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ABSTRACT 

When whale oil triglycerides were sub- 
jected to pancreatic lipase hydrolysis, 
eicosapentaenoic and  docosahexaenoic 
acids were found mainly in the di- and 
triglyceride products, suggesting that they 
are in the 1,3-positions but resistant to the 
action of the lipase. Their presence in the 
1,3-positions was confirmed. Their resist- 
ance to pancreatic lipase hydrolysis was 
demonstrated by analysis of the products 
of the enzyme action on: (a) a concen- 
trate of highly unsaturated whale oil tri- 
glycerides; (b) the latter after random- 
ization; and (c) synthetic 1,2-di-octa- 
decenoyl-3 -eicosapentaenoyl glycerol. 

Docosapentaenoic acid was also shown 
to be present in the 1,3-position of whale 
oil triglycerides but was not lipase resist- 
ant. It is postulated that the presence of 
a double bond near the carboxyl group 
exercises an inhibitory effect, or that the 
location of the double bonds in the resist- 
ant acids places their terminal methyl 
groups close to the carboxyl, producing a 
steric hindrance effect. 

INTRODUCTION 

I N A STUDY OF THE STRUCTURE o f  m a r i n e  

mammal oils by the use of pancreatic lipase, 
the distribution of fatty acids in the hydrolytic 
products of whale oil suggested that eicosapen- 
taenoic (20:5) and docosahexaenoic (22:6) 
acids, but not docosapentaenoic (22:5)  acid, 
are resistant to the action of that hydrolytic 
enzyme. The results of the present study con- 
firm the resistance of those acids to pancreatic 
lipase action, even though the acids are located 
in the 1,3-positions of whale oil triglycerides. 
A preliminary report of this work has been 
presented (1). 

EXPERIMENTAL 

The location of the 20:5, 22:5, and 22:6 
acids in the whale glyceride molecules and 

aOne of the samples of whale oil was from the Arista 
Company, New York. The other was obtained through 
the courtesy of H. S. Olcott. 

the resistance of these acids to the activity of 
pancreatic lipase were determined by analyses 
of the products of the enzyme action on: (a) 
unmodified whale oil; (b) a concentrate of 
highly unsaturated whale oil triglycerides; (c) 
the latter after randomization; and (d) syn- 
thetic 1,2-di- octadecenoyl- 3 - eicosapentaenoyl 
glycerol. 

Methods 

The triglycerides of two samples of whale 
oil ~ were purified by preparative thin-layer 
chromatography (TLC).  A highly unsaturated 
fraction was prepared from one of them by 
crystallization at -60C (2). Menhaden oil was 
provided by the Department of Oceanography, 
Texas A&M University. Lipase (EC 3.1.1.3) 
from hog pancreas, PL-III,  was purchased from 
Worthington Biochemical Corporation, Free- 
hold, N. J. Lipase hydrolyses were performed 
in vitro by the procedure of Luddy et al. (3),  
including the determination of the fatty acid 
composition of the free fatty acids and of the 
mono-, di-, and triglyceride products. 

Randomization o f  the highly unsaturated 
concentrate of whale oil was achieved by treat- 
ment with 0.1 M lithium secondary butylate 
in dimethyl formamide (4). The reaction mix- 
ture was kept under nitrogen at room tempera- 
ture for 3 days. The rearranged triglycerides 
were purified by preparative TLC. 

Purification of triglycerides by TLC was 
achieved on 0.25-ram thick layers of silica gel 
(Adsorbosil-1, Applied Science Laboratories, 
State College, Pa.) on 20 x 20 cm glass plates. 
The developing solvent system was a mixture of 
petroleum ether (30-60C bp)-ethyl ether-ace- 
tic acid (60:40:1.6, v /v /v ) .  

Gas-liquid chromatography (GLC) was per- 
formed in a Research Specialties Model 600 
gas chromatograph (Warner-Chilcott Labora- 
tories D i v i s i o n ,  Richmond, Calif.). The 
chromatograph was equipped with an argon 
ionization detector and a 6 ft x t / 4  in. column 
packed with 15% dietbylene glycol succinate 
on 60-80 mesh Chromosorb W. The column 
was operated isothermally at 195C. The identi- 
ties of the quantitatively more important peaks 
were ascertained by comparing their relative 
retention times with those of known standards. 
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I n f r a r e d  s p e c t r a  w e r e  ob t a i ned  in a I R 8  
B e c k m a n  i n f r a r e d  s p e c t r o p h o t o m e t e r  b e t w e e n  
s o d i u m  ch lo r ide  pellets.  

