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Summary 

Glucagon increased alanine amino transferase (AAT) activity in perfused rat liver by about 90% over 
control. Propranolol, the beta receptor antagonist, abolished the effect of glucagon on this enzyme. Well 
known beta receptor agonists like isoproterenol, norepinephrine and epinephrine also increased the enzyme 
activity under identical condition and the enhancement was similarly abolished by propranolol. These 
experiments suggest that the effect of glucagon on AAT was mediated through beta adrenergic receptor. 
However, the interesting observation was that phenylephrine, alpha receptor agonist and phenoxyben- 
zamine and tolazoline, two alpha receptor antagonists, increased the AAT activity like glucagon in perfusion 
experiments and the effects of all these three agents were also abolished by propranolol. Glucagon, when 
perfused with phenoxybenzamine showed some additive effect. From all these results we are proposing that 
in our system phenoxybenzamine is acting as beta agonist although it is known to be an alpha antagonist. 

Introduction 

Glucagon is a gluconeogenic hormone and gluco- 
neogenesis is controlled either at the substrate level 
[1] or at the enzyme level [2]. The hormone has 
been shown to alter the activity of some of the key 
enzymes of gluconeogenesis like pyruvate kinase 
and carboxylase [3, 4], fructose 1 : 6 bisphosphatase 
[5, 6], phosphoenol pyruvate carboxykinase etc. 
Earlier it has been shown that alanine, amongst all 
the amino acids, is most efficient as precursor of 
gluconeogenesis in liver perfusion experiments [7]. 
Gluconeogenesis from alanine has been reported 
to be stimulated by glucagon in vivo [8], in perfused 
liver [9] and in isolated hepatocytes [10]. It is also 
known that the glucagon mediates its effect on 
gluconeogenesis through beta adrenergic receptor 

[11]. The transport of alanine across plasma mem- 
brane has also been shown to be elevated by gluca- 
gon [12]. Alanine is chanalised into gluconeogenic 
pathway by getting converted into pyruvate by the 
action of AAT [13]. Few years back we reported 
that AAT activity of mouse liver is increased signif- 
icantly within 15 min by the in vivo administration 
of glucagon [14]. In the present study we have 
shown further that glucagon increased the cytosolic 
AAT activity when perfused through liver and the 
increased enzyme activity was reversed by propra- 
nolol. These results suggest that the effect of gluca- 
gon on AAT was mediated through beta adrenergic 
system. 



Materials and methods 

Materials 
Glucagon, Phenoxybenzamine, Propranolol, Iso- 
proterenol, Epinephrine, Norepinephrine, Tola- 
zoline, Theophylline, Dibutyryl cyclic AMP, 
NADH, L-Alanine, Alpha-ketoglutarate, Lactic 
dehydrogenase, Phenylephrine were purchased 
from Sigma Chemical Co. (St. Louis, MO. USA). 
Other chemicals used were of analytical grade. 

Animals and perfusion 
For all experiments male Sprague Dawley rat, 
I.I.C.B. inbreed strain weighing 70 + 10gm and 
having free access to food and water were used. 
Rats were anaesthetized with sodium pentober- 
bitone (50mg/kg body wt.) and abdomen was 
opened. Livers were perfused with normal saline 
through hepatic portal vein with the help of a LKB 
peristaltic pump. 50 ml perfusion fluid with or with- 
out effector substances (as mentioned in the table) 
were perfused for 15 min at the rate of 4 ml/min. It 
has been reported that the condition of the liver 
remains good during 2 hours of perfusion at 37 ° C 
[15]. 

Enzyme preparation 
The rat liver cytosol was prepared according to the 
method of De Rosa and Swick [16] with slight 
modification. The livers after perfusion were col- 

lected, chilled, blotted and homogenised in a glass 
homogeniser. The homogenising medium con- 
tained mannitol (0.225 M), sucrose (0.075 M), tris- 
HC1 buffer pH7.8 (0.01 M), EDTA (0.05 mM) and 
phenyl methyl sulfonyl fluoride (0.2mM). Using 
this medium a 50% homogenate was prepared and 
all operations were performed at 0 ° C to 4 ° C. The 
debris was sedimented by centrifugation at 3,000 g 
for 10 min in a Sorvall Model RC-2-B-Refrigerated 
Centrifuge. The supernatant was again centrifuged 
at 105,000 g for I h in a Beckman Model (L5-50B) 
Refrigerated Ultra Centrifuge. The soluble super- 
natant thus obtained was used as the cytosolic en- 
zyme preparation. 

