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ABSTRACT 

The incorporat ion of  radioactivity 
from orally administered 3'-linolenic acid- 
1-14C and linoleic acid-3H into the liver, 
plasma, and brain lipids of  suckling rats 
was studied. Significantly more radioac- 
tivity from the former compound was 
incorporated into the liver and brain 
lipids 22 hr after dosing. The distribution 
of  the radioactivity in the fat ty acids of  
the liver and brain lipids was different for 
each isotope. Most of the 3H was still 
associated with linoleic acid, whereas 
most of  the 14C was in the 20:3 and 
20:46o6 fractions. These results suggest 
that the desaturation of linoleic to 3'- 
linolenic acid in vivo is a rate-limiting step 
in the conversion of linoleic to arachi- 
donic acid. 

INTRODUCTION 

In a previous paper we compared the incor- 
porat ion of  radioactivity from orally adminis- 
tered 18:2-1-14C with 20:4-3H 8 into the liver 
and brain 20:4 of  suckling rats (1) and found 
that the majority of the radioactivity in tissue 
20:4 was derived from the exogenously admin- 
istered 20:4-3H8 . The pathway of  synthesis of 
arachidonic acid from linoleic acid involves an 
initial desaturation of linoleic to 3'-linolenic 
acid (18:36o6). This reaction has been demon- 
strated to be rate-limiting in vitro (2). 

To test whether the slow endogenous 
synthesis of arachidonic acid in the above 
experiment was due, in part,  to this rate-limit- 
ing step, we have compared the incorporat ion 
o f  r a d i o a c t i v i t y  f r o m  1 8 : 2 - 3 H  a n d  
7-18:3-1-14C into the liver, brain, and plasma 
lipids of suckling rats. 

METHODS 

Suckling rats, between 15 and 16 days old, 
were used in these experiments.  They were bred 
from female rats maintained on a semisynthetic 
diet (3). 

In the first experiment,  four pups were 
dosed with a mixture of 18:2-9,10,12,13-3H 
methyl  ester (85 mCi/m mole, radiopuri ty  99%) 
and 3,-18:3-1-14 C (20 mCi/m mole, radiopuri ty  
99%, Daiichi Pure Chemical Co., Tokyo,  Ja- 

pan). Ca. 3 /~Ci of  each isotope (14C/3H dose 
ratio = 1.18) was added to 0.25 ml olive oil, 
and the mixture was administered orally to 15 
day old pups. The pups were killed 22 hr later. 
This t ime interval was chosen so that  a compari- 
son could be made between the present results 
and our previous work (1). 

In the second experiment,  three pups were 
dosed with ca. 1.5 /.tCi of each of  18:2-3H and 
18:2-1-14 C (61 mCi/m mole, The Radiochemi- 
cal Center, Amersham, U.K.). The isotopes 
(14C/3H dose ratio = 1.01) were added to 0.25 
ml olive oil, and the mixture was administered 
orally to 16 day old pups. The pups were killed 
22 hr later. 

Lipids were extracted from the tissue as 
previously described (1). Blood was collected 
into citrated tubes, and plasma was extracted in 
chloroform: methanol (1 : 1 v/v). Aliquots of the 
total  lipids were assayed for radioactivity by  
liquid scintillation counting using an Intertech- 
nique SL 30 scintillation spectrometer.  The 
efficiency of counting was determined by the 
use of internal standards of n-hexadecane-l-14 C 
and n-hexadecane-l ,2-3H (The Radiochemical 
Center, Amersham, U.K.). 

Tissue lipids were separated by thin layer 
chromatography (1); the cholesteryl esters 
(CE), triglycerides (TG), free fat ty  acids, cho- 
lesterol (Chol), and phospholipids (PL) were 
scraped quantitatively into scintillation vials 
and 1 ml water was added to each vial, followed 
by 10 ml Unisolve 1 (Koch Light Laboratories,  
Bucks, U.K.). In this system, the efficiency of  
counting, determined by the use of  internal 
standards (above) was 47% for 14C in the B 
channel and 22 and 38% for 14C and 3H, 
respectively, in the A channel. Using this 
method,  the recovery of radioactivity from the 
plates was greater than 95% for each isotope. 

