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Positional Isomerism of Unsaturated Fatty Acids in 

Quantification of Isomeric Mixtures 

the Rat 

D. SAND, N. SEN and H. SCHLENK, The Hormel Institute, Austin, Minnesota 

Abstract 
Mono- and dienoic acids of lipids f rom ra t  milk, 

ra t  sueMings, and ra ts  on a fat-deficient diet were 
investigated. The percentage of uneommon iso- 
mers of palmitoleie acid was highest in milk, the 
newborn and  the suckling rats, but  receded af ter  
weaning. Isomers of linoleic acid were found 
only in traees in sucklings but  became pronounced 
in rats  on diets lacking' essential f a t t y  acids. The 
proport ion of 8,11-diene among octadecadienoie 
acids increased markedly  under  such conditions 
within one week and two additional isomers be- 
came prominent  af ter  longer periods of fat-defi- 
cient diet. 

A supplement  of hydrogenated coconut fa t  did 
not influence the occurrence of these isomers. 

Die tary  petroselinic acid is incorporated by  the 
ra t  into tissue lipids. 4-Hexadecenoie and a small 
amt  of 8-eicosenoie acid arise f rom it. 

Quantification of isomeric mixtnres  by ozoniza- 
t ion&ydrogenat ion and subsequent gas-liquid 
chromatography  is discussed in detail. 

In t roduc t ion  

I T IS K N O W N  T H A T  LIPIDS Of r a t s  reared o n  a fat-deft- 
cient diet contain unsa tura ted  acids which are iso- 

meric with those in rats  on a normal  diet (9,18,22,24). 
In  part icular ,  the f a t ty  acids of rats  in an advanced 
state of essential f a t ty  acid ( E F A )  deficiency have 
been investigated and 5,8,11-20:3 was found promi- 

nea t  among polyunsatura ted  acids. Qnantifications of 
this acid relative to arachidonie has served as a param-  
eter for  defining the degree of E F A  deficiency (16). 
In  most of these studies the acids f rom liver or l iver 
phosphatides were analyzed since there tile level of 
polyunsa tura ted  acids is relat ively high regardless of 
the nutr i t ional  state of the animal  (5). 

The present  repor t  concerns mainly  the isomers of 
m onoenoie and dienoic acids found in the total  lipids 
of the ra t  and the progressive change which these acids 
undergo dur ing early life and in the course of d ie tary  
regimens. In  an exploratory experiment,  various diets 
were fed for 3 weeks to rats  25 days old. Isomers of 
palmitoleic acid present  at  the beginning of this period 
had diminished, regardless of the d ie tary  t reatment .  
Within  the same time, the amt  of isomers of linoleic 
acid had become significant in ra ts  on a fat-free diet. 
On the basis of these results a more elaborate experi- 
ment was designed. 

The die tary  period was extended to 6 months and 
f a t t y  acid analyses were made at t ime intervals. 
Analyses were extended to the feed and milk of dams 
and the progeny dur ing the first 3 weeks a f te r  birth. 
A fat-free diet and the same diet supplemented with 
either hydrogenated fa t  or corn oil were used. The 
data  of the pre l iminary  exper iment  were closely veri- 
fied by  the results of the comprehensive exper iment ;  
therefore, only the la t ter  are repor ted in detail. 

Positional isomers of monoenoie esters are not sepa- 
rated well by common gas-liquid chromatography  
(GLC) procedures and this difficulty is also often on- 
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T A B L E  I 
:~atty Acids  of ~Vitamin-free Case in  a 

Acid  
Cha in  l eng th  : % of total  
double bonds f a t ty  ac ids  

1.5 
1 .4  
3.1 
3.3 

10 .7  
1.4 
1.0 

25 .4  
2.2 
0.9 

18.9  
27 .3  

0.8 
0~8 
4- 
1.0 

6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 4 : 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 6 : 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
18:1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 8 : 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 8 : 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

a , ,~,ritamin.free Case in , "  f r o m  N u t r i t i o n a l  Bioc~lemica]s, Cleveland,  
Ohio. 

countered with dienoic esters. More recent methods 
make use of silver salts as complexing agent  and sepa- 
rat ion of certain isomers has been achieved (4,32). 
Still, these methods are insufficient for analyzing bio- 
logical mixtures  of isomers by separation. The usual 
procedure was followed here by  separat ing first the 
mixture  of isomers f rom other f a t ty  acids. Pu r i ty  in 
regard to chain length and number  of double bonds 
is easily checked and the mixture  of isomers is then 
subjected to oxidative spli t t ing of the double bonds. 
Identification and quantification of f ragments  enables 
one to determine the isomeric s t ructures  and their  rela- 
tive amts. The method of quantification is elaborated 
in the experimental  section. 