Assay ofAAT. AAT was assayed according to the 
method of Segal and Matsuzawa [17] with slight 
modification. The assay mixture in a final volume 
of l ml contained potassium phosphate buffer 
pH7.3 (0.1M), lactic dehydrogenase (20 units), 
L-alanine (17 raM), NADH (0.168 mM) and appro- 
priate volume of enzyme solution. The reaction 
was started by the addition of alpha-ketoglutarate 
(4raM) and the decrease of absorbance due to 
oxidation of NADH was measured at 340 nm in a 
Pyeunicam SP-800 UV/VIS spectrophotometer. 
There was a slight lag in the rate for about first one 
minute, after which it was linear till nearly all the 
NADH was consumed. The rate was also propor- 
tional to the enzyme concentration. 

Table 1. Effect of alpha and beta agonists on AAT of perfused rat liver 

Addition to perfusion medium 

Compounds Conc. 

AAT activity 

m units/gm liver % of Cont. 

None - 410 _+ 

Beta agonists 
Glucagon 1.0 x 10 v M 790 + 

Epinephrine 4.3 x 10 5M 580_+ 

Norepinephrine 4.7 x 10 SM 670_+ 

Isoproterenol 4.0 x 10 5 M 960 _+ 

Alpha agonists and others 
Phenylephrine 1.0 x 10 -s M 720 + 

Deca vanadate 1.0 x 10 4 M 320 + 

Insulin 5 units 340 + 
CaCI~ 1.0 x 10 -3 M 380 + 

70 (12) 

80 (12) 

30 (04) 

60 (04) 
90 (o4) 

50 (05) 
40 (o4) 
3o (03) 
8o (03) 

100 

193" 

140 

163 

234 

176 

78 

83 

93 

Number of animals used in each group shown in parenthesis; * p value < 0.001. 



Expression of data. The enzyme activity was ex- 
pressed as units/gm liver. A unit is defined as that 
amount of enzyme which catalyzes the formation of 
1 micro mole of pyruvate per minute. 

Results 

Effects of adrenergic agonists 

It can be seen from Table 1 that perfusion of liver 
with glucagon caused more than 90% increase of 
liver AAT activity and the increase was highly sig- 
nificant (P < 0.001). It has already been mentioned 
that glucagon exerts its gluconeogenic effect through 
beta receptor and for this reason well known beta 
agonists were perfused through liver and AAT ac- 
tivity was measured. Results in Table 1 further 
show that epinephrine, norepinephrine, isoprote- 
renol showed increase of AAT activity and isopro- 
terenol was found to be most active. In a typical 
beta receptor mediated effect isoproterenol shows 
the maximum activity amongst these three beta 
agonists [18]. These results indicate that the in- 
crease of AAT activity as a result of perfusion was 
possibly mediated through beta receptor. 

The table further shows that phenylephrine, a 
very well known alpha agonist increased the AAT 
activity by about 75% where as deca vanadate, 
recently established as alpha agonist [19] did not 

Table 2. Effect of alpha and beta agonists on A A T  of perfused 

rat liver and reversal by propranolol 

Addit ion to perfusion medium A A T  activity 

propranolol m units/gm liver % of 

(5.8 x cont. 
10 5 M) 

None - 400 _+ 50 (6) 100 

None + 395 + 40 (4) 99 

Glucagon - 795 + 42 (5) 199 
Glucagon + 410 + 35 (5) 103 
Isoproterenol  - 935 + 20 (4) 234 
Isoproterenol  + 435 + 28 (4) 109 

Phenylephr ine  - 695 + 25 (4) 174 

Phenylephrine + 390 + 22 (4) 98 

show any significant effect. Insulin, which acts in 
opposite direction to the effect of glucagon on 
some rate-limiting enzymes of glycolysis and gluco- 
neogenesis [20] was of no effect. Calcium which is 
usually involved with alpha receptor mediated ac- 
tion [21] also did not show any effect indicating 
non-involvement of alpha receptor in the process 
of increase of AAT activity. 

Reversal by propranolol 

Propranolol is a beta receptor antagonist and re- 
verses the beta receptor mediated effects. Results 
in Table i indicate that the increase of AAT due to 
glucagon is possibly mediated through beta recep- 
tor. Hence liver was perfused with different ago- 
nists in presence or absence of propranolol. Results 
presented in Table 2 show that propranolol by itself 
has no effect on liver AAT but it completely abol- 
ished the stimulatory effects of glucagon, isoprote- 
renol as well as phenylephrine (Table 2). 

Results in Table 3 further show that propranolol 
not only reversed the effects of glucagon and iso- 
proterenol but also abolished the effects of phenox- 
ybenzamine and tolazoline. Earlier reports indi- 
cate that effect of phenoxybenzamine is irrevers- 
ible and this chemical binds alpha receptor with 
covalent linkage [22]. 

