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Abstract--The addition it+ vitro of cycloheximide ( I ,ug/ml) produces an increase in the incorporation 
of isotopic glucose or lactate into total lipids of epididymal fat pads obtained from fed rats. This 
enhancement in the incorporation of glucose proceeds via the glyceride-glycerol moiety. The synthesis 
of fatty acids is slightly decreased by the antibiotic which affects neither the uptake of glucose nor 
its oxidation. The regulation of the esterification process in adipose tissue is discussed. 

Aside f rom the inhibitory effect of cyc lohex imide  
(CHM) on protein synthesis ,  intraperi toneal  admin- 
istration to fasted rats p roduced  a 10-fold increase 
in the incorporat ion of  [~4C]glucose into the lipids 
of  epididymal  fat pads,  mainly through an increase 
in esterif ication of free fat ty acids (FFA)[1] .  By 
contrast ,  a small increase,  without  statistical signi- 
f icance, in the incorporat ion of  glucose into lipids 
was found when the antibiotic was injected into fed 
ra t s [ l ] .  It was rat ional ized that,  in the pads f rom 
fasted animals,  C H M  might increase a metabol ic  
process  normally s t imulated by food intake. The 
physiological  consequences  of  food  intake play an 
important  role in the metabol i sm of adipose tissue 
as ev idenced  by lower rates of  glucose uptake [2] 
and F F A  esterif ication [3] observed  in fast ing rats 
compared  to fed ones.  Recent ly ,  we repor ted  that 
C H M ,  added in vitro to epididymal  fat pads f rom 
fasted rats, increases 2-fold the uptake,  oxidat ion 
and incorporat ion of  g lucose  into lipids, concomi-  
tently with an increase in esterif ication of F F A  [4]. 
Since these parameters  are increased by feeding,  we 
have studied whether  the antibiotic,  added in vitro 
to epididymal  fat pads f rom fed rats, elicits fur ther  
st imulation,  in an effort to elucidate  the prime 
pathway affected by C H M .  

MATERIALS AND METHODS 

Cyc lohex imide ,  bovine serum albumin (fraction 
V/, and glycerokinase  were  obtained f rom Sigma 
Chemical  Co. (St. Louis ,  MO). D[U-t4C]glucose 
(200 mCi /m-mole)  and L[U-'4C]Iactic acid as the 
sodium salt (60 mCi /m-mole)  were  purchased 
f rom Internat ional  Chemical  and Nuclear  Corp.  
(Cleveland,  OH). Hexok inase ,  glucose 6-phos- 
phate dehydrogenase ,  and a lpha-g lycerophosphate  
dehydrogenase  were  obtained f rom Boehr inger  & 
Soehne  (Mannheim).  

The exper iments  were  pe r fo rmed  using male 
Wistar  rats weighing be tween  120 and 170 g. The 
animals were  fed  ad lib. with Purina rat chow;  they 
were  killed by decapi ta t ion and then exsanguinated.  
The  epididymal  fat pads were  r emoved ,  r insed in 
0.85% NaC1 and incubated in a Dubnoff  metabol ic  

shaker  at 37 ° for 2 hr in a 25-ml Er l enmeyer  s toppered 
flask. In addit ion to the tissue, each flask contained 
3 ml of Krebs -R inge r  bicarbonate  buffer adjusted to 
pH 7.3 and supplemented  with 150 mg of bovine 
serum albumin and l l.1 mM glucose.  Some  vari- 
ability in the results was observed  when different  
batches of  albumin were  used. To  avoid this prob- 
lem, albumin was systematical ly  purified accord-  
ing to the procedure  of Chen [5]. When radioact ive  
glucose was used, it was added to a final concent ra-  
tion of I / tCi/I 1. I /xmoles. Where  indicated,  glucose 
was substi tuted for  lactate at a concent ra t ion  of  
I raM, and 0.4/~Ci [ '4C]lactate was added to each 
flask. The  incubation medium was heated to 37 ° and 
gassed with 5% CO~-95% O~ before  the donor  
animals were  killed; the flasks were  flushed with the 
same gas mixture  before  sealing. Usual ly  one of  
the two pads obtained f rom each animal served as 
the control  while the other  pad was in medium 
which contained C H M  at a dose of 1 /zg/ml. 

Lipids were ext rac ted  according to Folch et al. 
[6]. In some exper iments  the lipids f rom the ex- 
tracts were  saponified and the distr ibution be tween  
g lycer ide-g lycero l  and fat ty acids of  radioact ive  
carbon f rom glucose or lactate was studied by the 
method of Kornacker  and Ball [7], with minor 
modificat ions [ 1 ]. When lipolysis and esterification 
were studied, one pad f rom each rat was used to 
de termine  the initial concent ra t ion  of glycerol  and 
F F A .  The net changes in glycerol  and F F A  are 
presented.  Free  fat ty acids were de termined  ac- 
cording to Dole and Meiner tz  [8] and glycerol  was 
de termined  according to Wieland[9[.  Glucose  
uptake was measured by the d isappearance  of the 
hexose  f rom the medium according to the method 
of  Slein[10]. Oxidat ion of [ '+C]glucose was 
measured  by its convers ion  to ~4COz, using the 
method of Del Boca and F l a t t [ l l ] .  Other  experi-  
mental details have been reported e lsewhere  [ 1,4]. 

