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Adminis t ra t ion  of adrenal in  with theophylline or  of glucagon with theophylline for  s eve ra l  
days r egu la r ly  i n c r e a s e s  the weight of the r egenera t ing  l ive r  in ra t s  compared  with the con- 
t ro l .  Combined t r e a t m e n t  with adrenal in,  glucagon, and theophylIine produces  max imal  
s t imulat ion.  This  t r e a t m e n t  leads  to a dec r ea se  in the glycogen concentra t ion in the regen-  
e ra t ing  l iver  and to an inc rease  in the number  of nuclei and of b inuclear  ce l l s .  The DNA 
concentra t ion  was significantly inc reased  in the regenera t ing  l ive r  of r a t s  rece iv ing  combined 
t r e a t m e n t  with adrenal in ,  glucagon, and theophyll ine.  

During the f i r s t  few days af ter  par t i a l  hepa tec tomy the glycogen r e s e r v e s  a re  sharp ly  reduced in the 
r egene ra t ing  l iver  [1, 4, 5]. The reduct ion in the glycogen concentra t ion  in the l iver  p r e c e d e s t h e m a x i m u m  
of DNA synthes is  [10]. These fac ts  suggest  that  the energy  r e l ea sed  by the breakdown of glycogen is ut i l -  
ized for  regenera t ion .  Glycogenolysis  is readi ly  induced by adrenal in  and glucagon. These ho rmones  ac-  
t iva te  the adenyl cyc lase  of the l i ve r  [2], with a consequent  i nc rease  in synthesis  of cycl ic  3 ,5-adenosine 
monophosphate  (CAMP), which par t i c ipa tes  in g lycogenolys is  [6, 7]. 

The p re sen t  invest igat ion was c a r r i e d  out to study the possibi l i ty  of s t imulat ing regenera t ion  in the 
l i ve r  by admin is t ra t ion  of these ho rmones ,  espec ia l ly  in conjunction with theophylline,  which p r o m o t e s  the 
accumulat ion and p r e s e r v a t i o n  of CAMP. 

E X P E R I M E N T A L  M E T H O D  

Expe r imen t s  we re  c a r r i e d  out on albino r a t s .  After  ligation, the middle and left l a t e ra l  lobes of the 
l ive r ,  accounting for  about 70% of its m a s s ,  were  removed .  The hepa tec tomized  an imals  were  divided into 
groups .  Some rece ived  adrenal in  or  adrenal in  with theophylline,  while other  rece ived  glucagon* and theo-  
phylline or  a combinat ion of adrenal in ,  glucagon, and theophyll ine.  Rats  rece iv ing  no t r e a t m e n t  or  injec-. 
t ions of physiological  sal ine acted as the contro l .  Theophylline was  given by mouth as an aqueous suspen-  
sion twice or  th ree  t imes  a day in a daily dose o f l 0 m g / 1 0 0  gbodyweight .  Adrenal in  was injected subcutan- 
eously twice or  th ree  t i m e s  a day in doses  of 0,5 ml of the 0.01 or 0.02% solution. Glucagon was injected 
subcutaneously th ree  t imes  a day in a daily dose equivalent  to 33 ~)r 75 #g pe r  ra t .  Adminis t ra t ion  of the 
subs tances  began on the second day af ter  the opera t ion and continued through the sixth day of the ex p e r i -  
ment .  On the seventh, the an imals  were  decapi tated.  The weight of the i r  l ive r  and, in some exper imen t s ,  
the content of glycogen and DNA in the l ive r  were  de te rmined .  To e s t ima te  the DNA concentra t ion p ieces  
of l i ve r  weighing 500 mg were  dr ied and defatted with anhydrous alcohol and acetone,  and then ground into 
a powder.  DNA was de te rmined  in 50 mg of the powder by the modified diphenylamine method [4]. P ieces  
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TABLE 1. Effect of Adrenalin, Glucagon, Theophylline, and Their Com- 
binations on Regeneration of the Liver in Rats (M:~m) 