The distribution of radioactivity in the fat ty  
acids of  TG and PL was determined by  separa- 
t ion and fraction collection of  the methyl  esters 
using a preparative gas liquid chromatogr_aph 
(4). The methyl esters were prepared as previ- 
ously described (1), and the preparative gas 
liquid chromatography was carried out  in a 
glass column 2.1 m in length x 7 mm inside 
diameter packed with 10% polyethylene glycol 
adipate (P-EGA) on Diatomite C-AW 60-70 
mesh at 177 C. Methyl-3,-linolenate (nonradio- 
active) was added to all samples prior to 
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T A B L E  I 

I n c o r p o r a t i o n  of  Rad ioac t iv i ty  f r o m  "y-I 8 :3-1-14C and 18 :2 -3H in to  
Liver  and  Brain Lipids o f  Suckl ing Rats  

Percent  o f  dose 

Tissue 18:2_3H ,),.18:3_1_14C pa 

Liver lipids 3 .94 +- 0 .43  a 6 .05 +- 0 .48  < 0 . 0 0 2 5  
Brain lipids 0 .27 -+ 0 .003  0.41 + 0 .003  < 0 . 0 0 0 5  

a p > 0 . 0 5  = no s ignif icant  d i f fe rence .  
bMean  +- s t a n d a r d  er ror  of  the  m e a n  f r o m  four  pups wh ich  rece ived  a m i x t u r e  of  the  two  

labeled f a t ty  acids. The  14C/3  H dose ra t io  was  1 .18:1 .  

T A B L E  II  

Percentage  Dis t r ibu t ion  o f  I so topes  in Liver ,  Plasma,  
and  Brain Lipid Frac t ions  

Percen t  d i s t r ibu t ion  

Tissue f r ac t ion  a "y- 18: 3-1-14 C 18: 2- 3H 

Liver  PL 54 + I c 28 + 1 
T G  43+- 1 6 8 +  0.2 

Plasma PL 35 d 45 
T G  21 17 
CE 41 34 

Brain PL 83 +- 0.01 95 + 0.02 
Chol e 12 +- 0 .02 1 -+ 0 .04  

apL  = phosphol ip ids ,  T G  = t r ig lycer ides ,  CE = 
choles te ry l  esters,  and  Chol = choles tero l .  

b p e r c e n t a g e  d is t r ibu t ion  o f  i so tope  in lipid frac- 
t ions  o f  each  t issue (see " M e t h o d s " ) .  

CMean +- s t a n d a r d  e r ror  o f  the  m e a n  f r o m  four  
animals .  

d p o o l e d  analysis  f r o m  fou r  animals .  

eCholes te ro l  coun t s  were  no t  c o n t a m i n a t e d  by  
rad ioac t ive  diglycerides.  

chromatography to determine the exact posi- 
t ion of this compound.  The retent ion times of 
the methyl  esters of  18:26o6 and 3~-18:3606 
relative to 18:0 were 1.44 and 1.72, respec- 
tively. 

Fa t ty  acid fractions were decarboxylated by 
the Schmidt procedure as described by Gold- 
fine and Bloch (5). 

Analyses for changes were performed on the 
data using the paired Student t-test (6). 

RESULTS 

Radioactivity from both ~'-18:3-1-14C and 
18:2-3H was incorporated into the liver, plas- 
ma, and brain of the suckling rats (Table I). In 
the liver, the radioactivity from 3'-18:3-1-14 C 
was distributed evenly between the TG and PL 
fractions, whereas the radioactivity from 
18:2-3H was incorporated preferentially into 
the TG fraction (Table II). In the plasma, the 
major lipid fractions labeled with both isotopes 

T A B L E  I l I  

Percen tage  Dis t r ibu t ion  a o f  Rad ioac t iv i ty  in the  F a t t y  Acids  o f  Liver  Tr ig lycer ides  (TG) ,  
Phosphol ip ids  (PL),  and Brain PL 

Fa t t y  acid Liver  T G  Liver PL Brain PL 

f rac t ion  b 18 :2-3H 3,-18:3-1-14C 18 :2 -3H ,y.18:3-1-14C 18 :2 -3H ~,-18:3-1-14C 