Experiments 
Male rats  of the Sprague-Dawley type were obtained 

from commercial  sources and taken under  d ie tary  con- 
trol at an age of 25 days. They were divided into nu- 
tr i t ional  group, 1, 2 and 3, of 66, 45 and 36 animals, 
respectively. The fat-free diet 1 was a semisynthetic 
diet with vi tamins (6,23). Diet  2 was the basal diet 1 
with 5% HydroI  (hydrogenated coconut fa t  f rom 
Durkee Co., Chicago 47, Ill .)  which provides fa t  lack- 
ing EFA.  Diet  3 was the same basal diet with 5% corn 
oil. The f a t t y  acid analyses of Hydro l  and corn oil 
are given in the per t inent  tables. 
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I t  was expected that  some isomers would appear  in 
small amts. Therefore, it was necessary to analyze also 
the f a t t y  acids of the casein used in the diets. Aliquots 
of 1 kg f rom three lots of commercial casein were ex- 
t racted in a War ing  blendor repeatedly with 2:1 
chloroform :methanol, and 3.0 1, 2.5 2 and 3.2 2 g of 
soluble mater ia l  were obtained. TLC indicated that  
triglycerides were the major  port ion of the lipids. The 
total extracts  yielded 2.2, 1.1 and 1.1 g f a t ty  acids 
which according to TLC contained very  little autoxi- 
dized material .  GLC analyses of the esters were ra ther  
similar for  all three samples and are exemplified by 
the data  of Table I. The esters of 18:1, 18:2 and 16:1 
were isolated on larger  scale and  their  s t ruc tura l  com- 
position determined as described below. The fract ion 
18:1 contained 10% trans double bond, and consisted 
of 90% 9-  and 9% 11-18:1. Frac t ion  18:2 contained 
76% of the normal  9,12-18:2, but  also 17% and 6% 
of esters unsa tura ted  in position 11 and 5, respectively. 
The la t ter  compounds have not been fu r the r  identi- 
fied. Ozonization of 16:1 showed 60% 9-16:1 and the 
presence of a wide var ie ty  of isomers among which 
12% 7-16:1 was prominent.  

The daily intake of feed by an adult  ra t  may  be esti- 
mated as 20 g. This contains 3.6 g of vi tamin-free 
casein (6,23). The ra t  is then supplied with about 5 
mg of long-chain f a t ty  acids per  day of which less than 
0.05 mg is linolcic acid. 

The analyses of f a t ty  acids in vi tamin-free casein 
have been made without precautions against  loss of 
short-chain f a t t y  acids since long-chain mono- and 
dienoic acids were of major  interest here. The struc- 
tures of casein acids is not reflected in the acids of the 
EFA-deficient  rat.  However, fur ther  s tudy of 16:1 
and 18:2 acids in such die tary  preparat ions  of casein 
may  be of interest  in some other context. 

Diets and water  were offered ad libitum. The ani- 
mal quarters  were at a constant temp of 27C without 
humidi ty  control. Seven, five and two animals, of the 
respective groups, died in the course of 6 months. The 
time-weight curves, which are given in F igure  1, are 
characteristic for  the par t icular  diets and the condi- 
tion of the animals may  be evaluated f rom them. 

At  each time interval,  six animals f rom each group 
were killed under  ether anesthesia. The carcasses were 
stored at - 1 7 C  and were ground in frozen condition. 
The pulp was repeatedly extracted cold with chloro- 
form ÷ methanol, 2:1, in an Omni-mixer. The fa t ty  
acids were obtained f rom the extract  by saponification 
with K 0 H  in boiling ethanol and subsequent common 
procedures. Aliquots of 5 g of acids were esterified 
with diazomethane for analyses. 

Suckling rats  were received in dry  ice f rom two com- 
mercial sources and each shipment  furnished rats l, 7 
and 14 days old. According to age, 60, 40 and 35 car- 
casses were worked up to obtain the f a t ty  esters. Re- 
gardless of source, the f a t ty  acid composition of rats 
of the same age were in close agreement.  

Feed of mother  animals was secured f rom one of the 
commercial sources together with sucklings. The ma- 
terial was extracted and the f a t t y  esters p repared  by 
procedures similar  to those used with the ra t  esters. 

Rat  milk was obtained as described by Glass (13,20) 
f rom dams which had l i t tered 16 days earlier (Minne- 
sota strain, Depar tmen t  of Biochemistry, Ins t i tu te  of 
Agriculture,  Univers i ty  of Minnesota).  Twenty  grams 

1 " V i t a m i n - f r e e  T e s t  Case in  ( a s s a y e d ) "  f rom G e n e r a l  Biochemicals ,  
C h a g r i n  Fal ls ,  Ohio. The  samples  w e r e  t a k e n  f rom d i f fe ren t  lots. 

s " V i t a m i n - f r e e  Case in"  f rom N u t r i t i o n a l  Biochemicals ,  Cleveland,  
Ohio. 
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of milk f rom 6 animals yielded 1.4 g f a t ty  acid methyl  
esters. 

Analyt ical  procedures involved GLC of small sam~ 
ples for quantification ; liquid-liquid chromatography  
(LLC) of larger  aliquots followed by GLC to obtain 
individual enters or mixtures of isomers in quan t i ty ;  
ozonization-hydrogenation-GLC to d e t e r m i n e  the  
s t ructures  of these compounds and to quant i fy  the 
isomers. 

Conditions for analysis and quantification of total 
esters by GLC were as previously described (27). 
Tests with several synthetic mixtures  had shown tha t  
the propor t ional i ty  of peak area to weight of ester is 
different with sa tura ted  and polyunsatura ted  esters. 
Correction factors, determined experimental ly,  were 
1.1 for  ]inoleate, 1.3 for linolenate and 2.1 for  araehi- 
donate when ehromatographing in a Beckman GC2 
ins t rument  with thermal  conductivi ty detector.. Sta- 
t ionary  phases were fl-CDX acetate and propionate  
in a 1~ in × 12 f t  a luminum column at 230C and 75 
ml flow of He/rain.  I t  was assumed tha t  the correc- 
tion factors for the aforementioned authentic com- 
pounds are valid also :for their  isomers. 