1 , 2 - D i - o c t a d e c e n o y l - 3 - e i c o s a p e n t a e n o y l  glyc- 
e ro l  was  syn thes ized  f r o m  1,2-diolein and  
e i c o s a p e n t a e n o y l  ch lor ide  a n d  pur i f ied  b y  T L C .  
A m a n u s c r i p t  desc r ib ing  this syn thes i s  is in  
p r e p a r a t i o n .  E i c o s a p e n t a e n o i c  acid, 9 1 %  pure ,  
i sola ted f r o m  m e n h a d e n  oil, w a s  p u r c h a s e d  
f r o m  the  H o r m e l  Ins t i tu te ,  Aus t in ,  M i n n .  

RESULTS AND DISCUSSION 

Evidences of Resistance 

A f t e r  5 0 %  p a n c r e a t i c  l ipase hydro lys i s  o f  
the w h a l e  oil t r iglycer ides ,  the  c o n c e n t r a t i o n s  
o f  the  2 0 : 5  and  2 2 : 6  acids w e r e  l o w e r  in b o t h  
the  fa t ty  acid and  the  m o n o g l y c e r i d e  f r a c t i o n s ,  
b u t  h ighe r  in the  d ig lycer ide  and  t r ig lycer ide  
f r ac t i ons  of  the  r e s u l t a n t  m i x t u r e  t h a n  in the  
or ig ina l  oil ( T a b l e  I ) .  Th i s  sugges t s  tha t  these  
two  p o l y u n s a t u r a t e d  fa t ty  acids are in the  1- 
and  3- pos i t i ons  b u t  are r e s i s t an t  to the  ac t ion  
o f  the  l ipase.  T h a t  the  20 :5 ,  22 :5 ,  a n d  2 2 : 6  
acids o f  the  w h a l e  oil a re  in the  1 ,3-pos i t ions  
has  b e e n  r e p o r t e d  b y  B r o c k e r h o f f  and  H o y l e  
( 5 ) .  T h e  a c c u m u l a t i o n  o f  l o n g - c h a i n  p o l y u n -  
s a t u r a t e d  fa t ty  acids in the  d ig lycer ides  af te r  
l ipase hyd ro ly s i s  of  m a r i n e  oils has  also b e e n  
r e p o r t e d  by  o the r s  (4,  6, 7 ) .  

N o t  all the  p o l y u n s a t u r a t e d  acids o f  w h a l e  
oil b e h a v e  as the  20: 5 a n d  22 :6  acids. T h e  
2 2 : 5  acid was  p r e s e n t  in the f ree  f a t ty  acids 
a n d  w a s  n o t  en r i ched  in the  di- and  tr iglyc- 
erides,  a l t h o u g h  like the  2 0 : 5  and  2 2 : 6  acids 
it was  in l o w  c o n c e n t r a t i o n  in the m o n o g l y c -  
e r ide  p r o d u c t s  of  hyd ro ly s i s  ( T a b l e  I ) .  T h e r e -  
fore ,  the  2215 acid m u s t  be  c o n s i d e r e d  as also 
p r e s e n t  in the  1 ,3-posi t ions ;  bu t ,  in c o n t r a s t  

TABLE I 

Major Fatty Acid Components of Whale Oil Triglycerides 
and Its Lipase I-lydrolysis Products 

