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Summary 

We mvest:gated the effects of exogenous cychc GMP and st:mulants of 
endogenous cychc GMP accumulatmn on L-form (hepatm) pyruvate kmase 
(ATP" pyruvate 2-O-phosphotransferase, EC 2.7.1 40) activity m isolated rat 
hepatocytes. Exogenous cychc GMP (200 ~M) reduced pyruvate kmase actlv- 
:ty, but was less potent than exogenous cychc AMP (50 pM) (K~ ~-- 120 gM vs. 
30 pM, respectively), had a slower onset of action (1.0 vs. 0.3 mm, respec- 
t:vely) and a less rapid maximal effect (5.0 vs. 1.0 min, respectively). Snnflar 
results were noted with dlbutyryl cychc GMP or dlbutyryl cychc AMP. 1.0 p_M 
acetylcholme increased cychc GMP concentrations :n :solated hepatocytes from 
233 -+ 16 to 447 + 3 pmol/g cell protein (P ~ 0.001), but did not alter pyruvate 
kmase activity Similar results were noted with carbamylchohne, NaN3 oracetyl- 
chohne plus eserme sulfate. The results suggest a dffferentml effect of exog- 
enous vs. endogenous cychc GMP on L-form pyruvate kmase actlwty, and ques- 
tmn the physmlogmal relevance of observatmns with exogenous cychc GMP m 
th:s system. 

Introduction 

Exogenous cychc GMP [1] or cychc AMP [1--3] mact:vates hepatm pyru- 
vate kmase (ATP pyruvate 2-O-phosphotransferase, EC 2 7 1 40) activity 
Endogenous cychc AMP, formed by glucagon stimulation, also reduces pyru- 
vate kmase activity [ 1--7 ]. The effects of substances whmh increase intracellular 
concentratmns of cychc GMP on hepatm pyruvate kmase activity have not been 
evaluated. Since the cychc AMP-hke effects produced by exogenous cychc 
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GMP m other tissues have not  been rephcated by stimulants of  endogenous 
cychc GMP accumulation [8,9],  we investigated the effects of  exogenous cychc 
nucleotldes, chohnerglc agents and NaN3 on pyruvate kmase actlwty in isolated 
rat hepatocytes  

Matermls and Methods 

Isolated rat hepatocytes  [10] were prepared by a modlhcat lon of  the 
methods of  Venezlale et al. [11].  Ca2÷-free Krebs-Rlnger bmarbonate buffer 
[12] was perfused by an Ambec perfusmn apparatus (MXB, Inc., Aurora, 
CO) through fresh hver from male Sprague-Dawley rats, 350--500 g. After 10 
mm, fresh perfusate with collagenase (Worthmgton, Type I), 30 mg/100 ml, 
was perfused. Hepatocytes  were isolated as described by Venemale et al. [ 11 ] 
and resuspended m Krebs buffer with Ca 2+ [12] and 1.5% gelatin 

For study of  pyruvate kmase activity, the hepatocytes  were mcubated for 10 
s to 15 mm m a shaking, metabohc incubator. Pyruvate kmase actlwty was 
measured with 0.3 or 4.0 mM phosphoenolpyruvate as substrate by the method 
of van Berkel et  al [13].  Actlwty m nmol pyruvate/ml per mm, is expressed as 
the ratm of actlwtms with subsaturatmg (0.3 mM) vs. saturating (4.0 mM) con- 
centratlons of  phosphoenolpyruvate [6],  as determmed m pilot experiments.  

Generatmn of cychc GMP and measurement of  cychc GMP accumulatmn 
within isolated hepatocytes  were carned out  by a modffmatlon [14] of the 
method of  Sterner et al. [15].  Supernatants of homogenates from hepatocytes,  
prepared as descnbed by  Tlhon et al. [14] were diluted 1 10 with 0.05 M 
acetate buffer, pH 6.25, and acetylated [16] before assay. Cychc GMP con- 
centratmns were measured by radmlmmunoassay [17] with a commercial kit 
(New England Nuclear, Boston, MA). The protein content  of  the cell suspen- 
stuns was determined by  the method of  Lowry et al. [18],  with bovine serum 
albumm (Fraction V, Sigma Chemmal, St. Louis, MO) as the protein standard. 

Cychc nucleotldes, gelatin, collagenase, lactate dehydrogenase chohnergm 
agents, phosphoenolpyruvate, mcotmm adenine dehydrogenase (NADH), Tns- 
HC1 NAN3, eserme sulfate and adenosme dlphosphate were purchased from 
Sigma Chemmal Company (St. Louis, MO). Tnchloroacetm acid was obtmned 
from Mallmckrodt Chemical (Pans, KY). 

