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ABSTRACT 

Dietary fats which were protected 
fropa ruminal metabolism were fed to 
ruminants, and the constituent fat ty acids 
subsequently appeared in the glycerides 
of tissues and secretory products.  These 
dietary fat induced alterations in tissue 
lipid composit ion were particularly ap- 
parent when the fat source was enriched 
with linoleic acid. Similarly, when pigs 
w e r e  fed linoleic-enriched fats, the lino- 
leic acid was incorporated into the adi- 
pose tissue triglycerides. Stereospecific 
analyses were carried out on triglycerides 
f r o m  v a r i o u s  t issues and secretory 
products obtained from animals fed con- 
trol  or linoleate-enriched diets. The analy- 
sis of adipose tissue triglycerides showed 
that  linoleate and oleate were preferen- 
tiaUy esterified to positions 2 and 3 
(cattle and sheep), and positions 1 and 3 
(pigs). Of the other major adipose tissue 
fat ty acids, palmitate was preferentially 
esterified at position 1 ( ruminan t s ) and  
position 2 (pigs), and stearate was prefer- 
entially esterified at positions 1 and 3 
(ruminants), and position 1 (pigs). Stereo- 
specific analysis of high mol wt milk tri- 
glycer ides  showed that  linoleate was 
either evenly distributed on all three 
positions (goats), or predominantly on 
p o s i t i o n  3 (cows). Furthermore,  the 
incorporation of this linoleate did not 
markedly alter the positional specificity 
of the other major milk triglyceride fat ty 
acids. Of these fat ty acids, the short and 
medium chain length acids (butyrate-  
laurate)  were mainly on posit ion 3, 
myristate and palmitate on positions 1 
and 2, and stearate and oleate evenly 
distributed. Thoracic duct lymph triglyc- 
erides from sheep tended to show prefer- 
ential incorporat ion of linoleate at posi- 
t ion 3, palmitate at position 2, and 
stearate at position 1 and 3; oleate, on 
the other hand, tended to be evenly dis- 
t r ibuted on all three positions of the 
l y m p h  triglyceride. The stereospecific 
arrangement of fat ty acids in sheep liver 

triglycerides was similar to that of lymph 
triglycerides, and this may reflect the up- 
take of intact or partially hydrolysed 
chylomicron and/or  very low density 
l ipoprotein triglycerides by the liver. 
There were also some analogies in the 
stereospecific arrangement of fat ty  acids 
on ruminant lymph and milk triglycerides 
and this may reflect an incomplete hy- 
drolysis of chylomicron and/or  very low 
density l ipoprotein triglycerides prior to 
uptake by the mammary gland. An un- 
usual feature of lymph from sheep fed 
linoleate was the presence of phospho- 
lipids which contained large amounts of 
linoleate in ca. equal proport ion at both 
positions 1 and 2 of the phospholipid 
molecule. 

INTRODUCTION 

The fatty acid composit ion of tissue triglyc- 
erides (TGs) from monogastric animal species is 
influenced by the composit ion of the dietary 
fat, and the component  fatty acids within the 
tissue T G s o f  animal species generally show a 
characteristic positional distribution (1). This 
distribution is such that the saturated fatty 
acids are generally esterified to position 1 of 
the glyceride molecule, and the unsaturated 
fat ty acids are generally esterified to position 2 
and to a lesser extent  to position 3. (The car- 
bon atoms of the glycerol skeleton are num- 
bered stereospeciflcally but for convenience the 
Sn prefix is omitted.)  The pig is a notable ex- 
ception in that the adipose tissue TGs from this 
species show the "reverse structure," i.e., the 
principal saturated fat ty  acid, palmitic acid 
(16:0), is located on position 2, while the un- 
saturated fatty acids are on positions 1 and 3 
(1). 

The concentrations of linoleic acid (18: 2) in 
adipose tissue of monogastric species can be 
markedly increased by feeding this acid, and 
studies with mice and rats have shown that the 
18:2 is preferentially esterified at posit ion 2 of 
the TGs (2,3). These studies, however, were 
carried out using pancreatic lipase, and by this 
method alone it is not possible to differentiate 
between the fatty acids at positions 1 and 3 of 
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the giyceride molecule. 
O t h e r  techniques have been developed 

whereby the fatty acids at the 1 and 3 positions 
may be separated and quantified (4,5). One of 
these techniques, Brockerhoff's stereospecific 
analysis (4), has been used in the present 
studies to evaluate the effects of dietary fat 
supplementation on the positional distribution 
of fatty acids in the tissue TGs of two classes of 
animal, ruminants and pigs. 

Because of the microbial metabolism and 
hydrogenation of dietary fatty acids in the 
stomach of ruminants (6), it has been necessary 
with these animals to feed "protected" lipid 
supplements. These lipid supplements are effec- 
tively protected from ruminal metabolism, are 
digested and absorbed from the small intestine, 
and the constituent fatty acids subsequently 
appear in milk and tissue glycerides (7,8). 
Because of the particular role these protected 
lipid supplements may play in ruminant  and 
human nutri t ion (8,9), we have considered it 
necessary to examine in some detail the effects 
of varying the nature of the protected dietary 
fatty acid on the fatty acid composition and 
positional distribution of fatty acids in a variety 
of ruminant organs, tissues, and secretory pro- 
ducts. 

MATERIALS AND METHODS 

Lipid Supplements 

The fatty acid compositions of the lipid 
supplements fed to ruminants or pigs are given 
in Table I. Other details pertaining to diets, 
type of animal, period of feeding, etc., are 
described along with the relevant results. The 
fat content of basal hay and grain diets was ca. 
2-3% in all studies. 

Collection of Samples and Extraction of Lipids 

Lymph (20 ml) was collected from sheep by 
cannulation of the thoracic duct and cellular 
material was removed by centrifugation at 2000 
xg f o r  10 min. Bile (5 ml) was obtained from 
the gall bladder of sheep, and adipose tissue and 
liver samples were removed from sheep, cattle, 
and pigs at slaughter. The lymph, bile, and 
tissues were extracted with chloroform:meth- 
anol (2:1, v/v) (10). Milk samples (100 ml) 
were obtained after morning milking of cows 
and goats, and lipids were extracted (11). 