6 
Z Treatment 

1. Control (no treatment) 
2. Theophylline 

I. Control (no treatment) * 
2. Theophylline + adrenalin 
43~ TheoDhvlline 

AdreNaIin* 

go go ..oge o ~  liver concentration 
,~ ~o mg/lO0 g [in % (in mg/g wt, 
= '~ mg , of liver) 

12 
I8 

• 
206 6137 4- 249 
208 7444 • 102 

P 1 , 2 < 0 , 0 0 1  

238 7139 • 124 
215 8850 4- 216 

P1 ,2  < 0 00] 
220 5 7 9 3  4- 185 229 7714 • 316 

PI,4 < 0 , 0 5  

2979 • 80 I 100 
3507 4- 68 [ 120 

PI,2 < 0,001 / 

I 
2999 4- 110 I 100 
4109 4- 149 I 137 

P I , 2  < 0.0011 
3088 4- 170 [ 103 
3368 • 186 ] 111 

P l , 4  < 0,05 I 

14 
12 

15 
14 m 

216 6652+202130514-135 I 100 3 1. Control (no treatment) 12 
2. AdrenalinT+theopnyfline J2 191 P1,2<0,02177~ Ip1,2 <~176177176176 ~32 

4 1. Control(notreatment) ] 4685• ] 33084-182 100 38,7+5,4 
2. Adrenalin? +theophylline] ~ 141 1 4 4  62404-124 [ 43334-182 [130 ,9  2 5 , 2 4 - 1 , 9  

Pl  2 < 0 , 0 0 1 [  P 1 , 2 < 0 , 0 0 2 [  P l , 2  < :0 ,05  
65'004-303 [ 4422+228  133,6 19 ,14-2 ,9  3. Glycogan%+theophylline 10 147 PI '3<~176176  ,3 

P 1 , 3  ~ 0 ,0  P I  < 0,01 

5 1. Control (injections of" 
�9 physiological _saline) 

2. Adrenaline: glucagon** 
+ theoPhylline 

151 5528 4- 273 I 

,55  

3661 4- 163 

5266 4- 184 
Pl,2 < 0,001 

I00 40,5 4- 3,8 
t 

1 4 3 , 8  24,3 • 2 ,5  
P l , 9  < 0,01 

A d r e n a l i n  t w i c e  a day ,  0.5 m l  of 0.01% s o l u t i o n  e a c h  t i m e .  
A d r e n a l i n  t h r e e  t i m e s  a day ,  0.5 m l  of  0.02% s o l u t i o n  e a c h  t i m e .  
G l u c a g o n  t h r e e  t i m e s  a d a y  in  d a i l y  d o s e  of 33 #g .  

** G l u c a g o n  t h r e e  t i m e s  a day  in  d a i l y  d o s e  of  75 pg .  

T A B L E  2.  E f f e c t  of  C o m b i n e d  T r e a t m e n t  w i t h  A d r e n a l i n ,  G l u c a g o n ,  and 
T h e o p h y l l i n e  on N u m b e r  of  B i n u c l e a r  C e l l s ,  N u m b e r  of  N u c l e i ,  and D N A  
Conten t  in  R e g e n e r a t i n g  L i v e r  

't-Y-L ~ No. of binu = DNA con- 
6 No. of nuclei �9 centratioi~ o ~ clear cells z Treatment ~ ~oo ~ in 30 fields 

~6 ~ ~ in 100 fields (in extinctim 
,~ ~ = ~ of vision 

~ ~ of vision values) 

2 12. Control (no treatment) 
�9 Theophylline 

3. Adrenalin 

4. Theophylline + adrenalin 

4 12~ Control (no treatment) 
Aarenafin + tneopnylline 

3. Glueagon + theophylline 

1. Control (inje, efiom of physi-! 
ological saline) 

5 2. Adrenalin + glucagon + [ 
theophyUine 

100 
I03 

111 

137 

100 
130,9 

133,6 

100 

126,3 

1 5 , 3 4 - 1 , 6  
17,0:5:1,7 

P ~ , ~ >  0 ,05  
19,0--_+0,6 

Pl  8 < 0 ' 0 0 1  
2 ~ , 5 •  
Pi,r < O, O01 

2 2 , 5 4 - 1 , 3  
2 6 , 7 4 - 1 , 7  

P I , 2 > 0 , 0 5  
2 9 , 3 4 - 1 , 2  

P 1 , 3  < 0,002 

20,8-4-1,2 
2 9 , 3 4 - 1 , 2  

P I , 2 <  0,00] 