Fract ionat ion procedures on a larger scale were 
chosen so that  selective enrichment of isomers would 
be minimized. The esters were f raet ionated by LLC 
(25,33) in portions of 1-2 g and it was necessary to 
run  several LLC columns to obtain 18:2 in sufficient 
amt  f rom animals which bad been on diets 1 or 2 for 
more than 2 months. The recovered esters were con- 
taminated with some silicone oil and were purified 
f rom it by alembic distillation at 110-130C/0.1 mm 
(11). The esters superimposed in LLC fractions were 
then fur ther  separated by GLC. The previously re- 
por ted procedure for  collecting GLC fract ions (28) 
was simplified by  use of a ground joint  connection be- 
tween detector outlet and collector tubing (11). Sam- 
ples of 50-100 mg were applied and the collected 
fract ions were checked for  pur i ty  by GLC and hydro-  
genation-GLC. Several samples were subjected to I R  
spectroscopy and did not show trans double bonds to 
any appreciable extent. 

Quantification of Isomeric Unsaturated Esters 
Ozonization and subsequent procedures for identi- 

fication have been described and assay of isomeric un- 
sa turated esters has been outlined in connection with 
analyses of other materials  (11,26,33). In  the present  
case, the precision of quantification of isomers was 
more crucial and, therefore, procedures were evaluated 
in greater  detail. 

Beckman GC2 and GC2A equipment with thermal  
conductivity or H2-flarne detector was used and both 
aldehyde esters and aldehydes were identified. The 
quantification of isomers was based on the ratio of 
areas of aldehyde ester peaks in the thermal  conduc- 
t ivi ty  recording of one chromatogram. Aldehyde 
esters of different tool wt result  f rom isomeric f a t t y  
esters. This was taken into account by mul t ip ly ing  
the respective areas with the ratios of M W  fa t t y  
e s te r /MW aldehyde ester. 

I t  is necessary to inject  the aldehydie compounds 
within 30 rain a f te r  the reduction of ozonides since 
dur ing prolonged storage they undergo changes which 
cause new peaks in GLC. Although the aldehydes are 
always found, their  quantification leads to errat ic re- 
sults, the t rend of which conforms to the relative vola- 
tilities of the homologous series. Therefore, quantifi- 
cation was based only upon the aldehyde esters; they 
are less volatile than  the aldehydes. 

. . . .  O A  S A N D  :ET A L .  : P O S I T I O N ~ , _ L  I S O 2 d : E R I S I ~  O F  U ] ~  5 1 3  

T A B L E  I I  

Q u a n t i f i c a t i o n  o i  M i x t u r e s  b y  O z o n i z a t i o n - I I y d r o g e n a t i o n - G L C  

C o m o o s i t i o n  
M e t h y l  e s t e r  C o m p o s i t i o n  f r o m  G L C  a r e a s  of 

% A i d - e s t e r s ,  % 

Petroselinate . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 0 0  1 .1  
O l e a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 9 . 0 0  9 8 . 9  

P e t r o s e l i n a t e  . . . . . . . . . . . . . . . . . . . . . . . .  2 . 0 3  2 . 1  
Oleate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 7 . 9 7  9 7 . 9  

Petroselinate . . . . . . . . . . . . . . . . . . . . . . . .  4 . 9  4 . 2  
O l e a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 5 . 1  9 5 . 8  

Petroselinate . . . . . . . . . . . . . . . . . . . . . . . .  2 5 , 3  2 5 . 8  
O l e a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 . 5  2 5 . 9  
1 1 - E i c o s e n o a t e  . . . . . . . . . . . . . . . . . . . .  2 5 , 0  2 4 . 4  
E r u c a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 5 . 1  2 4 . 0  

6 , 9 - - 1 5 : 2  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 6 . 4  3 5 . 4  
9 , 5 2 - - 1 5 : 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 3 . 5  6 4 . 4  

6 , 9 - - 1 6 : 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 , 8  ~ 1 6 . 6  
9 , 1 2 - - 1 6 : 2  . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 3 . 1  8 3 . 3  

The results listed in Table I I  show that  the principle 
of the procedure is valid for monoenoic and for  dienoie 
esters. The former  mixtures  were synthetic and the 
la t ter  (33) are separable by GLC on fi-eyclodextrin 
(fl-CDX) acetate or propionate  and were quantified 
this way. 

The analyses given in Table I I  concern mixtures  
which are very favorable for quantification. Fo r  ex- 
ample, oleate, authentic (Hormel  Foundat ion)  or pre- 
pared  f rom rat  fa t  does not give rise to any  trace of 
C6 aldehyde ester by ozonization. However, some C8 
aldehyde ester and an unidentified compound between 
Cs and C9 aldehyde eaters appeared  in all cases and  
amounted to 0.5-1.0% of the GLC area of C9 aldehyde 
ester. The values of Table I I  are corrected against  
such background. 