Phospholipids were removed from the total 
lipid extracts by shaking the lipid (400 mg) in 
chloroform (10 ml) for 10 min with silicic acid 
(500 mg). The silicic acid was removed by fil- 
tration in a sintered glass funnel and was 
washed with chloroform. The filtrate and 
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washings (containing the neutral lipids) were 
evaporated to dryness in vacuo. When neces- 
sary, the phospholipids were recovered from 
the silicic acid by elution with methanol. The 
purity of each preparation was checked by thin 
layer chromatography (TLC). The fatty acid 
composition of the samples was determined by 
gas liquid chromatography after methylation of 
the free fatty acid (12) except for milk TG, 
which was analyzed after preparation of butyl 
esters using the procedure of Parodi (13). 

Stereospecific Analysis of Triglyceride 

Tissue and lymph triglyceride: The intraposi- 
tional distribution of fatty acids on the TG 
from adipose tissue, liver, and lymph was de- 
termined using the Grignard reagent method 
described by Brockerhoff (4) as modified by 
Christie and Moore (14). 

Milk triglyceride: It proved difficult to 
separate the resultant diglycerides (DGs) when 
milk TGs were directly reacted with the 
Grignard reagent (15). A modified procedure 
(16) was therefore used to isolate the higher 
tool wt TGs from milk and then to use this 
fraction for stereospecific analysis. 

The milk TGs (150-300 mg) were partitioned 
into fractions-of different tool wt by passing 
the samples through a glass column (300 x 30 
mm ID) containing Sephadex LH 20 (Pharma- 
cia Fine Chemicals, Inc., (Uppsala, Sweden) sus- 
pended in chloroform (16). The TGs were  
eluted with chloroform using a flow rate of 
0.15-0.20 ml/min and the fatty acid composi 
tion was determined on portions of the eluate 
(13). On the basis of the fatty acid composi- 
tion, the eluates were pooled to form three 
major fractions (fractions I, II, and III in order 
of decreasing tool wt) (Fig. 1). The TG from 
fraction I was subjected to stereospecific analy- 
sis (4,14). The TGs from fractions II and III 
were also subjected to the Grignard reagent, but 
the resultant 1,2 and 1,3 DGs were not resolved 
effectively by TLC. These lower tool wt TGs 
were  subsequently treated with pancreatic 
lipase (17) to ascertain the distribution of fatty 
acids on position 2. 

Lymph and biliary phospholipids: The posi- 
tional distributions of fatty acids in the lymph 
and biliary phospholipids were determined after 
reaction with phospholipase A 2 (EC 3.1.1.4) 
(18). 

RESULTS 

RUMINANTS 

Adipose Tissue Triglyceride 

Fatty acid composition: The feeding to 
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FIG. 1. Sephadex LH-20 separation of goats' milk 
triglycerides into three arbitrary mol wt fractions. The 
lower graph shows the relationship between elution 
volume, wt of lipid (histogram), and the proportion of 
C4-C12 fatty acids (= =). The upper graph shows 
the relationship between elution volume, arbitrary 
fractions (histogram) and tool wt of trigiycerides 
( e - - - e ) .  Chloroform was the eluting solvent; other 
details of the method are given in the text. 
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FIG. 2. Effect of feeding protected fats on the 
fatty acid composition of triglycerides from adipose 
tissues of lambs. [] Control, [] safflower oil, [] 
tallow, [] palm oil. The lambs (8-10 weeks of age) 
were fed either 800 g per day chopped lucerne and 
crushed oats (1:1) (control diet) or other diets con- 
taining lucerne (350 g), oats (140 g), and formalde- 
hyde treated oil: casein (2:1, w/w) supplements (210 
g) (7). Lambs were slaughtered after 8 weeks and tis- 
sues were immediately transferred to chloroform: 
methanol (2:1, v/v). Means and standard errors for 
four lambs. 
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FIG. 3. Intrapositional distribution of major fatty 
acids in the triglycerides from perirenal adipose tissue 
from cattle and sheep which had received unsupple- 
mented ( [] ) and 18:2 supplemented ( [] ) diets. The 
protected sunflower seed supplements (8) were fed to 
mature sheep and cattle for 8-10 weeks prior to 
slaughter. The basal diets contained lucerne and oats 
(1 : 1, w/w), and supplemented diets contained 30% by 
wt of lipid supplement. Each value represents a single 
animal. 

lambs of protected safflower oil containing 
large proportions of 18:2 led to a clear increase 
in the proportion of 18:2 in the subcutaneous 
and perirenal adipose tissue TGs (Fig. 2). This 
was associated with a decline in the proportions 
of 16:0, 18:0, and 18:1. The feeding of pro- 
tected tallow or palm oil caused lesser altera- 
tions in the fatty acid composition of adipose 
tissue TG (Fig. 2). The proportion of 18:2 was 
increased on feeding the protected palm oil, 
and there were also increases in the proportion 
of 16:0 (subcutaneous) and 18:1 (perirenal) on 
this diet. In addition, the feeding of protected 
palm oil and tallow caused reductions in the 
proportion of 18:0 in the fat from both tissue 
sites (Fig. 2). 

Positional distribution of  fatty acids: Figure 
3 shows the positional distribution of fatty 
acids in the perirenal adipose tissue TG from 
mature sheep and cattle fed conventional diets 
or similar diets supplemented with protected 
18:2. Figure 4 shows corresponding results for 
the subcutaneous adipose tissue TG. The 18:2 
which was protected against ruminal hydro- 
genation was incorporated predominantly at 
positions 2 and 3 of the TGs from both adipose 
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FIG, 4. Intrapositional distribution of major fatty 
acids in the triglycerides from subcutaneous adipose 
tissue from cattle and sheep which had received un- 
supplemented ( [ ] )  and 18:2 supplemented ( [ ] )  
diets. The protected sunflower seed supplements (8) 
were fed to mature sheep and cattle for 8-10 weeks 
prior to slaughter. The basal diets contained lucerne 
and oats (1 :l,w/w), and supplemented diets contained 
30% by wt of lipid supplement. Each value represents 
a single animal. 

tissue sites. Furthermore, this incorporation of 
18:2 did not consistently alter the interposi- 
tional specificity of the other major fatty acids, 
with the possible exception of 16:0, which 
tended to be replaced more effectively by 18:2 
on position 3 than on position 2, particularly in 
perirenal tissue (Fig. 3). Examination of the 
positional distribution of fatty acids in peri- 
renal adipose tissue from sheep fed protected 
p a l m  oil revealed that the interpositional 
specificity of the major fatty acids was not 
altered, with the possible exception of position 
1, where 16:0 was slightly enhanced and there 
was a decrease in the proportion of 18:0 (S.C. 
Mills, unpublished study, 1974). 

