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Summary 

Chronic ethanol ingestion induced a 47% increase in the specific activity of  
2',3'-cyclic nucleotide 3 '-phosphohydrolase (nucleoside-2':3'-cyclic-phosphate 
2 '-nucleotidohydrolase,  EC 3.1.4.37) in whole mitochondria.  Both inner and 
outer  mitochondrial  membranes showed increased (cyclic nucleotide)phospho- 
hydrolase activity, bu t  the inner was increased 94% compared to 67% for the 
outer. Techniques which disrupt membrane structure increased (cyclic nucleo- 
t ide)phosphohydrolase activity. After these treatments,  whole mitochondria 
from ethanol-treated animals still showed a 50% increase in activity. This 
increase may be related either to an inherent increase in the resistance of 
(cyclic nucleot ide)phosphohydrolase to protein degradation or turnover, or to 
ethanol-induced membrane changes. An increase in (cyclic nucelotide)phospho- 
hydrolase reaction medium pH was observed when freshly isolated, highly- 
coupled mitochondria  were used. The total increase in pH was about  2-fold 
greater in the controls compared to the ethanol-treated mitochondria.  It is sug- 
gested that  the smaller initial increase in pH and the greater activity of  (cyclic 
nucleot ide)phosphohydrolase in the mitochondria  from the ethanol-treated ani- 
mals relate to previously observed changes in the lipid and protein composit ion 
of  the mitochondrial  membranes.  In addition, (cyclic nucleot ide)phosphohy- 
drolase may represent an' excellent marker for membrane integrity. 

I n t r o d u c t i o n  

The enzyme 2',3'-cyclic nucleotide 3 '-phosphohydrolase (nucleoside-2':3'- 
cyclic-phosphate 2 '-nucleotidohydrolase,  EC 3.1.4.37) is generally regarded as a 
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myelin marker [1,2], however, considerable (cyclic nucleotide)phosphohydro- 
lase activity has been reported in the plasma membranes of the spleen, adrenal 
gland, liver, heart muscle and human erythrocyte membrane [3--6]. More- 
over, we have demonstrated the presence of (cyclic nucleotide)phosphohydro- 
lase activity in both the inner and outer membranes of the rat liver mitochon- 
drion [7]. Because (cyclic nucleotide)phosphohydrolase is present in mem- 
branes other than myelin, it has been suggested that the enzyme may play a 
fundamental role in biomembranes [4,8]. In spite of this, virtually nothing is 
known regarding the physiological significance of (cyclic nucleotide)phospho- 
hydrolase. 

One ai~proach to investigating the function of (cyclic nucleotide)phospho- 
hydrolase is to determine the enzyme's activity during diseases affecting cellu- 
lar membranes. To date, the only studies along this line have been reports of 
diminished (cyclic nucleotide)phosphohydrolase activity during demyelination 
(i.e., multiple sclerosis and subacute sclerosing panencephalitis [9])and during 
defective myelin formation (i.e., jimpy and quaking mutant mice [4,10]). 
Because (cyclic nucleotide)phosphohydrolase is present in non-myelin mem- 
branes, studies on the enzyme during disease states or conditions which affect 
these membrane may assist in determining the significance of (cyclic nucleotide)- 
phosphohydrolase. 

Chronic ethanol treatment leads to alterations in the lipid and protein com- 
position of mitochondrial membranes [11--13], and it interferes with the con- 
formational (orthodox-contracted) transitions of these membranes during sub- 
strate oxidation [14]. In view of these effects of ethanol, we propose that 
ethanol treatment may also affect the activity of the membrane-bound (cyclic 
nucleotide)phosphohydrolase enzyme. In this study, we found the (cyclic 
nucleotide)phosphohydrolase of rat liver mitochondria not only increased as a 
result of chronic ethanol ingestion, but also the (cyclic nucleotide)phospho- 
hydrolase assay may be useful in estimating the degree to which liver mitochon- 
dria are damaged by ethanol. 

Methods and Materials 

Animals. Long-Evans male rats (140--160 g body wt.) were purchased from 
Simonsen Laboratories (Gilroy, CA) and maintained for 35--45 days on a low- 
fat liquid diet containing 36% of calories as ethanol [11]. The pair-fed rats 
were decapitated and their livers removed. 