14,1__.0,8 
1 8 , 0 + 2 , 0  

PI,Z > 0,05 
2 1 , 8 •  
PI a < 0,001 
2 9 , 1 4 - 1 , 5  

P I , 4 <  0,001 

18 ,34 -0 ,4  0 , 8 5 4 - 0 , 0 5  
2 4 , 9 4 - 0 , 9  t , 0 9 •  

P 1 , 2  ~ 0 , 0 0 1  P l , 2 ~ >  0,05 
2 4 , 8 4 - 0 , 4  1 ,154-0 ,05  

P i , 3  < 0,001 P I , 3  < 0 , 0 0 :  

I 

18,7__.+0,5 0,864---_0,08 
26,7-4- 0 ,6  1 ,284-0 ,08  

P I , 2  < 0,001 P I , 2 < 0 , 0 1  

of  l i v e r  f r o m  e a c h  ra t  w e r e  a l s o  e m b e d d e d  in p a r a f f i n  w a x ,  and s e c t i o n s  cut  to a t h i c k n e s s  of 6p w e r e  
s t a i n e d  w i t h  h e m a t o x y l i n - e o s i n .  U n d e r  an i m m e r s i o n  o b j e c t i v e  the  n u m b e r  of  n u c l e i  in  30 f i e l d s  of v i s i o n  
and a l s o  the  n u m b e r  of b i n u e l e a r  c e l l s  in  100  f i e l d s  of v i s i o n  w e r e  c o u n t e d .  

E X P E R I M E N T A L  R E S U L T S  

The  e x p e r i m e n t a l  r e s u l t s  are  g i v e n  in  T a b l e s  1 and 2.  

984  



As Table 1 shows, adrenalin in con]unction with theophylline increased both the absolute and the rel-  
ative weight of the regenerating liver in all the experiments.  Glucagon had a similar action in conjunction 
with theophyltine (experiment 4). However, the greatest  effect was obtained by combined treatment with 
adrenalin, glucagon, and theophylline: the weight of the liver of the experimental rats was 43% higher than 
that of the control, partially hepatectomized animals (Table 1, experiment 5). 

The increase in weight of the regenerating liver observed in the rats  receiving glycogenolytic hor- 
mones with theophylline was accompanied by a decrease in the glycogen concentration and an increase in 
the number of nuclei and the number of binuclear cells. In the animals receiving glucagon with theophyl- 
line and, in particular,  in the rats  treated with adrenalin, glucagon, and theophylline, there was a substan- 
tial increase in the DNA concentration in the liver.  

The results  confirm that adrenalin and glucagon, in conjunction with theophylline, and especially when 
all three are given together, stimulate proliferation in the regenerating l iver.  

This conclusion that glucagon stimulates regeneration of the liver is in agreement with the work of 
Lieberman and Short [8], who showed that glucagon, in conjunction with triiodothyronine, L-amino acids, 
and heparin, stimulates proliferation in the intact liver. However, Price et aI. [9] came to a different con- 
clusion, namely, that glucagon inhibits DNA synthesis and hyperplasia of the liver.  It will be noted that this 
conclusion was drawn from experiments carr ied out under highly artificial conditions, on eviscerated dogs 
whose life was maintained for a few days by intravenous injection of digests of proteins and carbohydrates 
and of insulin. 

Glucagon and adrenalin, hormones stimulating glycogen breakdown, at the same time stimulate re -  
generation of the liver,  as is exhibited particularly well if they are given with theophylline. However, it 
must be pointed out that the degree of this stimulation does not always correlate  directly with the decrease 
in the liver glycogen concentration (Table 1, experiments 4, 5). The possibility cannot be ruled out that 
CAMP, which accumulates in the liver during the action of these hormones and theophylline, stimulates re-  
generation of the liver not only by increasing glycogen breakdown, but also in some other way. 
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