Over-oxidation is an inherent  problem in all oxida- 
tive procedures for  f ragmenta t ion  at  the double bond 
and leads to il legitimate shorter  chain products.  Sev- 
eral reactions are known which minimize the side prod- 
ucts but  our a t tempts  to eliminate their  format ion 
completely were not successful, a l though numerous 
methods for  convert ing ozonides into short-chain alco- 
hols, their  acylated derivatives, into aldehydes or into 
acids were tested. Fur thermore ,  it is obvious tha t  
evaporat ion of high boiiing organic solvents is unde- 
sirable for quantification of f ragments  and, similarly, 
aqueous extraction for  removal of reagents or separa~ 
tion of f ragmenta t ion  products  may  introduce error. 
The methods refer red  to above gave the least amt  of 
side products. They are rapid  and afford relative 
quantifieations. 

Difficulties in developing a method which avoids any  
side products  begin with obtaining an authentic sam- 
ple where the presence of minimal amts of isomers is 
ruled out with certainty.  Presently,  the best method 
known for checking pu r i ty  of s t ructure  is ozonization, 
but  it is the method under  investigation. 

The objection tha t  saponification or autoxidat ion 
may  create minor contaminants  is valid with experi- 
mental  samples as well as with authentic samples. A 
ra ther  convincing a rgument  for  the real i ty of isomers 
at  low percentage is given when they occur dur ing 
some phase of the exper iment  at a high level and when 
high values coordinate with low ones in a regular  way. 
This is the ease here with several monoenoie and 
dienoic acids. Some other isomers appear  also higher 
than  the background level of the method but  a t rend  
is not indicated. 

Several analyses have been repeated af ter  6 months 
with identical results. Therefore, ar t i facts  due to un- 
recognized procedural  changes in the course of the 
lengthy investigation are unlikely. 
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T A B L E  III 
Fat ty  Acids ( % )  of R a t  Feed, Milk and  :F~ats Age 0 -25  Days 

Cotn- 
p o u n d  

8 
10 
12 
14 
i 6 : 0  
1 6 : 1  

18 :0  
1 8 : 1  

18 :2  

18 :3  
2 0 : 4  

Struc- 
tu re  

6-- 
7-- 
9-- 

9 -  
1 1 -  

5,8-- 
6 , 9 -  
8 ,11 -  
9,12-- 

Feed 

+ 

+ 
1,3 

19.3 
2.3 
1.1 
9.7 

87.1 
8.9 

33.2 
92.8 

4.1 
31.8 

+ 
1.4 

98.6 
3.2 

Milk  

4.6 
14.9 
14.4 
13,9 
21.9 

1.9 
7.5 

12.8 
77.5 

2.4 
12.6 
88.9 

7.5 
12.3 

4- 
4- 
1.1 

98.9 
1.1 
+ 

Age of ra ts  (days)  

1 7 14 25 

0.4 1,1 0,7 - -  
1.0 6.9 5,2 2.9 
0.7 10.3 8.9 7.3 
1.6 8,6 8.3 6,9 

28.8 24.9 24.6 23 . I  
5.1 2.3 3.0 3.0 
7.3 3.6 2.8 2.4 

14.1 12.4 14.0 17.9 
76.9 78.9 78.1 73.3 

6.4 4.7 5.1 7,3 
33,4 27.1 28.6 33.4 
85,9 86.2 89.1 89.1 

8.9 8.0 7.7 10.9 
10.0 10.8 12,7 12.4 
+ + + + 
+ + + + 
1.1 1.0 1.5 1.7 

98.9 98.1 98,5 98.3 
0.7 1.4 1.6 0.6 

11.8 3,3 2,9 3.4 

Results 
Esters of 14:0, 14:1, 15:0, 16:2, 17 :] and 20:1 have 

been tentatively identified by GLC. Their total amt 
is 1-2% and they are omitted in the tabulations. 
Values listed in the tables of < 2 %  are considered as 
estimates and values of <0 .3% are denoted by " + " .  
The results are given in Tables I I I  to VI, but  only 
those isomers are listed where a progressive change 
was observed. 

The esters 8-16:1, 7-18:1 and 8-18:1 were found 
in all samples of ra t  lipids at levels of 1-3% which is 
above the background level of the ozonization method 
with 9-16:1 and 9-18:1. Similarly, the presence of 
1%, or less, 7,10-18:2 was indicated in all analyses of 
ra t  acids. The lat ter  acid has been reported by Fuleo 
and Mead (8) from fat-deficient rats. None of the 
diets produced a t rend of these isomers so the indi- 
vidual values are not listed. 

A 20:1 fraction from heart, kidney, liver and spleen 
was analyzed in conjunction with other experiments 
(30). I t  consisted of 7-, 11- and 13-20:1 with only 
a very minor amt of 9-20:1. Klenk and Tsehhpe (18) 
have reported the isomers 11- and 13-20:1 from liver 
lipids of fat-deficient rats. 

Similarly, a 14:1 fract ion consisted of 9-14:1 with 
about 10% 7-14:1. 

C17 was most abundant  among odd-numbered fa t ty  
acids. Major components were 9- and 8-17:1, but  
saturated and dienoic C17 were detected by GLC. 