RESULTS AND DISCUSSION 

The incorporat ion of [t4C]glucose into lipids of .  
epididymal fat pads f rom fed rats was found to be 
increased 50 per cent  by cyc loheximide .  The drug 
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Table I. Effects of cycloheximide on glucose metabolism 

Control Cycloheximide 
( t; moles/g) I/~ moles/g I P 

Uptake 9.42 ~ I 07 II .hl  + I I ~, • t) 2 
(ttmoles/g wet wt) (6i  (6) 

Incorporation i n to  l ip ids I . ~  • O. 18 2.~2 + O. IN , ().(i2 
(,umoles/g lipids) (7) (7) 

Oxidation ~.21 + 0.~9 ~.09 ~ 0.~6 .- l).q 
(,umoles/g lipids) 15) 16) 

* The restllls are expressed as the mean • S .E.M. .  v,.ith the number of observations in 
parentheses.  

a l so  p r o d u c e d  a s t a t i s t i ca l ly  ins ign i f ican t  i n c r e a s e  in 
the  u p t a k e  o f  g l u c o s e  w i t h o u t  p r o m o t i n g  its ox ida -  
t ion (Table  1). To  e x p l o r e  t he  m e t a b o l i c  p a t h w a y  
mod i f i ed  by C H M ,  the  lipid e x t r a c t s  w e r e  f r a c t i o n -  
a t ed  a n d  it w a s  f o u n d  that  the  an t ib io t i c  p r o d u c e d  
a m a r k e d  shi f t  in the  d i s t r i b u t i o n  o f  the  label  f r o m  
the  f a t t y  ac id  m o i e t y  to the  g l y c e r i d e - g l y c e r o [  
m o i e t y  ~Table 21, s h o w i n g  a p a t t e r n  o f  d i s t r i b u t i o n  
s imi la r  to  that  f o u n d  in f a s t e d  a n i m a l s  [4]. By c o m -  
b in ing  the  d a t a  f r o m  T a b l e s  1 a n d  2 it is p o s s i b l e  to 
c a l c u l a t e  the  a m o u n t  o f  g l u c o s e  i n c o r p o r a t e d  in to  
f a t t y  a c i d s  o r  g l y c e r i d e - g l y c e r o l .  In c o n t r o l  p a d s  

0 . 8 5 / , m o l e  was  i n c o r p o r a t e d  in to  fa t ty  a c i d s  a n d  
-- 0 . ( -4 /*mole  was  c h a n n e l e d  t o w a r d  the  s y n t h e s i s  o f  
g l y c e r o p h o s p h a t e .  In p a d s  i n c u b a t e d  wi th  C H M ,  
- -0 .59  and  ~ 1 . 6 6 / , m o l e s  g l u c o s e / g  o f  l ipids  w e r e  
i n c o r p o r a t e d  in to  f a t t y  a c i d s  a n d  g l y c e r i d e - g l y c e r o l  
r e s p e c t i v e l y .  T h e r e f o r e ,  the  an t ib io t i c  s t i m u l a t e d  
the  i n c o r p o r a t i o n  o f  g l u c o s e  in to  l ipids  by - -0 .77  
/ , m o l e / g  o f  l ipids  t h r o u g h  the  s y n t h e s i s  o f  the  
g l y c e r i d e - g l y c e r o l  m o i e t y  o f  the  neu t ra l  f a t s  ( I .02  
/*moles /g  o f  l ipids)  a n d  d e c r e a s e d  its i n c o r p o r a t i o n  

in to  the  fa t ty  ac ids  (0.26 ,umoletg  of  l ip idsl .  T h e  
ac t i on  o f  C H M  on the  e s t e r i f i ca t ion  o f  F F A ,  re- 
p o r t e d  in Tab le  3, is a c o n s e q u e n c e  o f  the  p r e v i o u s  
f indings .  T h e  an t ib io t i c  s t i m u l a t e d  this  p a t h w a y  47 
p e r c e n t :  th is  is q u a n t i t a t i v e l y  ident ica l  to the  C H M -  
m e d i a t e d  s t imu la t i on  in the  i n c o r p o r a t i o n  o f  
l ' 4CJg lucose  in to  l ipids (Table  I). T h e  d e c r e a s e  in 
t he  i n c o r p o r a t i o n  of  g l u c o s e  in to  fa t ty  ac ids  is in 
a g r e e m e n t  wi th  the  p a p e r  by M c N a m a r a  et al. [12], 
w h o  r e p o r t e d  that  C H M  c a u s e s  a d r a m a t i c  d e c r e a s e  
in t he  c o n v e r s i o n  o f  i so t op i c  a c e t a t e  to f a t ty  ac ids  
in rat l iver  h o m o g e n a t e s .  