Mitochondria. Whole liver mitochondria were prepared by the method of 
Chappell and Hansford [15] as modified by Thompson and Reitz [16]. The 
final mitochondrial pellet was suspended in 0.25 M sucrose and 3.4 mM Tris- 
HC1 (pH 7.4) to give 100 mg protein/ml. Outer and inner mitochondrial mem- 
branes were prepared from this pellet according to the procedure of Greenawalt 
[ 17 ]. The purity of the inner and outer membrane subfractions was determined 
by the use of the marker enzymes, monoamine oxidase for the outer [18] and 
cytochrome oxidase for the inner membrane [19]. The intermembrane space 
and matrix were assayed by adenylate kinase [20] and glutamate dehydro- 
genase [ 21 ], respectively. 

(Cyclic nucleotide)phosphohydrolase determinations. (Cyclic nucleotide)- 
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ph0sphohydrolase activity was determined using 2',3'-cyclic adenosine mono- 
phosphate as substrate. In Order to identify 2'-AMP as the reaction product ,  
initial (cyclic nucleot ide)phosphohydrolase assays were performed by the 
chromatographic method of  Kurihara and Tsukada [1].  All subsequent  assays 
were performed by the spectrophotometr ic  assay recently described [22].  
1 unit of  enzyme activity (U) is defined as that  amount  of  enzyme producing 
1 #mol  2'-AMP/min. Specific enzyme activity is expressed as U/mg protein. 

In the studies shown in Figs. 1 and 2, an increase in absorbance was observed 
immediately upon adding the mitochondrial  protein to the complete  reaction 
mixture. This change in absorbance is reported as pH units/mg protein and 
referred to as the Ah parameter. Protein concentrations were determined by 
the procedure of  Lowry et al. [23].  

Results 

Intact rat liver mitochondria were prepared as described and examined 
polarographically for substrate oxidation during state 3 and state 4 respiration 
[16].  Respiratory control  rates [24] were 9.7 + 1.6 and 5.0 -+ 0.5 for ~-hy- 
d roxybutyra te  and succinate in controls, respectively, and 5.4 +- 1.2 and 4.4 +- 
0.3, respectively, in mitochondrial  from the ethanol-treated animals. After 
fractionation, the outer  and inner membranes,  the intermembrane space and 
the matrix were assayed for purity. The outer  membrane from the ethanol- 
treated group contained 9.3 + 4.3% contamination by  inner membrane. The 
inner membrane contained 17.6 + 2.3% contamination by  outer  membrane. 
Membranes from controls had similar contamination [7 ]. Although the matrix 
and intermembrane space contained somewhat  more contamination, they did 
not  contain (cyclic nucleot ide)phosphohydrolase activity and were not  
examined further. 

Representative tracings of  the  enzyme activity in whole control  and ethanol- 
treated mitochondria  are shown in Fig. 1. The addition of  0.5 mg protein to 
the assay mixture resulted in an initial increase in the pH of  the solution (noted 
by Ah) and a subsequent  decrease caused by  substrate hydrolysis. The results 
of  the assays from control  and ethanol-treated mitochondria,  however, differed 
in that  the ethanol-treated mitochondria contained 47% more (cyclic nucleo- 
t ide)phosphohydrolase activity than controls and exhibited a 62% lower Ah 
value. These differences were observed for each of  five pairs of  animals and are 
summarized in Table I. 

Experiments were conducted  to determine if membrane integrity played a 
role in increasing (cyclic nucleot ide)phosphohydrolase activity (Table I). After 
exposure to Triton X-100, a 53% increase in activity was observed in mitochon- 
dria from ethanol-treated animals and a 50% increase was observed in controls. 
After freezing and thawing, the specific activity increased 4% and 17% in the 
control  and the ethanol-treated groups, respectively. After either t reatment,  the 
ethanol-treated mitochondria  were still (51--60% more active than their respec- 
tive controls. 

