 136, 313-319. 

[2] Sundaran, G.S., Rothman, V. and Margolis, S. 
(1983) Lipids 18, 443-447. 

[3] Sanghvi, A., Grassi, E., Warty, V., Diren, W., 
Wight, C. and Lester, R. (1981) Biochem. Biophys. 
Res. Commun. 103, 886-892. 

[4] Goodwin, C.D., Cooper, B.W. and Margolis, S. 
(1982) J. Biol. Chem. 257, 4469-4472. 

[5] Johnson, M.E.M., Das, N.M., Butcher, F.R. and 
Fain, J.N. (1972) J. Biol. Chem. 247, 3229-3235. 

[6] Christofferson, T. and Berg, T. (1974) Biochim. 
Biophys. Acta 338, 408-417. 

[7] Pilkis, S. J., Claus, T.H., Johnson, R.A. and Park, 
C.R. (1975) J. Biol. Chem. 250, 6328-6336. 

[8] Botham, K.M., Beckett, G.J., Percy-Robb, I.W. 
* and Boyd, G.S. (1980) Eur. J. Biochem. 103, 

299-305. 
[9] Pointer, R., Butcher, F.R. and Fain, J.N. (1976) J. 

Biol. Chem. 251, 2987-2992. 
[lo] Beckett, G.J., Hunter, W.M. and Percy-Robb, 

I.W. (1978) Clin. Chim. Acta 88, 257-266. 
[ll] Beckett, G.J., Corrie, J.E.T. and Percy-Robb, 

I.W. (1979) Clin. Chim. Acta 93, 145-150. 
[12] Botham, K.M., Boyd, G.S., Williamson, D. and 

Beckett, G.J. (1983) FEBS Lett. 151, 19-21. 
[13] Yousef, I.M., Ho, J., Jeejeebhoy, K.N. (1978) 

Can. J. Biochem. 56, 780-783. 
1141 Botham, K.M. and Boyd, G.S. (1983) Eur. J. Bio- 

them. 134, 191-196. 

320 


