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The e f f ec t  of dai ly  inject ions of T4, growth hormone and epidermal  growth fac tor  on the 
act iv i t ies  of  the 3 hepat ic  enzymes malic enzyme (E.C.I.I.I.40), 6 phosphogluconate  
dehydrogenase  (E.C.1.1.1.44) and glucose 6-phosphate dehydrogenase  (E.C.I.1.1.49) in 
hypophysectomised rats was examined.  T 4 was shown to increase the ac t iv i ty  of mal ic  
enzyme in a dose dependent  manner  f rom a basal level of  3.55 u m o l / m i n / l i v e r  to 48.97 
u m o l / m i n / l i v e r  at a dose of 75 u g / K g / d a y .  A smaller  increase in the ac t iv i ty  of 6 
phosphogluconate  dehydrogenase  was also observed over  the same range of  T 4 dosage. 
Growth  hormone in the current  study increased the total l iver  enzyme ac t iv i ty  of glucose 6- 
phosphate  dehydrogenase  by 84% when given with a replacement  dose of 35ug T 4 / K g / d a y  
and 6 phosphogluconate  dehydrogenase  ac t iv i ty  by 19% ® i986 Academic P . . . . .  Inc. 

i 

In the l iver  the redox states of the [NAD+]/ [NADH] and [NADP*] / [NADPH]  couples have 

impor tan t  regula tory  f u n c t i o n s ( I ) .  N A D P H  acts as a source of reducing equivalents  for 

l ipid biosynthesis.  In addi t ion,  factors  changing the rate of l ipid biosynthesis  are known to 

a f f ec t  the the act iv i t ies  of enzymes involved  in N A D P H  generat ion (2,3,4). Lipogenesis is 

hormonal ly  regulated,  the l ipogenic ac t iv i ty  of T 3 and insulin being well d o c u m e n t e d ,  for  

rev iew see Geelen and Beynen (5). In addi t ion  to these two hormones both GH and EGF 

have been also been l inked with l ipid metabolism. In neonatal  rats EGF has been reported 

to s t imulate  fa t ty  l iver  fo rmat ion  (6). More specif ica l ly  in cu l tured  hepatocytes  EGF has 

been shown to s t imulate  the ac t iv i ty  of G6PDH, a key enzyme invo lved  in l ipogenesis while 

supressing insul in s t imulated l ipid biosynthesis  (7). The GH molecule has been repor ted  to 

possess l ipolyt ic  ac t iv i ty  (8). In contrast  wi th  this study is the report  that  GH 

admin is t ra t ion  to hypophysectomised rats causes an increase in the [NADP+]/ [NADPH] 

rat io in the l ivers of these animals (9). As malic enzyme,  6PGDH and G6PDH are the main 

N A D P H  genera t ing  enzymes, responsible for the supply of reducing equivalents  needed 

Abbrevia t ions :  EGF,  epidermal  growth factor.  GH, growth hormone.  G6PDH, glucose 6- 
phosphate dehydrogenase.  6PGDH, 6 phosphoglueonate  dehyrogenase.  
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d u r i n g  l ipogenes is  we have  u n d e r t a k e n  a con t ro l l ed  c o m p a r a t i v e  s tudy  on the  e f f ec t s  T 4, 

EGF  and  G H  on the  ac t iv i t i e s  of  these 3 enzymes.  