To define more clearly the effects of  ethanol on mitochondrial  (cyclic nucleo- 
t ide)phosphohydrolase,  the inner and outer  mitochondrial  membranes were 
separated and the activity of  (cyclic nucleot ide)phosphohydrolase was deter- 
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Fig. 1. Rep re sen t a t i ve  t rac ings  of  2 ,3 -cyclic nuc l eo t i de  3 - p h o s p h o h y d r o l a s e  ac t iv i ty  in f resh i n t ac t  liver 
m i t o c h o n d r l a  f r o m  c o n t r o l  a nd  e t h a n o l - t r e a t e d  rats .  (Cycl ic  n u c l e o t i d e ) p h o s p h o h y d r o l a s e  was  assayed  by  
the  p h e n o l  r ed  m e t h o d  desc r ibed  prev ious ly  [ 2 2 ] .  E n z y m e  ve loc i ty  was  d e t e r m i n e d  f r o m  the  slope of  the  
l inear  p o r t i o n  of  the  t racing.  Because t he  increase  in p H  does  n o t  re la te  to  e n z y m e  ac t iv i ty ,  pH uni t s / rag  
was  used  r a t h e r  t h a n  specif ic  ac t iv i ty  as e n z y m e  uni ts / rag .  Th e  ini t ial  r a te  o f  increase  in pH change  for  the  
con t ro l  was  0 .148  p H  u n i t s / m i n  pe r  mg ,  a nd  the  ra te  o f  decrease  in p H  was  0 . 1 1 3  p H  u n i t s / m i n  pe r  mg.  
The  init ial  r a te  of  increase  in p H  change  fo r  the  e t h a n o l - t r e a t e d  m i t o c h o n d r i a  was  0 .2 4 8  p H  u n i t s / m i n  pe r  
mg,  and  the  ra te  of  decrease  was  0 . 1 7 3  p H  u n i t s / m i n  pe r  rag. Th e  to t a l  increase  in pH is de f ined  as the  Ah 
p a r a m e t e r .  

mined. A 67 and 94% increase was observed in the specific activity, respec- 
tively, of  outer  and inner membranes f rom ethanol-treated animals (Table II). 
There was a 97% increase in the total activity of  the outer  membrane and a 
130% increase in the inner membrane.  

The initial rise in pH (i.e., Ah; Fig. 1) was observed only with freshly pre- 

T A B L E  I 

E F F E C T  OF C H R O N I C  E T H A N O L  I N G E S T I O N  ON (CYCLIC N U C L E O T I D E ) P H O S P H O H Y D R O L A S E  
A C T I V I T Y  IN I N T A C T  R A T  L I V E R  M I T O C H O N D R I A  

U = /~mol  2 ' -AMP f o r m e d / m i n .  (Cycl ic  nuc leo t ide)phosphohycLro lase  was  m e a s u r e d  as p rev ious ly  
desc r ibed  [22 ] .  (Cycl ic  n u e l e o t i d e ) p h o s p h o h y d r o l a s e  ac t iv i ty  is m e a s u r e d  as U/ rag  p ro te in .  

T r e a t m e n t  g roup  (Cycl ic  nuc l eo t i de  ) p h o s p h o h y d r o l a s e  

Fresh  Af t e r  A f t e r  p H / m g  p ro t e in  
m i t o c h o n d r i a  f r e e z e - t h aw  0 .25% T r i t o n  (Ah)  ** 

Con t ro l  0 . 133  ± 0 . 0 0 5  * 0 . 139  0 . 1 9 9  ± 0 . 0 1 2  0 . 4 5 0  ± 0 .0 6 2  
E t h a n o l  0 . 1 9 6  ± 0 . 007  0 . 2 3 0  0 . 3 0 0  ± 0 . 0 2 4  0 .1 7 2  ± 0 .027  
E t h a n o l / c o n t r o l  ra t io  1 .47  1 .67  1.51 0 .38  
% Change  due  to  e t h a n o l  +47% +65% +51% - -62% 
P value ~ 0 . 0 0 1  - -  ~ 0 . 0 1  ~ 0 . 0 1  
N u m b e r  of  an imals  5 2 3 3 

* Each  value r ep resen t s  the  m e a n  + S.E. 
** p H / m g  p r o t e i n  r ep resen t s  t he  m a x i m a l  p H  increase  in f resh m i t o c h o n d r i a  and  is n o t e d  as Ah in Fig. 1. 
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TABLE II 