Whale oils 

Products of hydrolysis b Original 
Acid a Sample TG FA MG DG TG 

percentage 
14:0 I e 8.7 8.1 9.3 9.2 7.1 

II 4.6 3.4 7.7 3.9 2.4 
16:0 I 14.8 20.1 5.5 9.9 12.5 

II 14.9 21.1 I0.0 7,9 7.3 
16:1 I 16.7 11.3 28.9 17.8 12.0 

II 14.4 9.2 24.1 16.6 8.6 
18:1 I 32.2 37 .5  40 .9  29 .4  23.7 

1I 33.6 38.7  45,0 30.1 19.0 
20:1 I 2.6 5.3 0.3 1.1 1.9 

II 2.1 2.3 1.1 2.1 2.8 
20:5 I 6.6 2.0 2.1 11.8 13.8 

II 8.1 3.0 2.4 17.7 26.0 
22:5 I 3.9 2.9 0.5 2.2 2.9 

II 5.2 5.9 tr 3.9 6.8 
22:6 I 4.9 2.6 0.8 5.3 10.1 

II 5.8 3.9 tr 8.1 17.3 

aChain length: ntmaber of double bonds. 
bFA ~ Fatty Acids; M = Monoglycerides; 

Diglycerides; TG = Triglycerides. 
eAverage of duplicate analyses. 

DG 

to the 2 0 : 5  a n d  2 2 : 6  acids, suscep t ib le  to the  
ac t ion  o f  p a n c r e a t i c  l ipase.  

S ince  the  c o n c e n t r a t i o n  o f  s o m e  o f  the  po ly-  
u n s a t u r a t e d  acids w e r e  l o w  in the  or ig ina l  
w h a l e  oil, a h igh ly  u n s a t u r a t e d  c o n c e n t r a t e  
w a s  ob t a ined  b y  r e m o v a l  o f  the  m o r e  s a t u r a t e d  
g lycer ides  b y  c rys ta l l iza t ion  f r o m  ace tone  at  
- 6 0 C  ( 2 ) .  T h e  c o n c e n t r a t e  w a s  then  sub jec t -  
ed to p a n c r e a t i c  l ipase hydro lys i s .  T h e  resu l t s  
are  p r e s e n t e d  in T a b l e  I I -A .  I t  c an  be  s een  
that ,  as c o m p a r e d  to a level o f  a b o u t  2 2 %  in 
the  c o n c e n t r a t e ,  t he r e  w e r e  on ly  7 %  and  8 %  
of  the  2 0 : 5  acid in the  f ree  fa t ty  acid and  
m o n o g l y c e r i d e  f rac t ions ,  respec t ive ly .  T h e r e  

TABLE II 

The Effect of Randomization on the Products of Pancreatic Lipase Action 
on a Highly Unsaturated Fraction from Whale Oil Triglycerides 

(major fatty acids only) 

Acid b 

(A) Whale oil highly unsaturated TG a (B) Randomized whale oil highly (C) Recalculation of (B) omitting 
Concen- unsaturated TG 20:5 and 22:6 

trate Random- Random- 
(original Products of hydrolysis i z e d  Products of hydrolysis i z e d  Products of hydrolysis 

TG) FA MG DG TG TG FA MG DG TG TG FA MG DG TG 

percentage percentage percentage 
14:0 4.9 4.1 6.3 4.1 4.7 4.6 8.5 7.3 4.6 4.3 6.9 9.0 9.5 7.7 7.6 
16:0 2.4 4.6 I.I 1.3 2.4 2.3 5.1 3.0 2.0 2.0 3.5 5.4 3.9 3.4 3.5 
16:1 15.6 16.9 34.5  20.3 12.1 14.1 24.0 18.6 14.6 12.9 21.3 25.5 24 .2  24 .5  22.8 
18:1 25.5 38.0 27 .0  2010 19.4 25.3 35.1 26.8 17.1 17.8 38.2 37.3 34 .9  28 .7  31.5 
20.1 3.5 2.3 3.2 3.6 3.1 3.1 1.5 2.7 4.5 3.9 4.7 1.6 3.5 7.6 6.9 
20:5 22.3 7.0 8.2 26.4 30.1 22.4 3.2 16.4 29 .7  29.6 
22:5 4.6 8.0 0.9 3.1 4.3 4.8 3.6 4.5 5.2 5.1 7.2 3.8 5.9 8.7 9.0 
22:6 12.6 8.5 2.0 11.4 15.9 11.3 2.8 6.8 10.8 13.9 

a FA = Fatty Acids; MG = Monoglycerides; DG ~ Diglycerides; TG = Triglycerides. 
b Chain length:laumber of double bonds. 
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T A B L E  I I I  