Table 3. Effect of alpha antagonists on A A T  of perfused rat liver 

and reversal by propranolol 

Addit ion to perfusion medium A A T  activity 

propranolol m units/gm liver % of 

(5.8 × cont. 
10 -5 M) 

None - 425 + 30 (3) 100 
Phenoxybenzamine  - 1000 4- 55 (5) 235 
( 6 . 6 x  10 5M) 

Phenoxybenzamine  + 500 _+ 32 (5) 118 

Tolazoline - 820_+ 45 (4) 193 
(1 .25x  10 SM) 

Tolazoline + 400 _+ 26 (4) 94 

Number  of animals used in each group shown in parenthesis.  Number  of animals used in each group shown in parenthesis.  
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Additive effect of glucagon and phenoxybenzamine 

Results presented in Table 1 to 3 indicate that beta 
agonists like glucagon or isoproterenol and alpha 
antagonists like phenoxybenzamine or tolazoline 
increased the AAT activity when they were per- 
fused through the liver. In order to check whether 
alpha antagonists and beta agonists give additive 
effect, these four compounds were perfused singly 
or in combination with another one. It can be seen 
from Table 4 that when glucagon and isoprotere- 
nol, two beta agonists, were perfused together they 
do not show any additive effect. However, gluca- 
gon, when perfused along with phenoxybenzamine 
or tolazoline, did show some additive effect in- 
dicating that these two compounds acted through 
different sites. 

Effect of cAMP and fluoride 

In hepatic tissue glucagon and other beta adre- 
nergic agonists mediate their effect through cAMP 
[11, 21], generated intracellularly by adenylate cy- 
clase. Hence we thought that if the increase of AAT 
as a result of perfusion by glucagon was really due 
to stimulation of beta adrenergic system, cAMP 
and theophylline should affect the enzyme activity. 
Results presented in Table 5 show that cAMP 
alone did not produce any increase in enzyme activ- 
ity but when perfused in combination with the- 
ophylline, the phosphodiesterase inhibitor, pro- 

duced large increase of AAT activity. Theophylline 
by itself produced almost the same increase of AAT 
as glucagon did. No increase due to cAMP and very 
high increase due to cAMP and theophylline to- 
gether suggest the presence of fairly high concen- 
tration of phosphodiesterase which possibly de- 
graded the exogeneously added cAMP during pas- 
sage through the plasma membrane of liver cells. 

Fluoride is an activator of adenylate cyclase and 
causes increase of intracellular concentration of 
cAMP [23]. If increase of AAT as a result of perfu- 
sion with glucagon was due to elevation of intracel- 
lular cAMP, fluoride should elevate the AAT activ- 
ity when perfused through liver. Results presented 
in Table 5 showed that fluoride produced more 
than 100% increase of AAT activity under our ex- 
perimental condition. 

Attempts are in progress to verify these results in 
more defined system that is isolated hepatocytes to 
come to a clearer picture. 

Discussion 

Glucagon regulates gluconeogenesis either at sub- 
strate level [1] or at the enzyme level [2] through 
the alteration of the activity of some of the rate 
limiting enzymes of gluconeogenesis [3, 5]. It is 
fairly well established that the effect of glucagon on 
gluconeogenesis is mediated through beta adre- 
nergic receptor [21]. However, it is not known, at 
least to our knowledge, whether beta adrenergic 

Table 4. E f f e c t  o f  a l p h a  a n t a g o n i s t s  a n d  b e t a  a g o n i s t ,  s e p a r a t e l y  o r  in c o m b i n a t i o n  o n  A A T  of  p e r f u s e d  r a t  l i ve r  

A d d i t i o n  to p e r f u s i o n  m e d i u m  A A T  ac t i v i t y  

G l u c a g o n  I s o p r o t .  P h e n o x .  T o l a z o l .  m u n i t s / g m  l ive r  % C o n t .  

. . . .  390 ± 50 (3)  100 

+ - - - 800 ± 75 (4)  205 

- + - - 880 ± 50 (3)  226 

+ + - - 810 ± 62 (5)  207 

- - + - 1000 ± 85 (3) 256 

+ - + - 1250 ± 87 (5) 320 

- - - + 862 ± 35 (3) 221 

+ - - + 1000 ± 90 (5) 256 

N u m b e r  o f  a n i m a l s  u s e d  in e a c h  g r o u p  s h o w n  in p a r e n t h e s i s .  