EFFECT OF CHRONIC ETHANOL INGESTION ON (CYCLIC NUCLEOTIDE)PHOSPHOHYDROLASE 
ACTIVITY IN THE INNER AND OUTER MEMBRANES OF RAT LIVER MITOCHONDRIA 

The n u m b e r s  in parenthes i s  represent  the  n u m b e r  o f  m e m b r a n e  p r e p a r a t i o n s  e x a m i n e d .  L ivers  f r o m  t w o  

a n i m a l s  were  p o o l e d  for  each  prepaxat ion.  (Cyc l i c  n u c l e o t i d e ) p h o s p h o h y d r o l a s e  was  m e a s u r e d  as 
descr ibed  [ 2 2 ] .  

Inner  m e m b r a n e s  O u t e r  m e m b r a n e s  

Spec i f i c  T o t a l  Spec i f i c  T o t a l  

a c t i v i t y  ac t i v i t y  a c t i v i t y  ac t i v i t y  

(6) (6) (8) (6) 
C o n t r o l  0 . 2 0 8  ± 0 . 0 2 9  * 3 .75  ± 0 .68  ** 0 . 2 8 4  ± 0 .031  * * *  6 .43  + 0 .71 

(5) (5) (4)  (4) 

E t h a n o l  0 . 4 0 3  ± 0 . 0 4 7  8 .64  ± 1 .48  0 . 4 7 5  ± 0 . 0 5 2  ***  12 .66  ± 1 .71 

E t h a n o l / c o n t r o l  r a t i o  1 .94  2 .30  1 .67 1 .97  

% Change due to  e t h a n o l  + 9 4 %  + 1 3 0 %  + 6 7 %  + 9 7 %  

P value < 0 . 0 1  < 0 . 0 2  < 0 . 0 1  < 0 . 0 1  

* Spec i f i c  ac t i v i t y  = U / m g  p r o t e i n .  

** T o t a l  a c t i v i t y  = U ( # m o l  2 ' -AMP f o r m e d / r a i n ) .  

*** C o m p a r e d  to  spec i f i c  a c t i v i t y  o f  i n n e r  m e m b r a n e s ,  P is n o t  s ign i f i can t .  

pared mitochondria.  When fresh mitochondria were treated with detergents, 
freeze-thawed (Fig. 2c) or merely allowed to stand at 0°C for 4--5 h, no 
increase in pH was seen. Studies were undertaken to determine the cause of  this 
increase in fresh intact mitochondria.  That the initial increase in absorbance 
(Ah) represented an increase in the pH of  the assay medium was confirmed by 
omitting phenol red from the mixture and following the pH change directly 
with a pH meter.  In addition, when the phenol red was omitted,  we failed to 
observe an increase in absorbance of  the solution at 560 nm even after 10 min. 

When 2',3'-cyclic AMP was omit ted from the reaction, the pH of  control  
mitochondria  increased at a rate of 0.305 pH units/min per mg (see legend to 
Fig. 2a) compared to 0.148 pH units/min per mg observed when substrate was 
present (see legend to Fig. 1 control).  Similar observations were made using 
mitochondria  from ethanol-treated animals; however, the rate of  pH change 
was 0.473 pH units/min per mg in the absence of  substrate compared to 0.248 
pH units/min per mg in the presence of  substrate. The total  increase in pH in 
the absence of  substrate (Fig. 2a) was 2-times greater in control mitochondria 
compared to the ethanol-treated mitochondria.  

Figs. 1 and 2 suggest that  the slower rate of  pH increase in the presence of  
substrate was due to competing reactions. This was confirmed by  adding the 
rate of increase (0.148 pH units/min per mg) to the rate of  decrease (0.113 pH 
units/min per mg). The resulting rate (0.261 pH units/min per mg) was almost 
identical to the rate of increase in the absence of  substrate (0.305 pH units/ 
min per mg). Similar data can be calculated for the mitochondria  from the 
ethanol-treated animals. 