Ma jo r  Fa t t y  Acid  Com ponen t s  of  Menhaden  Oi l  Tr iglyc-  
r  and  I ts  L ipase  Hydro lys i s  Products  

Ac id  a 
Original  Products  o f  hydrolysisb 

T G  F A  M G  D G  T G  

percentage  

14:0 11.1 11.0 14.2 7.7 6,3 
16:0 19.4 27.2 24.9 14.7 17.4 
16:1 16.1 17.6 13.6 9.1 8.1 
18:0 5.6 7.6 3.2 3.4 3,7 
18:1 16.2 20.1 5.7 4.7 5,0 
20:1 3.8 1.6 2.8 6.6 6.0 
20:5 10.5 2.0 11.4 22.8 25,5 
22.5 1.4 0.6 2,5 2.2 t r  
22 :6  7.3 1.5 15.1 15.0 16,0 

a Chain  l e n g t h : n u m b e r  of  double bonds,  
b F A  ~ Fa t t y  Acids ;  M G  ~ Monoglycer ides ;  D G  ~ Di-  

glycerides;  T G  = Triglycerides.  

were 26% in the diglycerides and 30% in the 
triglycerides. The results from the concentrate 
thus reinforce previous indications of resist- 
ance. The distribution of the 22:6 acid in the 
hydrolysis products also indicates resistance 
but to a somewhat lesser degree. The 22:5 acid 
was hydrolzed normally as shown by its rela- 
tively high level in the fatty acid fraction. 

In  order to rule out position in the triglyc- 
eride molecule as the determining factor in the 
low degree of hydrolysis of the 20:5 and 22:6 
acids, an aliquot of the highly unsaturated 
concentrate was randomized by chemical treat- 
ment. Whale oil offers unusual resistance to 
rearrangement by the use of standard proced- 
ures. Several combinations of catalysts, sol- 
vents and different times of treatment were 
tested before satisfactory results could be ob- 
tained. Sodium methoxide in methanol solu- 
tion produced methyl esters difficult to separate 
from the randomized triglycerides. A xylene 
suspension of the same catalyst (8) was only 
partially effective. Lithium secondary butylate 
in dimethyl formamide solution (4) was found 
to be effective when the reaction period was 
prolonged for 3 days at room temperature. 
This procedure was therefore used. The ran- 
domized triglyceride products, purified by TLC, 
were analyzed by GLC and subjected to pan- 
creatic lipase hydrolysis. The results are pre- 
sented in Table IIB. Since the fatty acid com- 
positions of the four products of hydrolysis 
are not similar, one might conclude that the 
randomization is incomplete. However, this 
criterion would only be valid if all the acids 
were equally susceptible to the lipase, a condi- 
t ion which is not met due to the presence of 
the resistant 20:5 and 22:6 acids. I f  the data 
are recalculated omitting the 20:5 and 22:6 
acids or, in other words, making the nonresist- 
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ant acids equal to 100%, the figures shown in 
Table I IC are obtained. The quite similar con- 
centrations of the six major acids in all four 
fractions indicates effective randomization. 

The presence of significant amounts of 20: 5, 
22:5, and 22:6 acids in the monoglycerides 
after, but not before randomization (Table 
IIB),  indicates that they were not originally 
located in the 2-position in the whale oil tri- 
glycerides. Finally, the very low levels of 20:5 
and 22:6 acids in the free fatty acid fraction 
of the pancreatic lipase hydrolysis products of 
the randomized oil indicate  that the reduced 
degree of hydrolysis of those acids is not due 
to the positional specificity of the enzyme, but 
is due to a characteristic of the fatty acid 
molecule itself. 

In order to compare the behavior of the 20:5 
and 22:6 acids in the pancreatic lipase hy- 
drolysis of whale oil with their behavior when 
located mainly in the 2-position as in fish oils, 
menhaden oil triglycerides were subjected to 
pancreatic lipase hydrolysis (Table I I I ) .  The 
distribution of the 20:5 and 22:6 acids in the 
hydrolysis products of menhaden oil is dif- 
ferent from that in whale oil products (Table 
I ) ,  although their concentrations in the two 
oils are quite similar. This is further evidence 
that the distribution of these acids in the two 
oils is different and that in whale oil hydrolysis 
their resistance to pancreatic lipase is inde- 
pendent of their position. 