Milk Triglyceride 

Fatty acid composition: Table II shows the 
effect of feeding protected 18:2 on the fatty 
acid composition of the three TG fractions 
separated from cows' milk by Sephadex LH-20 
chromatography .  The protected 18:2 was 
found in all three fractions, but the greatest 
amounts were present in the highest mol wt 
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TABLE I1 

Fatty Acid Composition (in Moles %) of Milk Triglyceride Fractions 
from Cows Fed Control Diets or Similar Diets Supplemented with Protected 18:2 

53 

Control a 18:2 supplemented a 
Fractions b Fatty Original Fracti~ Original 

acid triglyceride I 1I Ill triglyceride I lI Ill 

4:0 8.1 7.2 8.0 8.4 5.3 8.4 10.3 13.4 
6:0 4.2 2.0 5.t 4.5 5.1 3.1 3.1 5.0 
8:0 1.7 0.7 1.9 2.8 2.4 1.2 3.5 4.1 

10:0 2.9 1.5 3.0 3.8 4.3 2.8 5.1 5.5 
1 2 : 0  2.7 1 .8  2.6 3.4 3.7 2.7 4.0 4.1 
14:0 7.9 6.0 7.9 8.9 8.3 6.8 8.7 8.3 
16:0 20.3 18.3 20.3 20.4 15.9 14.7 15.8 14.8 
16:1  3.0 3.4 2.7 2.8 1.5 1 .6  1 . 0  1.3 
1 8 : 0  1 3 . 9  1 5 . 8  1 3 . 4  1 1 . 6  12.3 14.2 1 1 . 3  10.0 
18:1 26.1 29.9 25.2 21.4 19.1 21.8 1"/.6 15.6 
18:2 5.0 5.1 5.9 2.9 18.1 18.6 16.6 13.4 
18 : 3 1 .2  2 . 2  0.9 0.5 1,5 1 .6  0.8 0:4 

aThe control and basal diets contained lucerne and oats (1:1, w/w). The formaldehyde treated supplement, 
safflower oil:casein (2:1, w/w) (7), was fed at 800 g per day. 

bFractions I, II, and 111 were isolated by gel filtration of milk triglyceride on Sephadex LH-20 using procedures 
described in the text. 

f rac t ion  ( f rac t ion  I). This  f r ac t ion  also con-  
t a ined  the  greatest  c o n c e n t r a t i o n s  of  the  o t h e r  
long  chain  fa t ty  acids,  e.g., 18 :0  and  18: 1. 

Positional distribution of fatty acids: Figure 
5 shows the  pos i t iona l  d i s t r i bu t ion  of  f a t t y  
acids in the  h igh mol wt f r ac t ion  ( f r ac t ion  I) of  
milk TG f rom cows fed c o n v e n t i o n a l  diets  or  
diets  s u p p l e m e n t e d  wi th  p r o t e c t e d  18:2.  The  
charac te r i s t i c  fea tures  of  these  milk TGs are (a) 
a p r e f e r e n t i a l  e s te r i f i ca t ion  of sho r t  and  
m e d i u m  chain  l eng th  fa t ty  acids (Ca-C12)  at 
Pos i t ion  3: (b)  a preferen t ia l  e s te r i f i ca t ion  of  
16:0  and  14:0  at pos i t ions  1 and  2; (c) ca. 
r a n d o m  es te r i f i ca t ion  of 18 :0  and  18:1,  i.e., 

these  acids are loca ted  in ca. equal  p r o p o r t i o n s  
on  all th ree  pos i t ions ;  and  (d) the  p r o t e c t e d  
18:2 i n c o r p o r a t e d  at all t h r ee  pos i t ions ,  wi th  
t he  h ighes t  p r o p o r t i o n  at pos i t ion  3. 

Table  lII shows the  pos i t iona l  d i s t r i bu t ion  of  
fa t ty  acids in the  h igh mol  wt f r ac t ion  (frac- 
t ion  I) of  milk TG f rom goats fed c o n v e n t i o n a l  
diets  or diets s u p p l e m e n t e d  wi th  p r o t e c t e d  
18::2. The  pos i t iona l  speci f ic i ty  of  the  s ho r t e r  
cha in  acids (8 :0  and  10:0) ,  16:0,  18:0, and  
18:1 was similar  to  t ha t  in cows '  milk TGs (Fig. 
5), bu t  the  18:2  was d i s t r ibu ted  more  evenly  in 
t he  goat TGs.  

The lower  mol  wt  TG f rac t ions  f rom cows '  
mi lk  ( f rac t ions  II and  IlI)  were r eac ted  wi th  pan-  
creat ic  lipase. The  r eac t ion  p r o d u c t s  were 
isola ted and  the i r  f a t t y  acid c o m p o s i t i o n s  deter-  
mined  (Table  IV). A l t h o u g h  in this  case it is no t  
possible to  d is t inguish  b e t w e e n  the  f a t ty  acids 
on  pos i t ion  1 and  those  on  pos i t ion  3 of  t he  
glyceride molecule ,  it is possible,  by  c o m p a r i n g  

the  c o n c e n t r a t i o n s  of  par t i cu la r  f a t t y  acids at 
the  respect ive  2 and  1(3) posi t ions ,  to  conc lude  
t h a t  these  lower  mol  wt  TGs  p r o b a b l y  have a 
pos i t iona l  d i s t r i bu t ion  of  f a t ty  acids wh ich  is 
s imilar  to  t ha t  of the  h igh mol  wt f r ac t ion  (Fig. 
5). This is i nd ica t ed  by  (a) the  grea ter  concen-  
t r a t ions  of  t he  sho r t e r  cha in  l eng th  acids (4 :0  - 
8 :0)  at  t he  1(3) pos i t ion ,  (b)  t he  grea ter  con-  
c e n t r a t i o n  of 16 :0  at the  2 pos i t ion ,  and  (c) the  
ca. equal  p r o p o r t i o n s  of  18:2  at  the  2 and  the  
1 (3)  posi t ions .  