In order to further elucidate the significance of  the initial pH increase, we 
examined the effect  of  isotonic sucrose and Triton X-100 on both  the pH rise 
and. the activity o f  (cyclic nucleot ide)phosphohydrolase (Figs. 2b and 3). The 
standard (cyclic nucleot ide)phosphohydrolase assay is hypotonic ,  and after 
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Fig.  2.  E f f e c t s  o f  s u b s t r a t e  o m i s s i o n ,  0 . 2 5  M suc rose  a n d  f r e e z e - t h a w i n g  o n  (cyc l i c  n u c l e o t i d e ) p h o s -  
p h o h y d r o l a s e  a c t i v i t y .  Cu rves  a.  These  a re  r e p r e s e n t a t i v e  cu rves  f o r  t h e  p H  c h a n g e  in  t h e  a b s e n c e  o f  sub-  
s t r a t e .  T h e  r a t e  o f  i n c r e a s e  in  p H  w a s  0 . 3 0 5  p H  u n l t s / r n l n  p e r  m g  f o r  t h e  c o n t r o l s  a n d  0 . 4 7 3  p H  u n i t s /  
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o f  s u b s t r a t e  a f t e r  t h e  r e a c t i o n  m i x t u r e  w a s  m a d e  u p  t o  0 . 2 5  M w i t h  s u c r o s e .  T h e  r a t e  o f  p H  c h a n g e  was  
0 . 1 1 7  p H  u n i t s / r a i n  p e r  m g  f o r  c o n t r o l  a n d  0 . 1 8 8  p H  u n i t s / r a i n  p e r  m g  f o r  t h e  e t h a n o l * t r e a t e d  m i t o c h o n -  
d r ia .  Cu rves  c .  T h e s e  wte r e p r e s e n t a t i v e  cu rves  f o r  t h e  c h a n g e  in  p H  a f t e r  t he  m i t o c h o n d r l a  h a d  b e e n  
f r e e z e - t h a w e d  o n c e .  T h e  r a t e  o f  p H  c h a n g e  w a s  0 . 1 2 2  p H  u n i t s / m l n  p e r  m g  f o r  t h e  c o n t r o l  a n d  0 . 2 0 2  p H  
u n l t s / m i n  p e r  m g  f o r  t h e  e t h a n o l - t r e a t e d  m i t o e h o n d r l a .  T h e  c h a n g e  in  p H  w a s  m e a s u r e d  as d e s c r i b e d  
[ 2 2 ] .  
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exposure to this medium, mitochondria should expand to such a point that 
they burst. When fresh control and ethanol-treated mitochondria were assayed 
in the presence of isotonic {0.25 M) sucrose the pH decreased, after a short lag 
period, as the substrate was hydrolyzed; however, there was no initial increase 
in the pH of the medium (Fig. 2b). Thus, the pH rise seen earlier may have 
resulted from osmotic disruption of the mitochondria. When the mitochondria 
were freeze-thawed, the pH rise was obliterated supporting the idea of osmotic 
disruption (Fig. 2c). Neither osmotic shock nor freeze-thawing changed the 
fact that ethanol had induced about a 61--66% increase in the specific activity 
(see legend for Fig. 2). 

Additional studies indicated the pH rise was dependent upon both the 
physical integrity and the metabolic activity of the mitochondria. Fig. 3 shows 
that, when control mitochondria were assayed in the presence of increasing 
concentrations of Triton X-100, there was a progressive decrease in the Ah 
parameter until no pH increase was observed at concentrations above 0.05% 
Triton. Fig. 3 also shows that (cyclic nucleotide)phosphohydrolase increased 
with increasing concentrations of Triton X-100 up to a plateau at about 0.05% 
Triton. 

Because the increase in pH was not seen in aged mitochondria, we hypothe- 
sized that the increase in pH may be related to the coupling of oxidative phos- 
phorylation. To test this, the uncoupler, dinitrophenol, was added to mito- 
chondria in increasing concentrations. There was a progressive decrease in the 
Ah parameter (Fig. 4) accompanied by a progressive increase in dinitrophenol 
uncoupling of oxidative phosphorylation. These data imply the increase i n pH 
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pro te in .  Din i t ropheno l  was  added to  state 4 react ion  cond i t ions  [ 2 4 ] .  (Cyclic n u c l e o t i d e ) p h o s p h o h y d r o -  
lase was m e a s u r e d  as desc r ibed  [ 2 2 ] .  
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to be an energy linked event. No change in (cyclic nucleot ide)phosphohydro-  
lase was observed at any concentrat ion of  dinitrophenol.  