Petroselinate, 6-18:1, was supplied for 3 weeks at a 
level of 3% in one of the prel iminary experiments with 
diet i which had also been supplemented by 1% each 
of linoleate and linolenate. Af ter  3 weeks, the 18:1 
fraction of the total fa t  contained 30.4% 6-18:1 so 
this isomer represented 13% of all f a t ty  acids in the 

T A B L E  IV 
Fa t ty  Acids ( % )  f rom Ra t s  on Die t  I ( F a t d r e e )  

Com ~ 
oound  

10 
12 
14 
16 :0  
1 6 : 1  

18 :0  
1 8 : 1  

18 :2  

2 0 : 4  

Struc-  
ture  

6 -  
7 -  
9 -  

9 -  
1 1 -  

5 ,8 -  
6 ,9 -  
8 ,11 -  
9 , 1 2 -  

Days  on die¢ 

O a 7 14 21 35 67 95 188 

3.1 1.8 0.6 0.3 0.2 + d- ~- 
7.2 4.6 1,6 1.0 0.5 0.2 -~ -{- 
6.9 5.8 3.8 3,1 2.8 2.2 2.1 1.9 

24.4 30.7 32.6 33,4 33.9 32.0 30.6 27.8 
3.6 8.3 13.1 12,7 15~5 15.7 14,9 15,3 
3.2 3.6 -~- 1.8 1.3 2,0 1.4 -{- 

12.8 5.5 2.6 3.6 2.7 3.9 3.9 3.8 
79.7 87.6 94.9 92.3 94.8 93.4 93.1 95.1 

7.3 6.8 5.8 5.8 4.6 3,3 2.9 2.6 
30.9 33.9 39.0 41.4 41.4 46,4 49.5 52.4 
87.8 86.9 86.9 86.0 86.9 86.8 84.0 79.9 

8.4 8.4 8.6 9,9 9.5 11,2 12.4 15.8 
13.1 8.1 3.5 2.4 1.1 0.4 d- -~- 

& 1.4 1.3 3.2 2.0 1.4 10.7 16.0 
_1_ 0.6 1.9 2.5 3.2 6.0 10,6 12.7 
0.6 4.4 5.0 8,6 16.2 46.9 45.6 49.4 

99.4 93.6 91.8 8 5 . 7  78.5 45.6 88.1 21.9 
3.5 -~- -4- d- ~- -I- -{- d- 

~a The age of these rats  w a s  25 days (cf. va lues  in  Table I I I  from 
other ra ts  25 days old).  

ra t ;  16:1 contained 9.6% 4-16:1, or 1% of all acids; 
20:1 contained 80% 8-20:1 but  the amt of the whole 
fraction is less than 0.3%. The acid 6-16:1 is natural  
to the ra t  at least at certain times (Table I I I ) ,  but  
6-18:1 and 4-16:1 have never been found under  other 
circumstances. The amt of 6,9-18:2 was not elevated 
af ter  supplying 6-18:1, although the usual desatura- 
tion of such compound in position 9 would lead to this 
isomer of linoleic acid. 

Progressive Changes of Fatty Acid Composition 
Medium Chain Length Fatty Acids. The equally 

high level of Clo, C12 and C14 acids is in good agree- 
ment with earlier reports on the composition of rat  
milk (1,2,7,12) and is in contrast to other milk fats 
(10). I t  should be noted that  our analyses of milk do 
not pertain to the colostrum. The medium change 
length acids are not at an unusually high level in the 
newborn rat  but the intake of milk is well reflected by 
their increase in sucklings (Table I I I ) .  When the sup- 
ply of such acids is maintained after  weaning in form 
of Hydrol ,  diet 2, their percentages are much lower in 
the adult  animal than in the suckling although the 
level of C~2 and C~.~ is much higher in Hydrol  than in 
milk (Table V). Possibly the metabolic rates of me- 
dium chain length acids are higher in the adult  than 
in the suckling rat. 

Isomerism of 16:1. In contrast  to the foregoing, the 
relative amts of 16:1 isomers are vir tual ly the same 
in milk and newborns (Table I l i ) .  The occurrence of 
6-16:1 is unexpected. The percentage decreases as 
synthesis de novo of other acids increases in the suck- 
ling and the isomer vir tual ly  disappears later on (Ta- 
bles IV to VI) .  Very little 6-16:1 acid was found in 
the dam's feed and its synthesis in the rat  may be pro- 
nounced dur ing pregnancy and lactation. 

The percentage of 7-16:1 may increase slightly with 
the supply of this isomer in the nlilk. Regardless of 
diet, the amt decreases af ter  weaning. The isomer is, 
however, genuine to the higher animals since it has 
been found in pig brain (17) and experiments with 
C14-1abeled acids have shown the relation 7-16:1 <----> 
9-18:1 (29,31). 

Isomerism o~ 18:1. The composition of the 18:1 
fraction is very  similar in rat  milk and the new- 
born (Table I I I ) .  In agreement with other reports, 
the amt of 18:1 increases with fat-free diet 1 (Table 
IV) and this was found also with Hydrol  diet 2 
(Table V).  

cis-Vaccenic acid, 11-18 :l, is always present, and 
its percentage increases somewhat under  prolonged 
fat-free regimen. The conversion, 9-16:1 ---> 11-18:1 
has been reported (15,29,31). The isomers, 7-  and 
8-18:1 are always indicated as minor components and 
their  amt exceeds the blank value of the method with 
authentic oleate or petroselinate. 