16:0 + 16:1 _ _ . c  . . . . . . . . .  1.9 +- 0.4 18 + 0.3 

1 8 : 0 +  18:1 . . . . . . . . . . . .  2.3 + 0.3 10 + 0.2 

18:2 to6  67 + 3.2 d --- 67 + 2.4 --- 39 + 1.7 --- 

18 :3 to6  14 + 1.0 31 -+ 0.4 13 + 1.1 4.3 + 0.6 8.3 + 0.5 5.6 + 0.2 

2 0 : 0 - 2 0 : 2  8.1 + 1.9 4.8 + 0.7 7.4 -+ 0.5 --- 5.0 + 0.6 --- 

20 :3 to6  3.5 + 0.3 24 -+ 0.9 2.8 + 0.6 12 + 1.0 6.8 + 0.2 9.9 -+ 0.1 

20 :4 to6  3.4 -+ 0.5 20 -* 0.5 5.8 + 0.6 56 -+ 0.3 25 -+ 0.8 43  -+ 1.1 

20 :5  3.0 + 0.4 l l . 0  -+ 0.7 2.4 -+ 0.1 13.0 -+ 0.7 4.0 -+ 0.8 5.0 + 0.8 

2 2 : 4  + 2 2 : 5 t o 6  --- 6.3 -+ 0.2 1.3 + 0.3 9.7 -+ 0.3 5.0 +- 0.2 5.4 + 0.3 

ape rcen tage  of  r ad ioac t iv i ty  in a f r ac t ion  relat ive to to ta l  r ad ioac t iv i ty  col lec ted.  Samples  w e r e  co l lec ted  
c o n t i n u o u s l y  f r o m  the  so lvent  f r on t  to af te r  the  22:6co3 f rac t ion .  Values above  10% are under l ined .  

b T h e  18:3co6 f rac t ion  inc ludes  1 8 : 3 ~ 3 ;  the  2 0 : 0 - 2 0 : 2  f r ac t ion  includes  20 :1 .  
CLess t h a n  1%. 

dMean  +- s t a n d a r d  e r ror  o f  the  m e a n  f r o m  four  animals .  
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were PL, TG, and  CE (Table  II). In t he  b ra in  
lipids, mos t  of  the  r ad ioac t iv i ty  was assoc ia ted  
wi th  the  PL f rac t ion .  

The  d i s t r i bu t i on  o f  the  r ad ioac t iv i ty  in  t he  
f a t t y  acids of  l iver T G  and  PL in the  18:2-3H 
e x p e r i m e n t  s h o w e d  t h a t  mos t  of  the  3H was 
still associa ted  wi th  t he  18:26o6 f r ac t ion  and  
l i t t le  wi th  t he  20:46o6 f r a c t i o n  (Table  III) .  In  
the  b ra in  PL, some 25% of  t h e  3H was in t he  
20:46o6 f rac t ion .  On the  o t h e r  h a n d ,  in  t he  
"y-18:3-1-14C e x p e r i m e n t ,  mos t  of  t h e  radio-  
ac t iv i ty  in  the  p o l y u n s a t u r a t e d  f a t t y  acids of  
liver TG,  PL, and  b ra in  PL was assoc ia ted  w i th  
20:3606 and  2 0 : 4 6 o 6 - t h e  longer  chain  m e t a b o -  
lites of  the  6o6 series. The  d i s t r ibu t ions  of  t he  
r ad ioac t iv i ty  in  the  f a t t y  acid f rac t ions  o f  t he  
p lasma TG,  CE, and  PL were s imilar  to  t he  
respect ive  d i s t r ibu t ions  (14 C or  3H) o b t a i n e d  in 
t he  l iver l ipids (resul ts  no t  s how n) .  

