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synthesis cannot be specified. o

Many organs had significant $4C a'cnvxt‘y in
one or more fatty acids having retention times
equal to those for 20:5, 22:2,22:3, 2%:4, 22:5
and 22:6. In the case of fatty acids from
lungs and from brain, two of these were shown
to be 22:2 and 22:4. In brain tissue abqut
40% of the MC activity was in fatty acids
other than 20:4 and of this about half was
in a fraction tentatively identified as 18:2.
Though the chemical identity of _thls com-
pound was not established further, it may be
A8 octadecadienoic acid, synthesized from 4°
16:1, or 4" octadecadienoic acid. T}xe pres-
ence of the latter isomer in pig brain tisse
has been reported by Kishimoto fmd.Rad}n
(15). Formation of 4%° octadecadienoic acid
from #C-oleic acid by rat liver microsomes
was shown by Holloway ﬂ:t . (16). An)18:2
fatty acid (presumably the same isomer) Was
sh::zrn o bt(:psynthesized from 1-#C-acetyl CoA
by subceflular particles of rat liver by Harlan
and Wakil (17). We have previously also
observed biosynthesis of this isomer by rat
liver microsomes incubated with C-acetyl
CoA (18). .
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Resistance of Certain Long-Chain Polyunsaturated Fatty Acids
of Marine Oils to Pancreatic Lipase Hydrolysis

NESTOR R. BOTTING, SLORIA A. VANDENBURG and RAYMOND REISER, Department of
Biochemistry and Biophysics, Texas A&M University, College Station, Texas

ABSTRACT

When whale ofl triglycerides were sub-
jected to pancreatic lipase hydrolysis,
eicosapentaencic and  docosahexaenoic
acids were found mainly in the di- and
triglyceride products, suggesting that they
ate 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

IN A STUDY OF THE STRUCTURE of marine
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

0ne of the samples of whale ol was from the Arista
Company, New York. The olher was obtained through
the courtesy of H. S. Oleott.

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. i

Methads

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 A4M 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 of the highly unsaturated
concentrate of whale oil was achieved by treat-
ment with 0.1 M lithivm 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 0.23-mm 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 Division, Richmond, Calif.). The
chromatograph was equipped with an argon
jonization detector and a 6 ft x 1/4 in. column
packed with 15% diethylene 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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Infrared spectra were obtained in a IR8
Beckman infrared spectrophotometer between
sodium chloride pellets.

1,2-Di-octadecenoy}-3-eicosapentaenoyl glyc-
erol was synthesized from 1,2-diolein and
eicosapentaenoy! chloride and purified by TLC.
A manuscript describing this synthesis is in
preparation. Eicosapentaenoic acid, 91% pure,
isolated from menhaden oil, was purchased
from the Hormel Institute, Austin, Minn.

RESULTS AND DISCUSSION

" Evidences of Resistance

After 50% pancreatic lipase hydrolysis of
the whale oil trigiycerides, the concentrations
of the 20:5 and 22:6 acids were lower in both
the fatty acid and the monoglyceride fractions,
but higher in the diglyceride and triglyceride
fractions of the resultant mixture than in the
original oil (Table T). This suggests t‘hat these
two polyunsaturated fatty acids are in the 1-
and 3- positions but are resistant to the action
of the tipase. That the 20:5, 22:5, and 22:6
acids of the whale oil are in the 1,3-positions
has been reported by Brockerhoff and Hoyle
(5). The accumulation of long-chain polyun-
saturated fatty acids in the diglycerides after
lipase hydrolysis of maririe ofls has also been
reported by others (4, 6,7).

Not all the polyunsaturated acids of whale
oil behave as the 20:5 and 22:6 acids. The
22:5 acid was present in the free fatty acids
and was not enriched in the di- and triglyc-
erides, although like the 20:5 and 22:6 acids
it was in low concentration in the monoglyc-
eride products of hydrolysis (Table I). There-
fore, the 22:5 acid must be considered as also
present in the 1,3-positions; but, in contrast

Nestor R. Borivo, GLORA A VANDENBURG AND RAYMOND REISER

TABLE 1

Major Fatty Acid Components of Whale Ol Triglyceries
and Its Lipase Hydrolysis Products

Whale oils
—_—
Original Producis of hydrolysis®
Acjdv Sample TG MG DG TG
percentage,
14:0 - I 87 81 93 92 13
I 46 14 7T 39 14
16:0 1 148 201 55 99 15
)i} 1“9 211 100 78 13
16:1 1 167 13 289 178 1298
n 144 92 M1 166 8
18:1 1 322 315 49 294 n7
I 336 387 450 0.1 190
20:1 1 26 53 03 1 19
I 21 23 L 21 23
20:5 1 66 20 21 118 133
I 81 30 24 177 20
2:5 1 9 29 05 22 29
' 52 59 «u 39 68
2:6 1 49 26 08 353 101
I 58 38 u &1 13

Chain length: number of double bonds.