Results 

Effects of exogenous cychc nucleotldes on hepatic pyruvate kmase actw~ty 
Both exogenous cychc AMP and exogenous cychc GMP reduced pyruvate 
kmase actlvlty m isolated rat hepatocytes  (Fig. 1). Cychc AMP, K1 -~ 30 pM, 
was relatively more potent  than cychc GMP, K~ ~ 110 pM. Dlbutyryl  cychc 
nucleotldes also decreased enzyme act lwty (Fig. 2). Dlbutyryl  cychc AMP, K1 
-~ 2.5 t~M, was relatively more potent  than dlbutyryl  cyclic GMP, K~ ~-- 6.5 pM. 
The inactivation of pyruvate kmase activity by cychc AMP was more rapid 
than cychc GMP Basal pyruvate kmase actlwty, 0.086 + 0.004 (ratio of  activity 
with 0 3/4.0 mM phosphoenolpyruvate) was slgmfmantly reduced to 0 064 + 
0 005 (P = 0 001) by  cychc AMP, (50 pM) after 0.3 mm incubation, whereas 
slgmflcant reduction (P < 0.001) of the enzyme was not  noted with cychc GMP 
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Fig 1 Hepatac p y r u v a t e  k m a s e  ac t iv i t y ,  expressed  as the  ra t io  of  act ivi t ies  wi th  0 3 an d  4 0 m M  phos-  
phoenolpyruvate, obse rved  wi th  increas ing  c o n c e n t r a t i o n s  of  cy ch c  AMP (o . . . . . .  o)  or  cycl ic  GMP 
(e e) The  c o n c e n t r a t i o n s  of  cycl ic  nuc l eo t l de  are  p l o t t e d  on  a l oga r i t hmic  scale *, P < 0 05  vs 
con t ro l  ** P < 0 01 vs c o n t r o l .  

(200 ~M) until 1.0 or more mln incubation. Maximal reduction was observed 
with cyclic AMP after 1.0 mln incubation, and with cyclic GMP after 5 mln 
incubation.  Combinations of  submaxmnal or maximal concentrations of  cyclic 
AMP and cychc GMP produced no greater decrease in enzyme activity than 
that observed with cychc AMP alone (Table I). 

Effects of Chohnergtc Agents and NAN3. The effects of  acetylcholme, car- 
bamylchohne and NaN3 on pyruvate l~nase and cyclic GMP accumulation were 
tested. Acetylcholme,  0 .1--100pM, failed to alter pyruvate klnase activity 
(Table II), however,  the same concentrations of acetylcholme significantly 
increased lntracellular levels of  cyclic GMP (Table II). NaN3 0.1--5 mM, also 
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FIg 2 Hepa t l c  p y r u v a t e  k m a s e  ac t iv i ty  (rat lo of  act lvl t les  w l th  0 3 an d  4 0 m M  phosphoenolpyruvate) 
obse rved  wl th  increas ing  c o n c e n t r a t l o n s  of  d l b u t y r y l  c y c h c  AMP (o . . . . . .  o)  or  d l b u t y r y l  cy ch c  GMP 
(e e) * P < 0 0 1 v s  c on t ro l  
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T A B L E  I 

I N H I B I T I O N  OF  L - F O R M  P Y R U V A T E  K I N A S E  A C T I V I T Y  BY S U B M A X I M A L  A N D  M A X I M A L  CON-  

C E N T R A T I O N S  OF  C Y C L I C  AMP A N D  C Y C L I C  GMP, A L O N E  OR IN C O M B I N A T I O N  

H e p a t o c y t e s  were  h o m o g e m z e d  and  c e n t r i f u g e d  at  20 0 0 0  X g The  s u p e r n a t a n t s  were  t h e n  i n c u b a t e d  w i t h  
the  subs t ances  s h o w n  above  fo r  10 m m  The  d a t a  r ep re sen t  the  m e a n  ± S E o f  14 rep l ica tes  fo r  the  con-  

t ro l  a n d  of  six r e p h c a t e s  for  all o t h e r  va lues  

A d d i t i o n  P y r u v a t e  k m a s e  ac t i v i t y  a 

N o n e  
25 #M cychc  AMP 
75 pM cychc  GMP 
25 #M cychc  AMP + 75 #M cychc  GMP 
300  #M cychc  AMP 
500 pM cycl ic  GMP 
300 #M cychc  AMP + 500  pM cychc  GMP 

0 082  ± 0 003  
0 0 5 0  ± 0 0 0 3 b  
0 0 5 5  ± 0 0 0 4 b  
0 047  ± 0 0 0 4  b,c  

0 0 2 9  ± 0 0 0 3 b  
0 0 4 1  ± 0 0 0 3 b  
0 029  ± 0 001 b ,d  

a P y r u v a t e  l~nase ac t l m ty  ( n m o l  p y r u v a t e  g e n e r a t e d / m l  pe r  r a m )  is e x p r e s s e d  as t he  ra t io  o f  ac t iv i t i es  w i t h  

0 3 and  4 0 m M  phosphoenolpyruvate as s u b s t r a t e  
b p < :  0 0 1  vs con t ro l  

c p ~  0 0 5 v s  7 5 # M c y c h c  G M P a l o n e  
d p ~  0 0 0 1 v s  3 0 0 # M c y c h c  G M P a l o n e  