It required about 2 min to attain 50% hy- 
drolysis of the untreated whale oils under the 
conditions used. A n  extended reaction time 
should increase the general degree of hydrolysis 
but leave higher concentrations of the resistant 
20:5 and 22:6 acids in the unhydrolyzed di- 
or triglycerides. This was found to be true 
only for 20:5, whose concentrations after 2, 
3, and 5 min of hydrolysis were 11.8, 14.4 
and 18.2% respectively in diglycerides and 
13.8, 13.3, and 19.7% respectively in triglyc- 
erides. The concentration of 22:6 after 2, 3, 
and 5 min of hydrolysis was 5.9, 5.3, and 5.4% 
respectively in diglycerides and 11.0, 7.2, and 
6.7% respectively in triglycerides. The lack 
of increase in percentage of 22:6 in the di- 
and triglycerides with time might be due to its 
having approached maximum levels at the 2- 
min period. 

It was also found that the rate of hydrolysis 
decreased appreciably after half the triglyceride 
acids were released. This is a logical conse- 
quence of distribution in the 1,3-position of 
the 20:5 and 22:6 acids, their resistance to 
hydrolysis, and the reported presence of the 
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C29 and C22 acids in only 50% of whale  oi l  
tr iglycerides (2) .  

Proof of Resistance 

Proof  of  the resistance of  the 20:5  acid 
(and by inference of  the 22 :6  acid) was ob- 
tained by study of  the action of  pancreat ic  
lipase on synthetic 1,2-di-octadecenoyl-3-eico- 
sapentaenoyl  glycerol. The  results are present- 
ed in Table  IV. The  fatty acid composit ions 
of  the triglycerides before  lipase hydrolysis and 
of the monoglycer ide  and triglyceride products  
of  hydrolysis show that the substance synthe- 
sized is, in fact, 1,2-di-octadecenoyl-3-eico- 
sapentaenoyl  glycerol, with some contamina-  
tion due to impurities in the starting materials.  

The  exper imental  values for the composi t ion 
of  the fatty acid and diglyceride fractions are 
closer to the values calculated on the assump- 
tion of  resistance than on the assumption of  
nonresistance. The  small  amount  of  mono-  
glycerides produced  is another  indication of  
resistance. The  presence of  17% 20:5  acid 
in the fatty acid fract ion indicates that  some 
hydrolysis of that  acid took place. This  could 
be due to the resistance to the enzyme not  
being absolute, to the presence of  a hydrolyz-  
able isomer of  the 20:5  acid in the starting 
material,  or to an alteration in the structure of  
the all cis 20:5  acid dur ing the chemical  syn- 
thesis of  the triglyceride. Analyses of  the start- 
ing material  showed that  there were 9% im- 
purities as ascertained by G L C  and that only 
75% of the theoretical  amount  of  glutaric acid 
was produced by K M n O  4 oxidat ion in acetic 
acid med ium (9) .  Examina t ion  of the original 
20 :5  acid and the 1,2-di-octadecenoyl-3-eico- 
sapentaenoyl  glycerol by infrared spectrom- 
etry showed that  only traces of  trans isomer-  
ization occurred during the synthesis. 

Mechanism of Resistance 

It  is evident  that  in spite of  being located at 
the 1,3-positions of  the whale  oil triglycerides, 
the 20:5  and 22:6  acids resist pancreat ic  lipase 
hydrolysis while the 22:5  acid is hydrolyzed 
without  difficulty. The  explanat ion for this 
phenomenon  may  lie in differences in their 
molecular  structures:  

20:5  C H s C H  2 (CH~---CHCH 2).~ - -  C H 2 C H  2 
C O O H  

22:5 C H o C H  2 ( C H - - C H C H  2) s - -  CH2CH2 
C H o C H ~ C O O H  

22 : 6 C H o C H  2 ( C H - - C H C H  2) 5 - -  C H  = C H  
CH_~CHzCOSOH 

In view of the evidence presented by others 
(10)  the 0,3 structure is assumed for  these 