M A T E R I A L S  A N D  METHODS 

Mater ia ls :  L - T h y r o x i n e  was p u r c h a s e d  f r o m  C a l b i o c h e m - B e h r i n g  co rpo ra t i on  La Jolla,  CA. 
Cor t i cos t e rone -21 -ace t a t e  and  deoxycor t i cos t e rone  ace ta t e  were  p u r c h a s e d  f r o m  Sigma 
Chemica l  Co. St. Louis ,  MO. E G F  was f r o m  Co l l abo ra t i ve  Resea rch  Inc. Lex ing ton ,  MA. 
Bov ine  s o m a t o t r o p i n  was p u r c h a s e d  f r o m  Miles Sc ien t i f i c  Co., Nape rv i l l e ,  IL. 
A n i m a l s  and  t r ea tmen t s :  Female  Sprague Dawley  (Ziv ic  Mil ler  s t r a in )  
were  used in all expe r i m en t s ,  (Z iv ic  Mil ler  Labs,  Al l i son Park ,  PA.). The  
h y p o p h y s e c t o m i s e d  an i m a l s  were 24 days old at  t ime  of opera t ion .  The  p i t u i t a r y  was 
su rg ica l ly  r e m o v e d  by a s p i r a t i o n  the  o p e r a t i o n  be ing  p e r f o r m e d  at Z iv i c  Mil ler  Lab.  and  
an ima l s  housed  the re  d u r i n g  t r e a t m e n t  per iod.  B e g i n n i n g  3 days  a f t e r  ope ra t i on  and  
c o n t i n u i n g  fo r  10 days, s u b c u t a n e o u s  in jec t ions  of r e p l a c e m e n t  ho rmones  were  g iven  to 
h y p o p h y s e c t o m i s e d  an i m a l s  at  the fo l lowing  dosage,  co r t i cos t e rone -21-ace ta t e  
( l m g / K g / d a y ) ,  deoxyco r t i cos t e ron  e ( 2 0 u g / K g / d a y )  and  T4, GH or E G F  at the a p p r o p r i a t e  
e x p e r i m e n t a l  dosage. All  in j ec t ions  were  g iven  in sa l ine  and  the  dose ad ju s t ed  da i ly  
fo l lowing  w e i g h i n g  of  the  animals .  The  h y p o p h y s e c t o m i s e d  an ima l s  r ece ived  a Ze ig le r  low 
iod ine  d ie t  ad lib (Ze ig le r  Co., G a r d n e r ,  PA.) and  a r e p l a c e m e n t  sal t  s u p p l e m e n t  in  t he i r  
d r i n k i n g  wa te r  (10). The  i n t a c t  con t ro l  an ima l s  rece ived  sa l ine  in jec t ions  and  were 
m a i n t a i n e d  on the  same low iod ine  d ie t  for  3 days  pr io r  to sacr i f ice .  D u r i n g  this  pe r iod  
t h e i r  d r i n k i n g  wa te r  was s u p p l e m e n t e d  w i th  iod ine  to a no rma l  d i e t a ry  level. 
E n z y m e  assays: The  f r o z e n  l ivers  were g r o u n d  u n d e r  l i qu id  N 2 to a powder .  Al iquo t s  of the 
l iver  p o w d e r  were  r em oved  and  homogen i sed  in l m M  EDTA. A p p r o p r i a t e  d i lu t ions  of the  
h o m o g e n a t e  were  assayed di rec t ly .  Mal ic  enzyme  was assayed by the  me thod  of Hsu and  
L a r d y  (11) and  6 P G D H  and  G 6 P D H  assayed by the  me thod  of R u d a c k  et al (12) at  37°C. 

R E SU LTS 

The  e f f e c t  of  T_4 on the  ac t iv i t i e s  of mal ic  enzyme,  6 P G D H  and  G6PDH: As expec ted  T 4 

inc reased  the  a c t i v i t y  of mal ic  enzyme  in a dose d e p e n d e n t  m a n n e r  over  the  r ange  of 

r e p l a c e m e n t  doses tes ted  (Fig. I). The  basal  mal ic  enzyme  ac t i v i t y  in an ima l s  r ece iv ing  no 

T 4 s u p p l e m e n t  was 3.55 u m o l / m i n / l i v e r  (1.26 u m o l / m i n / g  l iver).  This  inc reased  to a va lue  
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Figure 1. The effect  of T 4adminis trat ion on total hepatic malic enzyme activity in 
hypophysectomised rats. All data points are represented + standard error of the mean. For 
n see table 1. 
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TABLE 1 

The Effect  of Thyroid Hormone on the Activity of 6 Phosphogluconate Dehydrogenase and 
Glucose 6-Phosphate Dehydrogenase in Rat Liver 

n Liver  wt. (g) 6PGDH G6PDH 
u m o l / m i n  

/g l iver / to ta l  liver /g  l iver / to ta l  liver 

Intact  control  a 4 3 .33+0 .14  11.68+ 1.39 38.43 + 4.00 8.41 +0.96 27 .66+2.47  