Isomerism of 18:2. The percentage of linoleic 
acid is about equal in milk and the newborn and it 
stays constant to weaning age (Table I I I ) .  From then 
on the level increases when linoleie acid is supplied 
(Table VI)  or decreases sharply with diets lacking 
this acid (Tables IV and V).  A very minor amt of 
linoleic acid is supplied with the casein of the diet 
(Table I) and the acid is tenaciously retained by the 
animal. 

The isomers, 5,8-, 6,9- and 8,11-18:2 are found only 
in traces in young or in ful ly  supplemented adult ani- 
mals. Their  percentages become significant and finally 
outrank that  of linoleic acid during a prolonged EFA-  
deficient diet. Quantification of 18:2 from carcasses 
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T A B L E  V 
F a t t y  Acids ( % )  f rom R a t s  on Die t  2 

( H y d r o l  H y d r o g e n a t e d  Coconut  F a t )  

Com- 
p o u n d  

10 
12 
14 
1 6 : 0  
1 6 : 1  

1 8 : 0  
1 8 : 1  

1 8 : 2  

S t ruc-  
t u r e  

6 -  
7 -  
9 -  

9 -  
1 1 -  

5 , 8 -  
6,9-- 
8 ,11--  
9,12--  

POSITIONAL ISOMERISM OF U F A  

T A B L E  V I  
F a t t y  Acids  ( % )  f rom R a t s  on D i e t  8 ( C o r n  Oil)  

Days  on diet  

O a 95 125  H y d r o l  

3.1 0.1 4- 4.3 
7.2 3.8 3.5 47 .5  
6.9 4.9 4.3 19.0  

24 .4  29 .0  30 .0  10 .5  
3.6 13.5  12.1  - -  
3.2 ~u 3.4 

12.8  4.3 4 .6  
79 .7  93.3  90 .4  

7.3 3.8 3.2 15 .0  
30 .9  44 .9  46 .9  3.3 (b) 
87 .8  84.5  87.8  44 .6  

8.4 10 .7  9.8 14 .6  
13.1  q- q- - -  

-b 6.8 9.4 
n u 8.9 10.6  
0.6 37.3  36.3  

99 .4  47 .0  43 .7  

a See footnote on Table  IV .  
b p e r c e n t a g e s  of o ther  i somers  in  1 8 : 1  of t t y d r o l  a r e  6 - ,  1 .5 ;  7 - ,  

3 . 1 ;  8--, 8 . 8 ;  10--, 1 7 . 0 ;  12--, 10 .3 .  

at the beginning of diet I showed an average of 170 
mg linoleic and of about 1 mg 8,11-18:1 per  animal;  
the same quantification af ter  67 days on diet 1 showed 
70.4 rag. 18:2 per  animal and they consisted of about 
30 mg linoleic, 30 mg 8,11-18:2, 4 mg 6,9-18:2 and 1 
mg 5,8-18:2 acids. According to our analyses of 18:2 
f rom casein a total  of about 0.4 mg 8,11-18:2 may have 
been furnished with the diet dur ing that  period. 

Conversion of 9-18:1 into 6,9-18:2 has been demon- 
s t rated with ra t  liver mierosomes (14) and this isomer 
is a likely precursor  of 5,8,11-20:3 which accumulates 
with E F A  deficiency. Similar ly the acid with one ad- 
ditional double bond, 6,9,12-18:3 @/-linolenic), is pre- 
cursor of 5,8,1],14-20:4 (araehidonic).  Both products  
are found in much larger  amts than  their  C18 pre- 
cursors. The lat ter  have in common a proximal  struc- 
ture (carboxyl- - f i rs t  double bond) of 6 carbon atoms. 
Apparent ly ,  such proximal  length in polyenoie C~8 
acids lends itself to rapid  fur ther  conversion. 

Isomerism of 20:3 and 20:4. Polyunsa tura ted  
acids are at  a higher eoncn in organ than in body fa t  
and the polyunsatura ted  isomers characteristic of fa t  
deficiency do not differ in this respect f rom the poly- 
unsa tura ted  acids of the heal thy animal (5). Routine 
analyses were not made but  the data of Table IV  were 
supplemented by analyses of acids f rom rats  a f ter  6 
months of diet 1. 5,8,11-20:3 was isolated f rom the 
total  fa t  and contained about 1% 7,10,13-20:3. Al- 
though the percentage of trienoic acids was lower in 
carcass than  organ fa t  their  amt  was larger  in the 
former. However, araehidonie acid was isolated only 
f rom organ lipids. I t  contained about 1% of the iso- 
meric 4,7,10,13-20:4 which has been reported by sev- 
eral investigators (18,24). 

D i s c u s s i o n  

Slow growth was among the first symptoms observed 
with rats  on fat-deficient diet (3). In  our experiments,  
growth plateaus were approached af ter  120 days with 
fat-free diet 1, somewhat later  and higher with Hydro l  
diet 2, and af ter  180 days with ful ly  supplemented 
diet 3. 