T h e  i n c r e a s e  in g l u c o s e  u p t a k e  p r o d u c e d  by the  
add i t i on  in vi tro of  C H M to e p i d i d y m a l  fat  p a d s  f r o m  
f a s t e d  ra t s  14l s e e m e d  to  exp l a i n  m o s t  o f  its a c t i o n s  
on  g l u c o s e  and  lipid m e t a b o l i s m .  In pads  o b t a i n e d  
f r o m  fed  ra t s .  the  sl ight  s t imu la t i on  o f  the  u p t a k e  
o f  g l u c o s e  a p p e a r s  to be m o r e  a c o n s e q u e n c e  of  
s a t i s f y i n g  the  d e m a n d s  o f  m e t a b o l i t e s  to i n c r e a s e  
the  p r o d u c t i o n  o f  g l y c e r o p h o s p h a t e  t h a n  a d i r ec t  
ac t ion  o f  the  an t ib io t i c  on  the  u p t a k e  o f  the  h e x o s e .  
C H M  e n h a n c e d  the  u p t a k e  of  g l u c o s e  23 pe r  c e n t  

Table 2. Relative distribution of radioactive carbon from glucose in different fractions of lipid 
extract,; of epididymal fat pads* 

Control Cvcloheximide 
Fraction (c:~ i I~-, ~ ) P 

Non-saponifiable lipids 3.53 + {).55 3.04 + O. 13 < 0.s 
(4) ~4~ 

Fatty acids 55.t~ - 3.70 25. '~ + I. 12 {i.liOI 
(4) (4i  

Glyceride-glycerol 41 .{Ig + ~. 77 71.4 ~, - I. 7 ; .- [).001 
(4) (4} 

* Specifications are as in Table I. Per cent values are given on the basis of the results presented 
in Table I. i.e. 1.55 ,umoles glucose/g incorporated into lipids for the controls,  and 2.32 /~moles/g 
for the experiments  with cycloheximide. 

Table 3. Effects of cycloheximide on lipolysis and free f a n y  acid eslerification" 

Net change Control Cycloheximide P 

Glycerol (/*moles/g) 4.16 ÷ {I.,53 5.49 + (L61 < 0.2 
(5) !5) 

FFA (,uEq/g) 0.58 + 0.16 I.tKJ + 0,26 < 0.001 
(5) (5) 

Rate of esterification II .90 17.47 - -  
(uEq/g) 

* Specifications are as in Table I. 



Esterification process and cycloheximide 

Table 4. Effec! of cycloheximide on isotopic lactate incorporation into lipids and relative 
distribution of the label* 
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Control Cycloheximide P 

(cpm/mg of lipids) 
Incorporation into lipids 45.27 :~ 3.26 65.77 + 7.05 < 0.05 

(4) 14) 

Distribution (per cent) 
Non-saponiliable lipids 3.73 - 1.38 2.35 + 0.61 < 0.4 

(4) (4) 
Fatty acids 40.10 ~ 3.54 25.79 +- 2.06 <0.02 

(4) (4) 
Gl3, ceride glycerol 56.18 ,: 4.59 71.86 + 1.93 <0.05 

(4) (4) 

" Specifications are as in Table I. Per cent values are given on the basis of the incorporation 
of lactate into lipids presented in the first line of the table. 

(Table I) and al though this increase  is more  than 
enough to account  for  the 50 per cent  st imulation 
of  the incorpora t ion  of glucose into lipids (Table I ), 
this must take place specifically via g lycerophos-  
phate (Table 2) to subsequen t ly  raise the esterif ica- 
tion of F F A  (Table 3). 

The resul ts  of Table 4 give suppor t  to this point .  
The antibiotic increased  the incorpora t ion  of lactate 
into lipids, and the dis t r ibut ion of the label showed  
a shift  to the g lycer ide-g lycero l  moiety .  Fur ther -  
more ,  the magni tude  of  the s t imulat ion (45 per cent)  
was quite similar to that  obse rved  with glucose 
(Table I). The e n h a n c e m e n t  p roduced  by CHM in 
the incorpora t ion  of g lucose  or lactate into lipids is 
of special  significance since these  metabol i tes  are 
incorpora ted  into lipids e i ther  through glycero-  
genes is  (Tables 1 and 2) or g lyce roneogenes i s  
(Table 4) in order  to sat isfy the d e m a n d s  of the 
esterif icat ion p rocess .  These  results  indicate that  
the prime act ion of  C H M  should be localized on the 
ester if icat ion pa thway.  

The C H M - m e d i a t e d  increase  in glucose uptake 
and oxidat ion obse rved  in t issues f rom fas ted  
animals [4} might be a c o n s e q u e n c e  of the stimula- 
tion of the ester if icat ion p roces s  by the antibiotic.  
The lack of effect  on these  pa ramete r s  in t issue f rom 
fed rats (Table I) may be due to the fact  that they 
are a l ready s t imulated by' the food intake,  and prob-  
ably by the same mechan i sm that  is a result  of the 
antibiotic act ion in t i ssues  f rom fas ted  animals ,  so 
that no addit ive act ion is obse rved .  The resul ts  of 
this paper  focus  on the impor tance  of  the esterifica- 

tion p rocess  as a point  of regulation of adipose  
t issue metabol i sm.  
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