T 4 u g / K g / d a y  

0 5 2.80 +_ 0.11 7.72 + 0.74 21.41 + 1.95 3.93 + 0.73 10.97 + 1.95 

12 5 2.70 + 0.08 10.06 +_ 1.23 27.36 + 3.72 3.12 + 0.30 8.49 + 0.95 

35 5 2 .50+0 .08  11.22+0.43 27.87+_0.68 3 .15+0 .44  7 .87+1.08  

50 5 3.14 + 0.09 11.99 +_ 0.45 37.59 +_ 1.44 4.06 +_ 0.16 12.84 +_ 0.73 

75 5 2.78 + 0.07 14.20 + 0.61"** 39.42 + 1.59"** 3.01 + 0.50 8.25 + 1.19 

Fol lowing removal  of  the  p i tu i t a ry  gland,  the  an imals  received a s t anda rd  rep lacement  dose 
of eor t icosterone 1-acetate (1 m g / K g / d a y ) ,  and  deoxycor t icos terone  (20 u g / K g / d a y )  for  i0 
days.  Thy ro id  hormone  T 4 was given at the  dose speci f ied  above du r ing  this  period. At 
the  end of the  t r ea tmen t  period, the an imals  were sacr i f iced and  their  l ivers quick f rozen 
prior  to ex t rac t ion  and  assay of the enzyme act ivi t ies  (7,8). All values  reported +_ S.E.M. 

aNon hypophysec tomized  animals .  

p ~ 0.001. 

o f  48.97 u m o l / m i n / l i v e r  (17.61 u m o l / m i n / g  l ive r )  in  a n i m a l s  r e c e i v i n g  a T 4 dose  o f  

7 5 u g / K g / d a y  f o r  10 d a y s .  T h e  m e a n  m a l i c  e n z y m e  a c t i v i t y  in  i n t a c t  a n i m a l s  w a s  20.52 

u m o l / m i n / l i v e r  a n d  t h i s  w a s  a p p r o x i m a t e d  in  e x p e r i m e n t a l  a n i m a l s  r e c e i v i n g  a T 4 

r e p l a c e m e n t  o f  35 - 50 u g / K g / d a y  o v e r  a 10 d a y  pe r i od .  A c c o r d i n g l y  t h e s e  2 dose s  w e r e  

c h o s e n  as r e p l a c e m e n t  l eve l s  f o r  o t h e r  e x p e r i m e n t s .  T h e  a c t i v i t y  o f  6 P G D H  w a s  

s i g n i f i c a n t l y  i n c r e a s e d  in  t h e  h y p o p h y s e c t o m i s e d  a n i m a l s  r e c e i v i n g  a h i g h  dose  o f  Y 4 f o r  

1 0 d a y s ( T a b l e  1). A t 0 u g / K g / d a y T  4 t he  a c t i v i t y  o f  t h i s  e n z y m e  w a s  21.41 

u m o l / m i n / l i v e r  (7.72 u m o l / m i n / g  l i ve r )  a n d  t h i s  i n c r e a s e d  to 39.42 u m o l / m i n / l i v e r  (14.2 

u m o l / m i n / g l i v e r )  a t  a d o s e o f  7 5 u m o l / K g / d a y .  G 6 P D H  d i d  n o t  i n c r e a s e  o v e r  t h e  r a n g e  o f  

T 4 t e s t e d  ( T a b l e  1). 

T h e  E f f e c t  o f  G H  a n d  E G F  on t he  a c t i v i t i e s  o f  m a l i c  e n z y m e ,  6 P G D H  a n d  G 6 P D H :  B a s e d  

on  t h e  r e s u l t s  o b t a i n e d  in  the  T 4 dose  r e s p o n s e  s t u d y ,  G H  a n d  E G F  w e r e  t e s t e d  in  a n i m a l s  

r e c e i v i n g  e i t h e r  a 35 or 50 u g / K g / d a y  T 4 r e p l a c e m e n t  dose .  G H  (Miles ,  b o v i n e  p i t u i t a r y  ) 

w a s  i n j e c t e d  d a i l y  a t  a dose  o f  3 m g / K g / d a y .  T h e r e  was  no  s i g n i f i c a n t  c h a n g e  in  t h e  

a c t i v i t y  o f  m a l i c  e n z y m e  m e a s u r e d  a t  e i t h e r  T 4 dose f o l l o w i n g  a d m i n i s t r a t i o n  o f  G H  ( T a b l e  

2). H o w e v e r  t h e  t o t a l  l i v e r  a c t i v i t y  o f  G 6 P D H  i n c r e a s e d  by  84% in  t h e  a n i m a l s  r e c e i v i n g  a 
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TABLE 2 

The Effect  of Growth Hormone and Epidermal Growth Factor on the Activities of Malic 
Enzyme, 6 Phosphogluconate Dehydrogenase and Glucose 6-Phosphate Dehydrogenase in 

Rat Liver 

Treatment  n Liver wt Malic enzyme 6PGDH G6PDH 
(g) umol /min  umol /min  umol /min  