agonists or antagonists have any effect on the key 
enzymes of gluconeogenesis. One such key enzyme 
is alanine amino transferase (AAT) which chanalis- 
es alanine to gluconeogenic pathway through pyru- 
vate [13]. In the present paper we present evidence 
that perfusion of glucagon through hepatic tissues 
produced significant increase of AAT activity and 
propranolol, a specific beta antagonist, abolished 
the effect of glucagon indicating the involvement of 
beta receptor system in such increase. Other beta 
agonists like isoproterenol, norepinephrine and 
epinephrine also increased the AAT activity when 
perfused through liver and the effects were abol- 
ished by propranolol. These observations point to 
the participation of beta adrenergic system in the 
glucagon effect on AAT. However, three observa- 
tions are very confusing (1) increase of AAT activ- 
ity by phenylephrine, the well known alpha ago- 
nist, (2) increase of AAT activity by phenoxyben- 
zamine and tolazoline, the two alpha antagonists 
and (3) reversal of the effects of phenylephrine, 
phenoxybenzamine and tolazoline by propranolol. 
Reversal of the effects of phenylephrine, phenoxy- 
benzamine and tolazoline by propranolol suggests 
quite reasonably that these three compounds are 
acting as beta agonist in our system although they 
are known to act through alpha adrenergic recep- 
tor. These results are hard to explain in the light of 
current concepts of alpha and beta receptor hy- 
pothesis unless we assume that phenylephrine, 
phenoxybenzamine and tolazoline are acting 

Table 5. Effect of fluoride, cAMP and theophylline on A A T  of 

perfused rat liver 

Addit ion to perfusion medium A A T  activity 

Theophyll ine m units/gm liver % 

(2.0 x Cont. 
l0 4 M) 

None - 432_+ 35 (3) 100 

None + 700_+ 73 (4) 162 
Fluoride 

( 2 . 0 x  10-~'M) - 893+  62 (4) 207 
Fluoride + 895 + 75 (4) 208 

cAMP (0.01 raM) - 386 + 61 (5) 90 

cAMP + 1230 + 91 (5) 285 

Number  of animals used in each group shown in parenthesis.  

11 

through beta receptor. The alternate hypothesis 
would be to assume that glucagon, isoproterenol 
etc. are working through beta receptor whereas 
phenylephrine, phenoxybenzamine and tolazoline 
are acting through alpha receptor producing the 
same end result i.e. increase of AAT activity. How- 
ever, the increase of AAT activity by both alpha 
agonists and alpha antagonists as well as abolition 
of these increased enzyme activities by propranolol 
rules out this alternate hypothesis. It may be worth- 
while to mention some of these types of confusion 
from current literature. The effect of catechola- 
mine in rat liver through an alpha receptor medi- 
ated and cAMP independent mechanism on gluco- 
neogenesis has been reported [24, 26]. In rat liver 
both cAMP-dependent beta system and cAMP- 
independent alpha system produce the same effect 
in quite a few cases [21]. For this reason it has 
become difficult these days to classify the hepatic 
adrenergic receptor as truely alpha or beta [21]. 
Besides beta adrenergic receptor, existences of a 
separate glucagon receptor for hepatic glycogeno- 
lysis has also been postulated [21]. However, from 
our results it seems that glucagon is elevating the 
AAT activity through beta receptor. It is generally 
believed that beta receptor exert their action by 
stimulating adenylate cyclase. In our system fluo- 
ride, activator of adenylate cyclase produced in- 
creased AAT activity. On the contrary exogene- 
ously perfused cAMP had very little effect, cAMP 
together with theophylline, the phosphodiesterase 
inhibitor, however gave a very high increase of 
AAT indicating that the hepatocyte membrane has 
fairly high phosphodiesterase activity and glucagon 
is acting through beta receptor in our experimental 
condition. 

Another interesting observation is that gluca- 
gon, isoproterenol and phenoxybenzamine in- 
creased the AAT activity when each perfused sep- 
arately. However, glucagon and isoproterenol did 
not show any additive effect when perfused togeth- 
er. On the other hand glucagon and phenoxyben- 
zamine, perfused together, did show some additive 
effect. The results indicate that glucagon and iso- 
proterenol acted through the same receptor where- 
as glucagon and phenoxybenzamine acted through 
different receptors. Depending on relative affin- 
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Phenylephrine 
Phenoxybenzamine 

Fig. 1. A hypothetical diagram showing different attachment 
sites for glucagon and phenoxybenzamine. 

ities for adrenaline and noradrenaline, beta recep- 
tor has been further classified as beta-1 and beta-2 
[27]. Propranolol is a non-specific beta antagonist 
and reverses the effects of both these two beta 
subtype agonists. On the basis of these informa- 
tions, we are proposing that glucagon and isoprote- 
renol are acting through one of these two beta 
receptor subtype whereas phenoxybenzamine, 
which has already been shown to act as a beta 
agonist, is acting through the other beta receptor 
subtype as depicted in Fig. 1. 

Some of these results has also been confirmed 
with isolated hepatocytes which will be reported 
elsewhere. 
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