Lymph Triglycerifle 

Figure 6 shows t he  pos i t iona l  d i s t r i bu t ion  o f  
f a t ty  acids in T G  f r o m  the  thorac ic  l y m p h  duc t  
of  sheep fed con t ro l  diets  or s imilar  diets  sup- 
p l e m e n t e d  wi th  p r o t e c t e d  18:2.  A fea tu re  of  
these  resul ts  is the  p r o n o u n c e d  in t e rpos i t i ona l  
specif ic i ty  of  16:0;  th is  fa t ty  acid was loca ted  
p r e d o m i n a n t l y  on  pos i t ion  2, Similar  resul ts  
were o b t a i n e d  by  G a r t o n  and  D u n c a n  (19)  
using panc rea t i c  l ipase to  isolate  the  2 -mono-  
glycerides.  Of the  o t h e r  p r inc ipa l  f a t t y  acids, 
18 :0  was prefe ren t ia l ly  es ter i f ied  to  pos i t ions  I 
and  3, 18:1 was loca ted  on  all th ree  pos i t ions  in 
ca. equal  p r o p o r t i o n s ,  and  18:2  was p re fe r red  
at pos i t ion  3. 

The  i n c o r p o r a t i o n  of  p r o t e c t e d  18:2  in to  
the  l y m p h  TG caused sl ight a l t e ra t ions  to  the  
i n t e rpos i t i ona l  loca t ions  of the  o t h e r  ma jo r  
f a t ty  acids,  i.e., 18 :2  s u b s t i t u t e d  fo r  18:0  o n  
pos i t i on  3, 16 :0  on  pos i t ions  1 and  2, and  18:1 
on  pos i t ions  1 and  2 (Fig. 6). 

Lymph and Biliary Phospholipids 
Figure 7 shows the  pos i t iona l  d i s t r i bu t i on  of  
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TABLE III 

Intraposit ional Distribution (in Moles %) o f  Fat ty  Acids in the 
High Mol Wt Triglycerides f rom Goots '  Milk a 

Control Supplemented 

Fat ty Position Position 

acids 1 2 3 1 2 3 

8:0 1.1 0.2 8.0 2.0 0.9 7.3 
10:0 3.5 11.8 14.3 10.4 3.4 14.7 
12:0 3.1 6.1 4.3 7.3 3.5 3.9 
14:0 5.7 12.8 6,1 16.3 6.8 4.2 
16:0 31.0 26.5 5,7 17.4 24.4 10.1 
18:0 9.7 6.5 9.2 6.5 13.2 6.1 
18:1 18.8 18.0 27,8 15.9 23,0 21.7 
18:2 0.7 2.1 4,9 18.9 15.9 13.5 

aGoats were fed diets of  lucerne and oats or similar diets supplemented with formaldehyde-  
treated safflower oil]casein (7). High tool wt triglyceride fraction I was prepared by gel filtra- 
tion as described in the  text .  

TABLE IV 

Composi t ion (in Moles %) of  Fatty Acids at Position 2 and at Position 1(3) 
of  Triglycerides f rom Control and 18:2-Enriched Bovine Milk a 

Fraction II b Fraction IIl b 

Control 18:2-enriched Control 18:2-enriched 

Fatty P~176 

acid 2 1(3) 2 1(3) 2 1(3) 2 1(3) 

4:0 3.2 10.4 6.1 13.7 0.9 12.5 2.9 17.7 
6:0 2.4 6.4 5.7 1.8 3.1 5.5 2.0 7.5 
8:0 1.4 2,2 2.4 3,9 1.4 3.7 2.8 4.6 

10:0 2.8 3.1 5.3 4.9 4.9 3.6 5.5 5.6 
12:0 3.0 2.4 5.3 3.4 4.6 3.1 6.0 3.3 
14:0 8.5 7.6 9.4 8.1 11.3 8.4 11.4 6.9 
16:0 24.4 18.3 16.7 15.0 26.8 19.0 19.1 12.9 
16:1 4.6 1.8 2.2 4 . 1  2.3 2.4 0.9 
18:0 12.7 13.8 9.7 11.7 11.4 12.5 10.5 9.8 
18:1 24.5 25.6 15.6 18.1 23.9 21.9 16.7 15,0 
18:2 4.6 6.6 15.4 16.7 3.7 2.8 14.8 12.8 

aThe control and basal diets contained lucerne and oats (1 : l ; w / w ) .  The formaldehyde-  
treated supplement ,  safflower oil:casein (2:1, w/w) (7), was fed at 800 g per day. 

bFractions I1 and II1 were prepared by gel fractionation o f  milk triglycerides on Sephadex 
LH-20 as described in the  text ,  

CThe 2-monoglycerides and free fat ty  acids were isolated by thin layer chromatography  
after pancreatic lipase hydrolysis of  respective fractions (17). This procedure does not  allow 
the separate isolation of  fat ty  acids on positions 1 and 3, i.e., 1(3). 

f a t t y  ac ids  in  t h e  b i l i a ry  a n d  l y m p h  p h o s p h o -  
l ip ids  f r o m  s h e e p  f ed  c o n v e n t i o n a l  d i e t s  o r  
s im i l a r  d ie t s  s u p p l e m e n t e d  w i t h  p r o t e c t e d  18: 2. 
T h e  b i l i a ry  p h o s p h o l i p i d s  f r o m  l a m b s  f ed  c o n -  
v e n t i o n a l  d i e t s  s h o w e d  a p o s i t i o n a l  d i s t r i b u t i o n  
o f  f a t t y  a c id s  w h i c h  is c h a r a c t e r i s t i c  f o r  m o s t  
p h o s p h o l i p i d s  (1) ,  i .e. ,  t h e  p r o p o r t i o n  o f  s a t u r a -  
t e d  f a t t y  a c id s  ( 1 6 : 0  a n d  1 8 : 0 )  was  h i g h e s t  o n  
p o s i t i o n  1 a n d  t h a t  o f  t h e  u n s a t u r a t e d  f a t t y  
a c i d s  ( 1 8 : 1  a n d  1 8 : 2 )  was  h i g h e s t  o n  p o s i t i o n  2 
(Fig .  7). T h i s  m a r k e d  d e g r e e  o f  p o s i t i o n a l  
s p e c i f i c i t y  was  a l so  e v i d e n t  f o r  t h e  b i l i a ry  p h o s -  
p h o l i p i d s  o b t a i n e d  f r o m  l a m b s  f ed  p r o t e c t e d  

1 8 : 2  (F ig .  7).  T h e  p r o p o r t i o n  o f  1 8 : 2  in  t h e  
b i l i a r y  p h o s p h o l i p i d s  was  c o n s i d e r a b l y  en -  
h a n c e d  b y  f e e d i n g  t h e  p r o t e c t e d  l ip id  s u p p l e -  
m e n t ,  a n d  t h i s  f a t t y  a c id  w a s  p r e d o m i n a n t l y  

l o c a t e d  a t  p o s i t i o n  2, m a i n l y  a t  t h e  e x p e n s e  o f  
1 8 : 1 .  