/g /total /g /total /g / total  
liver liver liver liver liver liver 

Control 5 2.50 8.29 20.31 
35 ug T 4 + 0.08 + 0.77 + 1.86 

GH a 5 3.16 8.62 27.39 
+ 35 ug T 4 + 0.14 + 0.95 + 3.58 

Control 5 3.14 11.98 37.54 
50 ug T 4 + 0.09 + 0.76 + 2.33 

GH 5 3.34 13.70 45.93 
+ 50 ug T 4 + 0.09 + 1.42 + 5.02 

EGF 7 2.83 9.01 24.95 
Control + 0.09 +_ 1.32 + 3.46 
50 ug T 4 

EGF b 7 3.14 5.53 17.52 
+ 5 0 u g T  4 +0.08 +0.67" +2.37 

11.22 27.87 3.15 7.87 
+ 0.43 + 0.68 + 0.44 + 1.08 

10.52 33.44 4.60 14.49 
+ 1.41 + 4.27 + 0.47 + 1.88" 

11.99 37.59 4.06 12.84 
+__ 0.45 + 1.44 + 0.16 + 0.73 

13.35 44.67 4.30 14.49 
+ 0.41 + 2.28* + 0.40 + 1.68 

9 .81 27.52 4.10 11.64 
+_. 0.74 + 1.71 +__ 0.19 + 0.76 

9 .81 30.69 2.49 7.78 
+0.92 +2.76 +0.26*** +0.71"* 

All animals following removal of the pi tui tary received a standard replacement dose of 
corticosterone 1-acetate (1 mg/Kg/day)  and deoxycorticosterone (20 ug /Kg /day )  for 10 
days following surgery. In addition, animals received a daily thyroid hormone supplement 
at the dosage indicated above. Experimental  t reatment groups were injected daily with 
either (a) growth ho rmone3  m g / K g / d a y  or (b) E G F 4 0 u g / K g / d a y .  All values are reported 
+ S.E.M. 

p <__ 0.05. 

p <_ 0.01. 

p <_ 0.001. 

3 5 u g / K g / d a y  r e p l a c e m e n t  dose  of  T 4 (19 <.5_ 0.02) wh i l e  6 P G D H  a c t i v i t y  was  s l igh t ly  

e l eva t ed  by 19% in the  g r o u p  r e c e i v i n g  a h i g h e r  T 4 r e p l a c e m e n t  dose  of  5 0 u g / K g / d a y  (p 5_ 

0.05) (Tab l e  2). T h e r e  was  no  s i g n i f i c a n t  i nc rease  in e i t he r  of  these  e n z y m e  ac t iv i t i e s  

f o l l o w i n g  G H  a d m i n i s t r a t i o n  w h e n  the  e n z y m e  a c t i v i t y  was  e x p r e s s e d  on a u n i t s /  g l iver  

basis .  In  c o n t r a s t  E G F a t  a d o s e o f  4 0 u g / K g / d a y c a u s e d a  50% de c r e a se  i n G 6 P D H  

ac t iv i ty .  T h e  e n z y m e  a c t i v i t y  dec reased  f r o m  a c on t r o l  va lue  of  11.64 u m o l / m i n / l i v e r  (4.1 

u m o l / m i n / g  l iver )  to 7.78 u m o l / m i n / l i v e r  (2.49 u m o l / m i n / g  l iver )  in the  t r e a t e d  a n i m a l s  (p 

<_ 0.01). A s l igh t  dec rease  in the  ac t i v i t y  of  mal ic  e n z y m e  was  also no t ed  w h e n  e x p r e s s e d  on 

a u n i t s / g l i v e r  basis .  No c h a n g e  was  no t ed  in 6 p h o s p h o g l u c o n a t e d e h y d r o g e n a s e a f t e r  

t r e a t m e n t  f o r  10 days  w i t h  EGF.  
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DISCUSSION 

In the  p resen t  s tudy  we have  d e m o n s t r a t e d  in hypophysec tomised  ra ts  a dose d e p e n d e n t  

response  of mal ic  enzyme  to T 4. An i n d u c t i o n  of mal ic  enzyme  in response  to t hy ro id  

h o r m o n e  has p rev ious ly  been  repor ted  (13,14) and  been  shown  by Mar i a sh  et al (15) to be 

m e d i a t e d  by inc reased  synthes i s  of the  co r r e spond ing  mRNA.  We have  also shown a lesser 

e f f e c t  of th is  h o r m o n e  on the  ac t i v i t y  of 6PGDH. Th i s  enzyme  ac t i v i t y  be ing  s i g n i f i c a n t l y  

inc reased  over  the  r ange  of  T 4 tested in the  animals .  However  T 4 d id  not  a p p e a r  to a f f e c t  

the  to ta l  l ive r  a c t i v i t y  of  G6PDH. The  d i f f e r e n t i a l  e f f e c t  of T 3 o n  these 3 enzyme  

ac t iv i t i e s  has  been  no ted  by Mar i a sh  et al (15). Miks icek  and  Towle (16) also r epo r t ed  a 

lesser e f f e c t  of T s on the i n d u c t i o n  of  G6PDH ac t iv i ty  as compared  to the  increases  in the  

ac t iv i t i e s  of mal ic  enzyme  and  6PGDH. 