D e c a r b o x y l a t i o n  of  the  16:0  + 16:1 and  
18 :0  + 18:1 f rac t ions  of  the  b ra in  l ipids s h o w e d  
t h a t  the  c a r b o n  14 in these  acids was der ived 
f r o m  a c o m b i n a t i o n  of  de novo  syn thes i s  a n d  
chain  e longa t ion  f r o m  ace ta t e -14C (Table  IV). 
The  presence  o f  s ignif icant  a m o u n t s  o f  14 C in 
these  f a t ty  acids and  in b ra in  cho les t e ro l  has  
b e e n  c o m m e n t e d  o n  previous ly  (1) .  The  very  
low ca rboxy l  c a r b o n  values in  t he  20:36o6 and  
20:4606 f r ac t ion  of  the  l iver and  b ra in  s h o w e d  
t h a t  the  rad ioac t iv i ty  was der ived d i rec t ly  f r o m  
the  fed "11-18:3-1-14C. 

The  t o t a l  i n c o r p o r a t i o n  of  14C in to  the  
b ra in  l ipids exceeded  t h a t  of  the  3H inco rpora -  
t i on  (Table  I), bu t  it was ca lcu la ted ,  f r o m  
Tables II and  III, t ha t ,  of  t he  t o t a l  r ad ioac t iv i ty  
in  t he  b ra in  l ipids,  ca. 30  a n d  5% of  t h e  14C 
and  3H, respect ive ly ,  were assoc ia ted  w i th  the  
bra in  cho les te ro l  t o g e t h e r  w i th  t h e  s a t u r a t e d  
and  m o n o u n s a t u r a t e d  f a t t y  acids.  In prev ious  
e x p e r i m e n t s  in which  pups  were oral ly fed 
18:2-1-14C,  a -18 :3 -1 -14C,  and  2 0 : 4 - 1 - t 4 C ,  i t  
was s h o w n  t h a t  a subs t an t i a l  a m o u n t  of  t he  
rad ioac t iv i ty  in  the  b ra in  lipids was assoc ia ted  
w i th  cho les t e ro l  and  the  s a t u r a t e d  and  m o n o u n -  
s a t u r a t e d  f a t t y  acids (1) .  It was suggested t h a t  
th is  i n c o r p o r a t i o n  was a p r o p e r t y  of  t he  t y p e  of  
label  in t he  fed  acid (14C or 3H) r a t h e r  t h a n  a 
p r o p e r t y  of  t he  f a t t y  acid i tself .  To c o n f i r m  
this ,  18 :2-1-14C and  18:2-3H were fed  s imul ta-  
neous ly  to  16 day  old  pups .  The  14C/3H ra t ios  
in t he  l iver and  p lasma lipids were s imilar  to  t he  
dose ra t io .  However ,  in  t he  b ra in  l ipids,  t h e  
14C/3 H ra t io  was s igni f icant ly  grea ter  t h a n  t he  
dose  ra t io  (Tab le  V).  T he  excess of  14C over  
3H in t he  b ra in  l ipids was a c c o u n t e d  for  b y  t he  
h igh  14C/3H ra t io  in  t he  b ra in  cho le s t e ro l  and  
t he  s a t u r a t e d  and  m o n o u n s a t u r a t e d  f a t t y  acids. 
As in the  prev ious  e x p e r i m e n t  (3,-18:3-1-14C 
plus 18 :2-3H) ,  i t  was ca lcu la ted  t h a t  t h e r e  was 

TABLE IV 

Decarboxylation Studies on Fatty Acids Collected 
by Preparative Gas Liquid Chromatography 

Relative carboxyl activity a 

Fatty acid fraction Liver TG Liver PL Brain PL 

16:0 + 16:1 ND b ND 0.15 
18:0 + 18:1 ND ND 0.17 
18:3co6 0.89 0.90 0.85 
20:3 + 20:4~o6 0.06 0.01 0.03 
22:4 + 22:5r 0.31 0.04 0.08 

al4C in the -COOH group/14C in total fatty acid. 
The fatty acid fractions from four experiments were 
pooled prior to decarboxylation, and the analyses 
were done in duplicate. The original ~/-18:3-1-14C had 
a relative carboxyl activity of 0.87 -+ 0.01 (mean 
standard error of the mean for six determinations). 

bND = not determined. 