T h e  p o s i t i o n a l  s p e c i f i c i t y  o f  f a t t y  ac ids  in  
t h e  l y m p h  p h o s p h o l i p i d s  was  d i f f e r e n t  f r o m  t h a t  
in  t h e  bile.  1 6 : 0  a n d  18 :1  w e r e  d i s t r i b u t e d  
e q u a l l y  b e t w e e n  p o s i t i o n s  1 a n d  2. 1 8 : 0  
s h o w e d  a s l i gh t  p r e f e r e n c e  fo r  p o s i t i o n  1 in  t h e  
c o n t r o l  s i t u a t i o n ,  b u t  t h i s  was  r e v e r s e d  b y  f e e d -  
i n g  t h e  p r o t e c t e d  1 8 : 2 .  1 8 : 2  i t s e l f  s h o w e d  a 
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FIG. 5. Intrapositional distribution of fatty acids 
in high mol wt triglycerides from cows' milk. Cows 
were receiving unsupplemented ( [] ) or 18:1 supple- 
mented ( [] ) diets. The 18:2 supplement was forma- 
ldehyde treated safflower oil: casein (2:1, w/w) (7) 
and was fed at 800 g per day; the balance of the ration 
was lucerne and oats (1:1, w/w). The unsupplemented 
diet consisted solely of lucerne and oats (1:1, w/w). 

preference for the 2 posi t ion in the l y m p h  
phosphol ipids  f rom sheep fed cont ro l  diets, but  
this also t ended  to be reversed by feeding the  
p ro tec ted  18:2 supplements  (Fig. 7). 

Liver Triglyeeride 

The posi t ional  dis t r ibut ion of  fa t ty  acids in 
TG f rom the livers of  sheep fed convent iona l  
diets or similar diets supp lemented  with  pro-  
t ec ted  18:2 is shown in Figure 8. Octadecenoic 
acid (18 :1)  showed a preference for posi t ions 2 
and 3 in the cont ro l  sheep, but  no marked posi- 
t ional  specifici ty at all for  the supp lemented  
an imals .  Myristic and palmit ic  acids were 
located preferent ia l ly  on posit ions 1 and 2,  
while 18:0 was preferent ia l ly  on posi t ions 1 
and 3. The  locat ion of  18:2 was largely re- 
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FIG. 6. Intrapositional distribution of fatty acids 
in thoracic lymph triglycerides from a 1 year old sheep 
which had received an unsupplemented ( [] ) diet and 
a similar sheep fed an 18:2 supplemented ( [] ) diet. 
The control and basal diets were lucerne and oats (1:1, 
w/w). The lipid supplement of 200 g per day formal- 
dehyde-treated safflower oil:casein (2:1, w/w), was 
fed for 3 weeks prior to thoracic duct cannulation. 
Cannulation and collection of lymph was carried out 
under general anaesthesia at ca. 12 hr post feeding. 

s tr icted to  posit ions 2 and 3 for the lipid sup- 
p l emen ted  animal,  and the propor t ions  of  all 
o ther  fa t ty  acids, except  14:0 and 18:3, were 
reduced at these sites. 

PIGS 

Pig Adipose Tissue Triglyceride 

Fatty acid composition: Pigs were fed 18:2 
in the fo rm of (a) crushed safflower seeds, (b) 
crushed sunf lower  seeds, (c) fo rma ldehyde  
t rea ted  homogen ized  sunflower seed based sup- 
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FIG. 7. Intrapositional distribution of fatty acids 
in biliary and lymph phospholipids from sheep which 
had received unsupplemented ( [ 3 ) o r  18:2 supple- 
mented ( [] ) diets. The biliary phospholipids were 
obtained from young lambs, as in Figure 2, whereas 
the lymph phospholipids were obtained from older 
sheep as in Figure 6. 

plements prepared for ruminant feeding (8), or 
(d) 18: 2-enriched cows' milk. 

Figure 9 shows the fatty acid composition of 
subcutaneous adipose tissue TG from these pigs 
and from other pigs fed control diets. Feeding 
the oilseeds, oilseed supplements or 18:2- 
enriched cows' milk caused substantial increases 
in the proportion of 18:2 and reductions in the 
proportions of 16:0 and 18:1. The proportion 
of 18:2 in the tissues from pigs fed 18:2- 
enriched cows' milk was similar to that in the 
milk diet (Table I). 

Positional distribution of fatty acids: Stereo- 
specific analyses of perirenal adipose tissue TGs 
from pigs fed 18:2-enriched cows' milk showed 
that the 18:2 was incorporated specifica//y 
onto positions 1 and 3, and there were no 
marked effects of this incorporation on the 
interpositional specificity of the other major 
fatty acids, with the possible exception of 18:1 
in p o s i t i o n  3 (Fig. 10). The positional 
specificity, however, was markedly different 
from that in ruminant adipose tissues (Figs. 3 
and 4), particularly because position 2 of pig 
TG was occupied predorninatly by 16:0. Stearic 
acid (18:0) was mainly on position 1, and the 
other major fatty acid (18:1) was distributed 
with a preference similar to 18:2, i.e., on posi- 
tions 1 and 3. Myristic acid (14:0), like 16:0, 
was placed mainly on position 2. 

D I S C U S S I O N  

The tissue fatty acid composition of rumi- 
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F A T T Y  A C I D  

FIG. 8. Intrapositional distribution of fatty acids 
on liver triglycerides isolated from sheep receiving 
unsupplemented ( [] ) and 18:2 supplemented ( [] ) 
diets. The protected sunflower seed supplements (8) 
were fed to mature sheep for 8-10 weeks prior to 
slaughter. The basal diets contained lucerne and oats 
(1:1, w/w), and supplemented diets contained 30% by 
wt of lipid supplement. Each value represents a single 
animal. 

nants can be altered by feeding fats which are 
p r o t e c t e d  f r o m  r u m i n a l  hydrogena t ion  
(7,8,20). The feeding of such fats containing 
polyenoic fatty acids, e.g., 18:2, will result in 
elevated concentrations of the respective fatty 
acids in the lipids of various organs and tissues 
(7,8,20) (Fig. 2, Table II). This incorporation 
of protected polyenoic fatty acids into rumi- 
nant tissue lipids is equivalent to that observed 
when polyenoic fats are fed to monogastric 
species (Fig. 9). 