TABLE IV 
Products of the Action of Pancreatic Lipase on 
1,2-Di-octadecenoyl-3-eicosapentaenoyl Glycerol 

Acidb 
Original Products of hydrolysis a 

TG FA MG DG TG 

Mole percente 
Theoretical (nonresistance) 

18:1 q- impur.,~ 69.7 54.6 I00 77.7 69.3 
20:5 30.3 45.4 0 22.3 30.3 

Theoretical (absolute resistance) 
18:1 -}- impur. 69.7 100 e 54.5 69.7 
20:5 30:3 0 e 45.5 30.3 

Experimental 
18:1 4- impur. 71.5 83.0 99.1t 60.8 73.0 
20:5 28.5 17.0 0.9f 39.2 27.0 

a FA = Fatty Acids; MG Monoglycerides; DG 
Diglycerides; TG = Triglycerides. 

b Chain length:double bond. 
e The detector response to the 20:5 acid was found to 

be 0.88 times that of the 18.1. However, no correction was 
applied since it would have had no significant effect on 
the conclusions. 

d The preparation of 20:5 acid used had 8.9% impurities 
of other fatty acids. Since they are not expected to be 
lipase resistant, their percentages are added to that of oleic 
acid. 

e No MG should be obtained. 
f Very small amount of MG obtained. 

three acids. Since their terminal  17 carbon 
chains are identical, any differences in be- 
havior  must  be assumed to be caused by dif- 
ferences in their s tructure at the carboxyl end 
of  the chain. The  responsible factor  could be 
the proximity  of the double bond  to the car- 
boxyl group, since the first double  bond of  the 
resistant 20:5  and 22:6  acids lies closer to 
the carboxyl group than does that of  the non- 
resistant 22:5  acid. This  view is s trengthened 
by  the demonstra t ion by Kle iman  et el. (11 ) 
that the trans-3-enoic acids of  Grindel ia  oxy-  
lepis seed oil are also resistant to lipase hy- 
drolysis. The  presence of  methyl  groups in a 
posit ion close to the carboxyl end has also 
been shown to hinder  hydrolysis by the lipase 
(12) .  

Ano the r  difference in structure between the 
resistant and the susceptible polyunsaturated 
acids lies in the space relations of  their  term- 
inal methyl  to their  carboxyl  groups. As shown 
in the photographs of  the molecular  models 
(F igure  1) the terminal  methyl  groups of  the 
resistant acids lie close to their carboxyl  groups. 
This proximi ty  may  cause a steric h indrance  
effect on the hydrolysis by the lipase. 

Metabolic Implications 

The  resistance of  some of the polyunsat-  
urated fatty acids of  whale  oil to pancreat ic  
lipase hydrolysis provides an explanat ion for 
the finding by Gar ton  et aI. ( I 3 )  that  whale  
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Fro. 1. Molecular  models of  the 20:5 ( A ) ,  22:6 (B) ,  and 22:5 (C)  acids of  mar ine  oils. 

oil c an  be  crys ta l l ized a l m o s t  u n c h a n g e d  f r o m  
the  depo t  t issues  o f  pigs fed  h i g h  doses  of  the  
oil fo r  a p r o l o n g e d  pe r i od  o f  t ime.  I n  pre-  
l i m i n a r y  e x p e r i m e n t s  in this l a b o r a t o r y ,  h o w -  
ever ,  ne i t he r  the  t r iglycer ides ,  n o r  the  p h o s -  
pho l ip ids  o f  t ho rac i c  duc t  l y m p h  o f  ra t s  a d m i n -  
i s tered by  s t o m a c h  tube  one  dose  o f  the  h igh ly  
u n s a t u r a t e d  c o n c e n t r a t e  o f  w h a l e  oil, c o n t a i n e d  
the  m a r i n e  l o n g - c h a i n  p o l y u n s a t u r a t e d  acids. 
T h e  p r e s e n c e  o f  w h a l e  g lycer ides  in the  t i ssues  
o f  G a r t o n ' s  p igs  m a y  h a v e  b e e n  the  p r o d u c t  
o f  a l ow degree  o f  in tes t ina l  a b s o r p t i o n  over  
a l ong  pe r i od  o f  inges t ion .  
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