T A B L E  II  

E F F E C T S  O F  A C E T Y L C H O L I N E  OR N a N  3 ON L - F O R M  P Y R U V A T E  K I N A S E  A C T I V I T Y  A N D  
C Y C L I C  GMP C O N C E N T R A T I O N  IN I S O L A T E D  R A T  H E P A T O C Y T E S  

p y r u v a t e  k m a s e  ac t iv i ty  is exp re s sed  as t he  ra t io  o f  ac t iv i t ies ,  in  n m o l  p y r u v a t e  f o r m e d / m l  per  m m ,  w i t h  
0 3 and  4 0 m M  phosphoenolpymvate as subs t r a t e  Values  r e p r e s e n t  t he  m e a n  ± S E o f  14 d e t e r m i n a t i o n s  
for  s tud ies  w i t h  a e e t y l e h o h n e  and  e igh t  d e t e r m i n a t i o n s  for  s tud ie s  w i t h  N a N  3 GMP c o n c e n t r a t i o n ,  va lues  
r e p r e s e n t  the  m e a n  ± S E o f  sax d e t e r m m a t m n s  

Addltlon P y r u v a t e  kmase a c t l w t y  GMP concentratlon 

(pmol/g cell protein) 

N o n e  0 089  ± 0 0 0 5  233  ± 16 
0 1 #M a c e t y l c h o h n e  0 091 ± 0 005  358  ± 9 a 

1 pM ace ty l cho l ine  0 092  ± 0 005  447  ± 3 a 
10 #M a c e t y l c h o h n e  0 091  ± 0 004  488  ± 21 a 

N o n e  0 093  ± 0 005  242  ± 14 

0 1  m M N a N  3 0 0 9 1 ± 0 0 1 0  5 3 0 ±  2 4 a  
0 5 m M  NaZi3 0 091 ± 0 006  603  ± 17 a 
1 0 m M N a N  3 0 0 9 2  ± 0 0 0 3  917  ± 2 7 a  

5 0 m M  N a N  3 0 0 9 2  ± 0 004  1323  ± 62 a 

a p ~ 0 001  for  d i f f e r e n c e  b e t w e e n  con t ro l  va lues  and  o t h e r  va lues  w l t h m  each g roup  

mcreased GMP concentrations, but did not alter pyruvate kmase activity (Table 
II). Similar results (data not shown) were observed with carbamylchohne, 0.1-- 
10 p_M, or acetylchohne, 0.1--10 ~M, plus eserme sulfate, 1 pM. 

Discussion 

The role of eychc GMP in the regulation of hepatm glucose metabohsm has 
not been defmed clearly. Various studms have suggested that exogenous cychc 
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GMP mimics the efffects of  cychc AMP on glycogenolysls [19--23] and glu- 
coneogenesls [20,22--25].  In contrast,  prehmmary data suggest that  hormonal 
stimulants of endogenous cychc GMP accumulatmn may have no effect  on 
these metabohc pathways,  or may have effects opposite to those of exogenous 
cychc GMP [26--28] .  Dlscrepancms between the effects of  exogenous cychc 
GMP and stimulants of  endogenous cychc GMP accumulatmn have been noted 
m other  systems [8,9].  

The effects of  cychc GMP on glycolysls and on pyruvate kmase act lwty spec- 
ffmally have been examined m one prevmus study [ 1], but  not  characterized m 
detml. Therefore, we evaluated the effects of  exogenous cychc GMP and stimu- 
lants of  endogenous cychc GMP accumulatmn on hepatm pyruvate kmase activ- 
ity and compared these effects with those of exogenous cychc AMP. As 
reported prevmusly [1],  exogenous cychc GMP, as cychc AMP, decreased this 
enzyme actlwty,  however,  the actmn of cychc GMP was less rapid and cychc 
GMP was less potent  than cychc AMP. Similar results were noted with the 
dlbutyryl  forms of these cychc nucleotldes. In contrast, acetylchohne, car- 
bamylcholme and NaN3 had no effect  on pyruvate kmase actlwty,  whereas 
these agents did cause a slgnffmant increase m the levels of  cychc GMP within 
the hepatocytes .  

The present results are mmflar to our prewous data on cychc GMP and renm 
secretmn by rat kidney [9].  Those data and the present observatmns suggest 
that  the actmns of  exogenous cychc GMP m certmn metabohc systems may not  
reflect the physmlogmal effects of  endogenous cychc GMP. Our current experi- 
ments with combmatmns  of exogenous cychc GMP and cychc AMP suggest 
that  exogenous cychc GMP and cychc AMP may compete  with each other by  
acting wa the same mechanisms. This possibility was also rinsed by the results 
of  our prewous s tudy [ 9]. Endogenous cychc GMP or stimulants of  its genera- 
tmn may have no physmlogm effects on pyruvate kmase. 
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