The feeding of protected nonpolyenoic fats, 
containing saturated or monoenoic fatty acids, 
to ruminants also increases the concentration of 
the major component fatty acids in the respec- 
tive tissue lipids (Fig. 2). The extent of this 
alteration is, however, less than that observed 
when protected polyenoic fats are fed, and this 
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FIG. 9. Effect of feeding different dietary fats on 
the ifatty acid composition of pig subcutaneous adi- 
pose tissue. Values are the mean -+ standard error for 
three animals. Saff = safflower seeds, Sun = sunflower 
seeds, F-T Sun = formaldehyde-treated sunflower seed 
supplements (8). 18:2 - enriched cows' milk was ob- 
tained by feeding F-T Sun to lactating cows. The milk 
diets were fed as the sole diet for periods of 3-12 
months prior to slaughter. The basal grain diet con- 
tained sorghum, barley and meat meal. This diet was 
supplemented with oilseeds or oilseed supplements 
(ca. 30% by wt of diet) and fed ad libitum for 12 
weeks prior to slaughter. 

t 

is p r o b a b l y  due to  the  me tabo l i c  t r an s f o r m a-  
t i on  of the  c o m p o n e n t  acids,  e.g., 16:0  and  
18:0,  pr ior  to  the i r  acy la t ion  to  f o r m  TG 
(21;22) .  It is also possible  t ha t  these  non-  
po lyeno ic  f a t ty  acids do no t  suppress  the  nor-  
m a l  e n d o g e n o u s  synthes is  of  t issue f a t ty  acids 
to  the  same e x t e n t  as do the  p o l y e n o i c  f a t ty  
acids (23).  This  la t te r  ef fec t  may  also par t ia l ly  
expla in  the  r e d u c t i o n  in the  p r o p o r t i o n s  o f  

16:0,  18:0 ,  and  18:1 as a cons equence  of  18:2  
i n c o r p o r a t i o n  in to  ad ipose  t issue TGs  of  rumi-  
naffts (Fig. 2) and  pigs (Fig. 9). 

T h e  i n c o r p o r a t e d  18:2  was specif ical ly 
loca ted  on  pos i t ions  2 and  3 of  r u m i n a n t  adi- 
pose t issue TG (Figs. 3 and  4) and  on  pos i t ions  

57 
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FIG. 10. Intra positional distribution of fatty acids 
in the perirenal adipose tissue of pigs which had re- 
ceived conventional cows' milk ( [ ]  ) or 18:2-enriched 
cows' milk ( [ ]  ). The milk diets, as in Figure 9 were 
fed for 3 months prior to slaughter. The pigs were 
introduced to the milk diets at 2-4 weeks of age. 

1 and  3 of  porc ine  adipose  t issue TG (Fig. 10). 
This d i s t r i bu t ion  of 18:2  con f i rms  the  es tab-  
f ished observa t ions  pe r t a in ing  to the  d i spos i t ion  
of  u n s a t u r a t e d  f a t t y  acids in  the  respect ive  TGs 
and  highl ights  the  i m p o r t a n t  d i f fe rences  t h a t  
exist  b e t w e e n  pigs and  o t h e r  species (1). 

The  feeding of  p r o t e c t e d  l inoleic  acid no t  
on ly  enhances  the  p r o p o r t i o n  of  18:2  in 
r u m i n a n t  adipose  t issue TGs,  bu t  also increases  
the  p r o p o r t i o n  of  th is  acid in milk TGs f r o m  
these  species (7 ,8 ,20)  (Table  II). S te reospec i f ic  
analyses  of  a h igh mol  wt  milk T G  f rac t ion  
s h o w e d  tha t  this  18:2  was p resen t  in ca. equal  
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proport ions for all three positions of the goats' 
milk TGs (Table III), but tended to be prefer- 
entially located on position 3 of the cows' milk 
TGs (Fig. 5). 

There were also positional specificities for 
the other component  fat ty acids of the high 
mol wt milk TGs, and these specificities are in 
general agreement with previously published 
analyses carried out on milk TGs from cows, 
sheep, goats, and humans (15,24-26). The 
shorter chain length acids ( < C 1 4 )  were pre- 
dominantly on position 3; 16:0 was pre- 
dominantly on positions 1 and 2; and 18:1 was 
rather evenly distributed. The lack of any 
marked preference for 18:0 on posit ion 1 is in 
c o n t r a s t  to  t h e  p r e v i o u s  o b s e r v a t i o n s  
(15,24-26). We also did not show any marked 
preference of 14:0 for the 2 posit ion of milk 
TGs (26). These different observations may be 
due to the different methods of isolating high 
mol wt TG fractions, i.e., Sephadex LH-20 
versus silicic acid chromatography (26). 

Ruminant lymphatic TGs show a marked 
specificity for 16:0 at position 2 (19) (Fig. 6); 
and this possibly results from the competi t ion 
between 18:0 and 16:0 for acylat ion at posi- 
tions 1 and/or  3 (27). Considerable amounts 
of 18:0 are produced by ruminal hydrogen- 
ation of the conventional dietary lipids, and 
this fat ty acid is presented to the small in- 
testine in the nonesterified form (28). In 
addition, 16:0 from basal dietary compo- 
nents would also exist as nonesterified fat ty 
acid in the intestinal lumen (28). On the other 
hand, protected dietary TGs are not  hydrolyzed 
during passage through the rumen (20). Thus, 
the feeding of protected lipid supplement 
would result in an intestinal mixture of non- 
esterified fat ty acids, derived from the basal 
diet, and intact TGs, derived from the supple- 
ment. 