TABLE V 

The Incorporation of Radioactivity from 
18:2-1-14C and 18:2-3H into Tissue Lipids and 

Fatty Acids of Suckling Rats 

Tissue fraction 14C/3H ratioa 

Liver lipids 1.2 + 0.02 b 
Plasma lipids l.O +- 0.01 
Brain lipids 2.4 • 0.002 c 
Brain cholesterol 13 • 1.4 d 
Brain 16:0 + 16:1 27 --- 4.2 e 
Brain 18:0 + 18:1 16 + 1.0 d 

aRatio = 14C]3H in fraction + 14C/3H in dose. 
The dose ratio was 1.01:1. 

bMean • standard error of the mean for 3 animals. 
CThe ratio differed significantly from the dose 

ratio, (P) <0.0025. 
dp<o.025. 
ep<0.05. 

ca. six t imes  as m u c h  14C as 3H in these  
c o m p o u n d s .  

D ISCUSSI ON 

The  18: 2-1-14 C -  18: 2 -3 H e x p e r i m e n t  (Tab le  
V)  conf i rms  our  earl ier  sugges t ion  t h a t  t h e  
labe l ing  of  t h e  choles te ro l ,  s a t u r a t e d  and  m o n o -  
u n s a t u r a t e d  f a t t y  acids in  t he  b ra in  is due to  
the  pos i t i on  of  t he  l abe l  o n  t he  f a t t y  acid a n d  
its s u b s e q u e n t  loss,  d e p e n d i n g  u p o n  t he  m e t a b -  
olism, r a t h e r  t h a n  the  n a t u r e  crf the  f a t t y  acid 
i tself  (1).  The  resul ts  show t h a t  care m u s t  be 
t a k e n  w h e n  c o m p a r i n g  t he  i n c o r p o r a t i o n  of  
r a d i o a c t i v i t y  f r o m  f a t t y  acids l abe l ed  w i th  
c a r b o n  14 at t h e  c a r b o x y l  c a r b o n  w i t h  m o r e  
u n i f o r m l y  3H labeled  acids i n t o  b ra in  l ipids in  
suckl ing rats.  

The  liver is t he  ma jo r  site for  t he  desa tura-  
t i o n  and  cha in  e longa t ion  of  f a t t y  acids (7).  I t  
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commonly is assumed that linoleic acid is 
converted to arachidonic acid without diffi- 
culty (8). However, in vitro studies (2) have 
shown that the initial desaturation of 18:2606 
to 18:36o6 is a rate-limiting step. The amount 
of radioactivity found in arachidonate may be 
dictated, not only by the rate of conversion of 
linoleate or 3'-linolenate to arachidonate, but 
also by the size of  the metabolic pool of 
linoleate and 3"-linolenate. In the present experi- 
ment, the total liver content of linoleate is 
much greater than that of 3'-linolenate, and this 
is consistent with the results obtained when rats 
are fed up to 6.4% of their calories as either 
linoleate or 3,-linolenate (9), That is, when 
~,-linolenate is fed to essential fatty acid-defi- 
cient rats there is an increase in the amount of 
this compound in the liver. However, rather 
than a large expansion of the 3'-linolenate pool, 
the 3'-linolenate is metabolized to, and results 
in, an increase in the liver content of  20:3 and 
20:4606. On the other hand, when linoleate is 
fed to the essential fatty acid-deficient rats, 
there is a considerable increase in the total  liver 
content of linoleate and a more modest and 
slower increase in the content of  20:3 and 
2 0 : 4 6 0 6  in t h e  l i v e r  (9) .  In t h e  
18:2-3H-3'-18:3-1-14C experiment, most of 
the radioactivity in the liver PL from orally fed 
18:2-3H was in the 18:26o6 fraction, whereas 
most of  the 14C (from 3'-18:3-1-14C) was in 
the 20:4606 fraction and less than 5% in the 
3'-18:3 fraction. 

Clearly, care must be taken in extrapolating 

from results based upon a single time point. 
Nevertheless, the results of this experiment 
demonstrate that one day after dosing the 
desaturation of 18:26o6 to 3'-18:3 is rate-limit- 
ing in vivo as it is in vitro (2). Further work is 
planned to establish if this rate-limiting step 
remains of importance in the long term. 
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