A p rev ious  s tudy  on hypophysec tomised  rats  t r ea ted  wi th  GH repor t ed  an  inc rease  in the  

r a t io  of f r ee  cy top lasmic  [ N A D P+] / [ N A D PH ]  (9). Th i s  f i n d i n g  is cons i s ten t  w i t h  inc reased  

u t i l i z a t i on  of N A D P H  for  such anabo l i c  processes as l ip id  and  nuc l eo t ide  b iosynthes is .  In 

con t r a s t  o ther  s tudies  have  d e m o n s t r a t e d  a l ipo ly t ic  ac t iv i ty  associa ted  wi th  GH (8,17-19). 

I f  l ipolysis  is occu r ing  a decrease  in the ra t io  of [NADP+] / [NADPH]  migh t  be expected.  In 

the  p resen t  i nves t i ga t i on  we have  shown u n d e r  our  e x p e r i m e n t a l  cond i t i ons  no e f f ec t s  of 

GH on the  to ta l  l ive r  a c t i v i t y  of mal ic  enzyme  and  an  a p p a r e n t l y  T 4 d e p e n d e n t  e f f e c t  of 

th is  h o r m o n e  on the  ac t iv i t i e s  of G6PDH and  6PGDH in vivo. Prev ious ly  Glock and  

McClean  (20) showed  no e f f e c t  of G H  on the  to ta l  l iver  ac t iv i t i e s  of G 6 P D H  a n d  6 P G D H  in 

vivo, as the c u r r e n t  e f f ec t s  appea r  to depend  on the  h o r m o n a l  s ta tus  of  the  a n i m a l  this  

d i s c r epancy  is pe rhaps  exp la inab le .  However  the  resul ts  o b t a i n e d  in the  p resen t  s tudy  

con t ras t  wi th  r epo r t ed  changes  in cu l t u r ed  hepa tocy tes  where  GH has been shown to e f f e c t  

the  ac t iv i t i e s  of bo th  mal ic  enzyme and  G6PDH (21). 

The  e f f e c t  of EG F  was f o u n d  to be opposi te  to t h a t  of G H .  A decrease  in G 6 P D H  ac t iv i ty  

occurr ing .  As G6PDH occupies  a key me tabo l i c  locat ion,  i m p o r t a n t  for  r e g u l a t i n g  bo th  

l ip id  and  nuc le ic  acid b iosyn thes i s  it is an  a p p r o p r i a t e  site of ac t ion  for  EGF.  A s l ight  

decrease  in the  un i t s  of mal ic  enzyme  ac t iv i ty  /g  l iver  was also obse rved  a l t h o u g h  the  to ta l  

l ive r  a c t i v i t y  of  th is  e n z y m e  d id  not  change.  E GF  is k n o w n  to s t imu la t e  D N A  b iosyn thes i s  

in hepa tocy te s  (22) and  in a d d i t i o n  has been shown to s t imu la t e  G6PDH ac t i v i t y  (7). The  

same au tho r s  also r epor t  a suppress ion  of i n su l in  and  T s s t i m u l a t i o n  of mal ic  enzyme  

caused  by E G F  sugges t ing  an  an t i - l i po ly t i c  act ion.  In a p rev ious  s tudy  H e i m b e r g  et al  (6) 
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EGF has been shown to promote lipid deposition in the livers of neonatal rats. It has been 

demonstrated in a further investigation from this laboratory (23) that one of the earliest 

effects of this agent is to elevate the level of G6P in vivo although in the previous study no 

change in G6PDH activity was found at 5 m i n a f t e r  EGFadminis t ra t ion .  In the present 

investigation the physiological significance of the EGF induced decrease in G6PDH 

remains to be elucidated. This study however, demonstrates that despite the common 

function of T 4, GH and EGF in the maintenance of growth and development each factor 

appears to affect the 3 hepatic enzymes studied in a different and specific manner. 
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