Discussion 

The data presented in this report  clearly show that  chronic ethanol ingestion 
results in a marked increase in the activity of  (cyclic nucleot ide)phosphohydro-  
lase in liver mitochondria.  This increase was somewhat  selective to the inner 
mitochondrial  membrane.  Previous studies [1] have shown myelin (cyclic 
nucleot ide)phosphohydrolase activity to be markedly increased by  hypotonic  
disruption of  the membrane structure, and Kurihara et al. [25] and Banik and 
Davison [26] have shown that  full activity of  the myelin enzyme could be ob- 
tained after detergent disruption of  the membrane structure. This suggests 
membrane integrity is inversely related to (cyclic nucleot ide)phosphohydrolase 
activity. Konings and Pierce [5] observed marked increases in (cyclic nucleo- 
t ide)phosphohydrolase activity in tumor  tissue membranes when compared to 
normal spleen tissue membranes.  It is well documented  that  tumor  membranes 
have marked alterations in lipid composi t ion [27,28];  thus, the relationship of 
(cyclic nucleot ide)phosphohydrolase to membrane structure seems to depend, 
to a large extent ,  on the lipid composit ion.  Our findings that  ethanol markedly 
altered the fa t ty  acid and phospholipid composi t ion of  whole mitochondria 
[11] as well as the inner and outer  membranes [39] suggest that  the increased 
activity of  (cyclic nucelot ide)phosphohydrolase simply reflects an alteration in 
the integrity of  each mitochondrial  membrane.  

Other evidence (Tables I and II) suggests this may only be partially true. 
Because the total activity was increased by  ethanol much more than the 
specific activity and because this increase persisted after freeze-thawing or 
t reatment  with detergent,  the ethanol-induced increase may also represent 
an increase in enzyme content .  The effects of  ethanol on mitochondrial  protein 
synthesis would argue against this idea [13,29,30] .  Further,  one report  [31] 
has shown that ethanol (40% of calories) decreased the total  amount  of  mito- 
chondrial protein, while another report  [32] showed no change when ethanol 
was fed at 36% of calories. We observed a 16% decrease in the amount  of pro- 
tein in the mitochondrial  suspensions from the ethanol-treated animals (data 
not  shown). The 47% increase in specific activity of  (cyclic nucleotide)phos- 
phohydrolase noted in Table I would require a 32% decrease in total protein in 
order for the decreased protein synthesis to be the sole cause for the increased 
activity of  the enzyme. It is well known that membrane proteins do not  turn 
over at the same rates. Further,  these proteins are removed arid degraded asyn- 
chronously [33].  Previous data [34,35] suggest that  (cyclic nucleotide)phos- 
phohydrolase may be more stable than.a  variety of  enzymes; thus, the mito- 
chondrial (cyclic nucleot ide)phosphohydrolase simply may not  be degraded as 
rapidly as others. Its activity would appear to increase as a result of decreased 
synthesis of  other mitochondrial  proteins accounting for the increase in specific 
activity observed in our study. 

The basis for the initial increase in pH when fresh mitochondria were assayed 
for (cyclic nucleot ide)phosphohydrolase activity is unclear. The dinitrophenol 
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and ageing experiments suggest the increase may be energy-linked; the mem- 
brane disruption studies indicate the increase may be related to mitochondrial 
integrity. These two possibilities are not mutually exclusive, and both might 
account for the altered pH changes exhibited by the mitochondria from the 
ethanol-treated animals. Chronic ethanol ingestion has been shown to activate 
mitochondrial ATPase [36]. This would increase H ÷ production and alter the 
rise in pH which accompanies mitochondrial disruption. Ethanol has also been 
shown to change the structural integrity of  mitochondria [ 14,37,38]. Thus, the 
mitochondrial integrity or intactness may be altered by ethanol treatment, such 
that more H ÷ binding anions become exposed to the assay medium. These 
anions, presumably proteins, would tend to buffer the initial increase in pH. 

In conclusion, ethanol not only seems to increase the amount of (cyclic 
nucleotide)phosphohydrolase, but it may activate it by altering the mitochon- 
drial membrane structure via lipid changes. (Cyclic nucleotide)phosphohydro- 
lase may also serve as a useful marker for structural changes in membranes. 
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