In  the growing rat,  a diet lacking E F A  is indicated 
already a f te r  one week by  a decrease in linoleic acid 
while a relative increase of 8,11-18:2 becomes signifi- 
cant. I t  may  be expected tha t  this effect is more pro- 
nounced when analyzing the liver lipids ra ther  than 
the total. The need for ear ly evaluation of E F A  defi- 
ciency was, in par t ,  the reason for  quant i fy ing  5,8,11- 
20:3 and using its ratio to arachidonic acid as a meas- 
ure (16). Quantification of 8,11-18:2 in conjunction 
with linoleic acid may  serve the same purpose, and 
comparison with the " t r iene- te t raene  r a t i o "  in this 
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Com- S t ruc-  
p o u n d  t u r e  

10 
12 
14 
1 6 : 0  
1 6 : 1  

6-- 
7 -  
9 -  

1 8 : 0  
1 8 : 1  

9 -  
1 1 -  

1 8 : 2  
5 , 8 -  
6,9-- 
8,11--  
9 , 1 2 -  

1 8 : 3  
2 0 : 4  

0 a 7 1 4  2 1  9 5  1 8 8  

3.1 5.4 0.4 0.4 -}4 -t- 
7.2 3 .1  1.3 1.1 q- -{- 
6.9 4 .0  2 .9  2 .7  1.8 1.7 

24 .4  25 .4  28 .9  28 .1  27 .3  24 .3  
3.6 6.3 7.0 6.9 10 .7  10.3 
3.2 1.5 -~ ~ -b 

12.8  5.5 3.9 3.9 2.7 3.8 
79 .7  91 .2  93 .2  93 .9  95.9  94 .9  

7.3 6.8 5.6 5.3 3.1 2.7 
30 .9  31.8  31 .3  31 .0  32.9  36 .5  
87.8  87.5  89.2  90 .8  90.8  89 .1  

8.4 7.5 6.8 6.1 7.9 9.9 
13.1  17.0  19.8  21 .0  24 .2  24 .4  
+ + + + -- 
+ + + + 
0.6 1.1 1.6 0.7 1.0 

99 .4  98 .9  98 .4  99.3  99 .0  
__ __ + + + + 

3.5 4.1 2.9 8.5 Q- q- 

Corn 
oil 

11 .5  
0.4 
1.9 
4.7  

93 .4  
1.8 

26 .7  
91.2  

1.2 
58 .0  

+ 
1.0 
1.2 

96 .0  
1.6 

a S e e  F o o t n o t e  on Tab le  IV .  

regard would be of interest. However,  with present  
methods, analysis of 8,11-18:2 obviously is less prac- 
tical than of 5,8,11-20:3. 

Leaving aside linoleic and linolenic types, the iso- 
meric acids found in rats  can be correlated as shown 
in Table V I I  which gives also references to other re- 
ports  on these isomers. Grouping is made under  the 
assumption tha t  desaturat ion takes place exclusively 
between the monoenoic double bond and the earboxyl 
group. The results with 6-18:1 indicate tha t  this 
postulate is valid also for monoenoic acids with prox- 
imal moieties shorter than 9 carbon atoms. 

The monoenes, 8-18:1, 9-18:1, 8-16:1 and 9-16:1 
(or 11-18:1),  listed in the order of Table VI I ,  are pos- 
sible precursors of the four  unusual  18:2 acids, but  
only two of the monoenes, 9-16:1 and 9-18:1, extend 
conversion to C2o trienes, 7,10,13-20:3 and 5,8,11-20:3. 
Only one isomer, 4,7,10,13-20:4, of arachidonic acid 
occurs and most likely it derives f rom 9-16:1 via 11- 
18:1. With  a required min imum of 4 carbon atoms as 
proximal  moiety (21), a 20:4 acid can be formed f rom 
9-16:1 without interference, whereas not more than 
3 methylene- interrupted double bonds find place in a 
C2o chain when 9-18:1 is the precursor.  When com- 
par ing oleic and palmitoleic acid in regard to their  
fu r the r  conversions, it appears  reasonable to evaluate 
the respective amounts of 20:3 acids. This level is ac- 
cessible to both monoenes and represents the major  
products  f rom both precursors.  Still, 9-16:1 must  
undergo one more elongation step than  9-18:1 in order 
to arr ive at 20:3. Ratios in total  animal fa t  under  
severe E F A  deficiency were 2:1 for  oleie :palmitoleie 
+ cis-vaccenic and in order of 100:1 for the respective 

TABLE ¥II 

A. Cor re l a t ions  of Monoenoic  a n d  Po lyeno ic  Acids  

Acid  S t r u c t u r e  

1 4 : 1  7 -  
I 

1 6 : 1  6-- 7 - b  8-- 9 - a  
I I I I 

1 8 : 1  8-- 9 - a  [ 11 - a  
I I I I 

1 8 : 2  5 , 8 -  6,9-- 7 ,10  - a  8 ,11  -b,c ,d,e  
I 

1 8 : 3  5 , i , l l - - e , f  

2 0 : 2  8 ,11 - a , f  
I 

2 0 : 3  5 ,8 ,11  - a  7 ,10 ,13  -b ,e ,d  
! 

2 0 : 4  4 , 7 , 1 0 ; 1 3  -b ,c  

B.  Monoenoic  A c i d s  N o t  L i s t e d  U n d e r  A 

9 - - 1 4 : 1  9 - - 1 8 : 1  a ( 1 1 - - 1 8 : 1 )  a 7 - - 1 8 : 1  7 - -20 :1  

1 1 - - 2 0 : 1  c 1 3 - - 2 0 : 1  e 9 - - 2 0 : 1  

a S t r u c t u r e s  commonly k n o w n .  
b P r i v e t t ,  et al., ( 2 4 ) .  
e K l e n k  a n d  TschSpe ( 1 8 ) .  
d F u l c o  and  Mead  ( 8 ) .  
e Fu lco  a n d  Mead  ( 9 ) .  