The lack of any specific location of 18:2 at 
posit ion 2 of lymphatic  TGs from sheep fed 
protected safflower oil (Fig. 6) is in contrast to 
the specific location of 18:2 at this position in 
safflower oil and other linoleic enriched seed 
oils (1,29). This nonretent ion of the dietary 
2-monoglyceride structure is not  consistent 
with results obtained in nonruminants  (30,31) 
and may suggest that,  in ruminants,  the pro- 
tected dietary TGs are more extensively hydro- 
lyzed prior to absorption, or that  intestinal 
monoglyceride hydrolases (32,33) are more ac- 
tive than in nonruminants.  Any such conclu- 
sion, however, must be considered cautiously in 
view of the presence in the ruminant intestine 
of  large amounts of nonesterified fa t ty  acids 
derived from ruminal hydrolysis and hydro- 
genation of basal dietary lipids. 

An analogy exists between the stereospecific 
arrangement of fat ty acids on TG from rumi- 
nant milk (Fig. 5, Table III) and lymph (Fig. 6) 
( 1 5 , 1 9 , 2 5 , 2 6 ) .  TGs from both  secretory 
products contain relatively large proport ions of 
the 16:0 located at position 2. This analogy 
may reflect the importance of lymph TGs as a 
source of milk TGs (34-36). The lymph TG 
enters the circulatory system as chylomicrons 
or very low density l ipoproteins (VLDL), and 
the TG may be partially hydrolyzed by mam- 
mary gland l ipoprotein lipase (37,38). The 
resul tant  2-monoglycerides, containing rela- 
tively large proport ions of 16:0, could then 
serve as precursors for mammary gland TG bio- 
synthesis, a pathway similar to that present in 
the intestine (39,40). Such a pathway in the 
mammary gland has been previously considered 
(36,41), but conclusive evidence is not yet 
available to fully support this idea (35,42). 

Adipose tissue l ipoprotein lipase (43), like 
mammary gland l ipoprotein lipase (37,38), also 
has been shown to specifically hydrolyze the 1 
and 3 positions of TGs. Accordingly,  since 
chylomicrons and/or  VLDL provide a source of 
fat ty acids for adipose tissue TG biosynthesis 
(44), one might also expect to find a specific 
location of 16:0 at the 2 posit ion of these TGs. 
That this is not the case for ruminants could 
suggest a rearrangement of fat ty  acids on the 
TG molecule (45), possibly involving adipose 
tissue monoglyceride hydrolase (32,33). 

That the stereospecificity of ruminant liver 
TGs (Fig. 8) does bear some relationship to that 
of ruminant lymph TGs (Fig. 6) may be due to 
hepatic uptake of intact chylomicron and/or  
V L D L  triglycerides (44,46). 

TGs from tissues and secretory products 
other than ruminant liver, milk, and lymph also 
show a preferential location of 16:0 at position 
2, e.g., TGs from human milk (24), pig milk 
(47,48), and pig adipose tissue (Fig. 10) (1,4,5). 
Whether these observations can also be related 
to a specific location of 16:0 at position 2 of 
the respective chylomicron of VLDL TGs 
awaits further investigation. These investiga- 
tions must be carried out with due regard to the 
d ie t  and nutri t ional status of the animal 
(24,47,49,50). In addition, the question of the 
stereospecificity of chylomicron TGs is only 
satisfactorily resolved by analyzing lymphat ic  
chylomicrons and not  serum chylomicrons, 
owing to the rapid stereospecific rearrange- 
ments that take place during l ipoprotein trans- 
port  and metabolism (see accompanying paper 
by Nestel et al.). 

With most tissue phospholipids,  as with most 
tissue TGs, there is a characteristic positional 
distribution of fat ty acids. This distribution is 
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such that  the unsa tura ted  fa t ty  acids are 
generally loca ted  at pos i t ion  2 and the  satu- 
ra ted  fa t ty  acids at pos i t ion  1 (1). 

The l y m p h  phosphol ip ids  f rom ruminan t s  
fed contro l  diets t e n d  to  show this specific posi- 
t ional  locat ion for 18:0 and 18:2 (Fig. 7), bu t  
this specif ic i ty  was not  apparen t  for 16:0 and 
1 8: 1. The feeding of  p ro t ec t ed  18:2 resul ted in 
a substant ial  e levat ion in the 18:2 con ten t  of  
l y m p h  phosphol ip ids ,  but  this 18:2 t ended  to  
be evenly d is t r ibuted  be tween  pos i t ions  1 and 2 
of  the  phosphol ip ids  (Fig. 7). (The concen t ra -  
t ion  of  18:2 at pos i t ion  I was actually greater  
than  at pos i t ion  2.) 

Biliary phosphol ip ids  f rom sheep fed pro- 
t ec ted  18:2 also showed  an enhanced  concen-  
t ra t ion  of  this acid, but  the 18:2 was specifi- 
cally located at pos i t ion 2 (Fig. 7). This would  
indicate  that  biliary phospho l ip ids  are no t  the  
d i r e c t  p r e c u r s o r  of  the l inolea te-enr iched 
lympha t i c  phosphol ip ids .  As a corol lary,  these  
l inoleate-enr iched lympha t i c  phospho l ip ids  are 
p robab ly  synthes ized  de novo by the intes t inal  
cells in response  to  the  enhanced  absorp t ion  of  
TG. 

Feeding  l inoleate-enr iched oils to  rats results  
in the appearance  of  a di l inoleyl  phospha t idy l -  
chol ine in l y m p h  chy lomicrons  (51). Fur ther -  
more,  it has been  shown tha t  this phospho l ip id  
is syn thes ized  de novo and is not  der ived f rom 
biliary phosphol ip id  (51). 

We did not  a t t emp t  to  separate  the  individ- 
ual l y m p h  phosphog lycer ides  f rom sheep fed 
p ro t ec t ed  18:2,  but  the  high concen t r a t i on  of  
18:2 at pos i t ion  1 (69%) and at pos i t ion  2 
(54%) would  suggest the  presence of  consider-  
able a m o u n t s  of  dil inoleyl phosphog lycer ide ,  
presumably  synthes ized  de novo by  the  intes- 
t inal mucosa as in rats fed saf f lower  oil (5 I). 

ACKNOWLEDGMENTS 

E. Fleck and L. Colgan provided technical assist- 
ance. E. Dwyer and K. Stephenson fed and maintained 
animals. This work was partly supported by Alta 
Lipids Australia Pry. Ltd. 

REFERENCES 

1. Kuksis, A., in "Progress in the Chemistry of Fats 
and Other Lipids," Vol. 12, Edited by R.T. 
Holman, Pergamon Press, London, England, 1972, 
p. 5. 

2. Tove, S.B., J. Nutr. 75:361 (1961). 
3. Privett, O.S., M.L. Blank, and B. Verdino, Ibid. 

85:187 (1965). 
4. Brockerhoff, H., J. Lipid Res. 8:167 (1967). 
5. Lands, W.E.M., R.A. Pieringer, P.H. Slakey, and 

A. Zschocke, Lipids 1:444 (1966). 
6. Ward, P.F.V., T.W. Scott, and R.M.C. Dawson, 

Biochem. J. 92:60 (1964). 
7. Scott, T.W., L.J. Cook, and S.C. Mills, JAOCS 

48:358 (1971). 
8. Scott, T.W., and L.J. Cook, in "The Coronary 

Heart Disease and Dietary Fat Controversy," 
Edited by J.L. Adam, Occasional Publication, No. 
2, New Zealand Society of Animal Production, 
19"/3, p. 48. 

9. Nestel, P.J., N. Havenstein, H.M. Whyte, T.W. 
Scott, and L.J. Cook, New England J. Med. 
288:279 (1973). 

10. Folch, J., M. Lees, and G.H. Sloane-Stanley, 1. 
Biol. Chem. 226:497 (1957). 

11. Associat ion of Official Analytical Chemists, 
"Official Methods of Analysis," Ninth Edition, 
Edited by W. Horwitz, Association of Official 
Analytical Chemists, Washington, DC, 1960, p. 
190. 

12. Scott, T.W., B.P. Setcheil, and J.M. Bassett, Bio- 
chem. J. 104:1040 (1967). 

13. Parodi, P.W., Aust. J. Dairy Technol. 25:200 
(1970). 

14. Christie, W.W., and J.H. Moore, Biochim. Bio- 
phys. Acta 176:445 (1969). 

15. Pitas, R.E., J. Sampugna, and R.G. Jensen, J. 
Dairy Sci. 50:1332 (1967). 

16. Calderon, M., and W.J. Baumann, Biochim. Bio- 
phys. Acta 210:7 (1970). 

17. Luddy, F.E., R.A. Barford, S.F. Herb, P. Magid- 
man, and R.W. Reimenschneider, JAOCS 41:693 
(1964). 

18. Long, C., and I.F. Penny, Biochem. J. 65:382 
(1957). 

19. Garton, G.A., and W.R.H. Duncan, Biochim. Bio- 
phys. Acta 98:436 (1965). 

20. Scott, T.W., and L.J. Cook, in "Digestion and 
Metabolism in The Ruminant," Edited by I.W. 
McDonald and A.C.I. Warner, University of New 
England, Armidale, Australia, 1975, p. 51 O. 

21. Elovson, J., Biochim. Biophys. Acta 106:291 
(1965). 

22. Boucrot, P., and J. Clement, Arch. Sci. Physiol. 
19:181 (1965). 

23. Sabine, J.R., H. McGrath, and S. Abraham, J. 
Nutr. 98:312 (1969). 

24. Breckenridge, W.C., L. Marai, and A. Kuksis, Can. 
J. Biochem. 47:761 (1969). 

25. Kuksis, A., L. Marai, and J.J. Myher, JAOCS 
50:193(1973). 

26. Marai, L., W.C. Breckenridge, and A. Kuksis, 
Lipids 4:562 (1969). 

27. Whyte, M., D.S. Goodman, and A. Karmen, J. 
Lipid Res. 6:233 (1965). 

28. Bath, I.H., and K.J. Hill, J. Agric. Sci. Camb. 
68:139 (1967). 

29. Mattson, F.H., and R.A. Volpenheim, J. Lipid 
Res. 4:392 (1963). 

30. Mattson, F.H., and R.A. Volpenheim, J. Biol. 
Chem. 237:53 (1962). 

31. Savary, P., M.J. Constantin, and P. DesnueUe, 
Biochim. Biophys. Acta 48:562 (1961). 

32. Vaughan, M., J.E. Berger, and D. Steinberg, J. 
Biol. Chem. 239:401 (1964). 

33. Katocs, A.S., C.T. Gnewuch, J.J. Lech, and D.N. 
Calvert, Biochim. Biophys. Acta 270:209 (1972). 

34. Gooden, J.M., and A.K. Lascelles, Aust. J. Biol. 
Sci. 26:1201 (1973). 

35. West, C.E., R. Bickerstaffe, E.F. Annison, and 
J.L. Linzell, Biochem. J. 126:477 (1972). 

36. Bickerstaffe, R., J.L. LinzeU, L.J. Morris, and E.F. 
Annison, Ibid. 117:39P (1970). 

37. Nilsson-Ehle, P., T. Egelrud, P. Belfrage, T. 
Olivecrona, and B. Borgstrom, J. Biol. Chem. 
248:6734 (1973). 

38. Morley, N.H., A. Kuksis, and D. Buchnea, Lipids 
9:481 (1974). 

LIPIDS, VOL. 11, NO. 1 



60 S.C. MILLS, L.J. COOK, AND T.W. SCOTT 

39. Mattson, F.H., and R.A. Volpenheim, J. Biol. 
Chem. 239:2772 (1964). 

40. Senior, J.R., J. Lipid Res. 5:495 (1964). 
41. Dimick, P.S., R.D. McCarthy, and S. Patton, 

Biochim. Biophys, Acta 116:159 (1966). 
42. Patton, S., JAOCS 50:178 (1973). 
43. Nilsson-Ehle, P., A.S. Garfinkel, and M.C. Schotz, 

Lipids 9:548 (1974). 
44. Olivecrona, T., and P. Belfrage, Biochim. Biophys. 

Acta98:81 (1965). 
45. Rodbell, M., J. Biol. Chem. 235:1613 (t960).  
46. Elovson, J., P. Belfrage, and T. Olivecrona, 

Biochim. Biophys. Acta 106:34 (1966). 

47. Christie, W.W., and J.H. Moore, Ibid. 210:46 
(1970), 

48. Duncan, W.R.H., and G.A. Garton, J. Dairy Res. 
33:255 (1966). 

49. Grigor, M.R., M.L. Blank, and F. Snyder, Ljpids 
6:965 (1971). 

50. Raulin, J., C. Loriette, J. Flanzy, and A. Repay, 
Biochim. Biophys. Acta 116:385 (1966). 

51. Arvidson, G.A.E., and A. Nilsson, Lipids 7:344 
(1972). 

[Rece ived  June  10, 1975]  

LIPIDS, VOL. 11, NO. 1 