Compound not  ident i f ied  in  th i s  i nves t i ga t i on .  
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trienes. On this basis, oleie great ly  outranks  palmit-  
oleic acid as a precursor.  Mead (21) suggested that  
the enzyme systems are not prominent ly  selective since 
the ratios oleic :palmitoleic were in his experiments  of 
the same magni tude as those of 5,8,11-20:3 : 7,10,13- 
20:3. Klenk and TsehSpe (18) referred to the acids 
of ra t  l iver phosphatides in EFA-defieient  rats  and 
found a ratio of about 3:1 for the polyenoic acids of 
oleie and palmitoleie type. 

In  a broader  comparison of monoenoie acids it  is 
well known tha t  /,odd monoenes are by  fa r  prominent  
in amts above Aeven and tha t  their  conversion products  
play a much greater  role. One-carbon degradat ion of 
f a t ty  acids has been demonstrated for certain animal 
tissues and compositional data  suggests tha t  it appties 
also to unsa tura ted  acids (17). In  such case, i t  leads 
f rom ±od,J to A ..... acids and explains in all likelihood 
the occurrence of 8--17:1 in the rat.  However,  one- 
carbon degradat ion has little importance for  the com- 
position of the total ra t  fat.  

The preference for biosynthesis of A °dd monoenes 
extends to odd-numbered acids for which those of mul- 
let oil are a recently repor ted example. Among the 
unsa tura ted  C1~, C17 and C~9 acids of this fish oil, 
neither A even monoenoic nor  any  polyenoie acids pos- 
sibly derived f rom them have been found in distinct 
amts (33). 

Biological pa thways  other than desaturat ion of satu- 
rated long-chain acids lead also to ±pad monoenes. Such 
direct synthesis of nlonoenoie acids has been shown for 
some micro-organisms and 10-16:1 (in Mycobacterium 
phlei) is the only exception known to us where a ac,,en 
monoene represents an appreciable port ion of the 
acids (19). The occurrence of a A ...... monoene, 6-16:1, 
in the ra t  is surprising. However, Kishimoto and 
Radin (17) found 6-16:1 to be a significant portion 
of 16:1 isomers f rom pig brain. The authors con- 
eluded tha t  there is a mechanism for synthesis of acids 
unsa tura ted  in position 6 which so fa r  had not been 
recognized in animals, and our findings indicate that  
such synthesis is not l imited to brain tissue. 

Neither 10-18:1 nor 10-16:1 were found in rats, 
nor  have they been identified f rom pig bra in  (17). 
Very  minor  amts of 10-20:1 and 10--22:1 are the only 

A e'*" monoenes of even-numbered chain length identi- 
fied in the latter.  Strong preference for desaturat ing 
carbons 9 and 10 prevails  above desaturat ion of the 
neighboring carbons 10 and 11 and mbfimizes the same 
for carbons 8 and 9. The zig-zag form of the aliphatie 
chain may  not permit  a suitable sterie conformation 
of these carbon atoms in reference to the carboxyl 
group or its cocnzyme A ester. 
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Dietary Fat and the Fatty Acid Composition of Tissue Lipids 
K. K. CARROLL, Collip Medical Research Laboratory, University of Western Ontario, London, Canada 

Abstract 
Some characteristics of the fa t ty  acid conlpo- 

sition of animal  tissue lipids are described and the 
origins of tissue f a t ty  acids are discussed briefly. 
The effect of dietary fa t  on composition of tissue 
lipids is discussed. Types of dietary f a t ty  acids 
for which experimental  work is described include 
polyunsa tura ted  f a t ty  acids, short-chain f a t ty  
acids, f a t ty  acids with chain length greater  than 
Cts, trans unsatura ted  f a t ty  acids, f a t t y  acids 
with conjugated double bonds, acetylenie f a t ty  
acids, branched-chain f a t t y  acids and oxygenated 
f a t ty  acids. The individual i ty  of f a t ty  acids is 
discussed in relation to their  roles as components 
of tissue lipids. 

F ATTr ACID CO~POSITIONS Of animal tissue lipids 
have been investigated extensively over the past, 

50 years, first with methods such as fract ional  crys- 
tallization and fract ional  distillation and more re- 

cently by chromatographic  techniques. The older 
analytical  work was generally limited to lipids which 
were available in large quantit ies and most analyses 
were made on depot fats although some studies were 
done on lipids of tissues such as liver and brain (1,2). 
The advent  of newer techniques has made it possible 
to work with much smaller amts of material .  This 
has resulted in an ever-increasing volume of analytical  
data, which is no longer restricted to tissues having 
large quantit ies of lipids. 

The picture  tha t  emerges f rom this wealth of 
analyt ical  informat ion is one of characteristic f a t ty  
acid pa t te rns  for  the different lipid classes of eaeh 
tissue. These pa t te rns  are subject to al terat ion by a 
var ie ty  of influences but under  ordinary circumstances 
they are remarkab ly  reproducible in different animals 
of the same species. Consideration will therefore be 
given first to some of the charact~,xistie f a t t y  a c i d  
pat terns  found in different lipid classes of the tissues 
of animals on their  normal diets as a prelimirlary 