2FA = Fatty Acids; M ~ Monoglycerides; DG =
Diglycerides; TG = Triglycerides. *

< Average of duplicate analyses.

to the 20:5 and 22:6 acids, susceptible to the
action of pancreatic lipase.

Since the concentration of some of the poly-
upsaturated acids were low in the original
whale ofl, a highly unsaturated concentrate
was obtained by removal of the more saturated
glycerides by crystallization from acetone at
~60C (2). The concentrate was then subject-
ed to pancreatic lipase hydrolysis. The results
are presented in Table II-A. It can be seen
that, as compared to a level of about 22% in
the concentrate, there were only 7% and 8%
of the 20:5 acid in the free fatty acid and
monoglyceride fractions, respectively. There

TABLE II

The Eflect of Randomization on the Praducts of Pancreatic I.(pas_e Action
on a Highly Unsaturated Fraction.from Whale Oil Triglycerides
(major fatty acids only)

(A) Whate oil highly unsatorated TG

(B) Randomized whale oil highly
unsaturated TG

(C) Recaleulation of (B) omitting
20:5 and 22:6

g Rand Rondom.
andom- . - -
(O‘;i;;;ﬂ Products of hydrolysis  jzed Products of hydralysis  jyeq Products of hydrolysis
A TG) FA MG DG TG TG FA MG DG TG TG FA MG DG TG
percentage percentage percentage

14:0 49 4] 63 41 4T 46 8.5
16:0 24 46 L1 13 24 13 5.1
16:1 156 169 345 203 121 141 240
18:1 255 380 270 200 194 253 351
0.1 3.5 23 32 36 31 31 1.5
20:5 n3 74 82 64 301 24 32
s 46 g0 09 31 43 48 36
2:6 16 gs 20 114 159 113 8

73 46 43 69 90 95 27 16
10 20 20 35 54 39 34 35
186 M6 19 A3 85 M2 W5 1n8
68 111 178 382 313 M9 287 I3

27 45 39 47 16 35 16 69
164 297 296
45 52 51 12 38 59 81 90
68 108 139

; TG = Trig

s FA = Fatty Acids; MG = Mt ides; DG = Digly

- b Chuin leogthinumber of dovble bonds.
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TABLE II1

Major Fatty Acid Components of Menhaden Oi} Triglyc-
crides and Its Lipase Hydrolysis Products

Original Products of hydrolysis®
Acids 6 FA MG DG 6
’ percentage
14:0 11 11.0 1“2 11 6.3
16:0 194 12 49 147 174
16:1 16.1 176 13.6 %1 8.1
18:0 56 16 32 34 37
18:1 162 201 5.1 4.7 50
0:1 38 16 2.8 6.6 6.0
20:5 10.5 20 14 28 255
25 14 0.6 2.5 22 [

6 13 13 151 15.0 16.0

+ Chain length:number of double bonds.
bFA = Fatty Acids; MG = Monoglycerides; DG = Di-
glycerides; TG == 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-
posidons 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-
tion which is not met due to the presence of
the resistant 20:5 and 22:6 acids. If the data
are recalculated omitting the 20:5 and 22:6
acids or, in other words, making the nonresist-

ant acids equal to 100%, the figures shown in
Table IIC 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
I1B), indicates that they were not originally
focated 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 by-
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 III). 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
1), although their concentrations in the two
oils are quite similar. This is further evidence
that the distribution of these acids in the two
ofls 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. An 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 conceptrations after 2,
3, and § min of hydrolysis were 11.8, 14.4
and 18.2% respectively in diglycerides and
138, 13.3, and 19.7% respectively in triglye.
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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C,, and C,, acids in only 50% of whale oil
triglycerides (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 pancreatic
lipase on synthetic 1,2-di-octadecenoyl-3-¢ico-
sapentaenoyl glycerol. The results are present-
ed in Table IV. The fatty acid compositions
of the triglycerides before lipase hydrolysis and
of the monoglyceride 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 experimental values for the composition
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 Faity acid fraction 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 ¢is 20:5 acid during the chemical syn-
thesis of the triglyceride. Analyses of the start-
ing material showed that there were 9% im-
purities as ascertained by GLC and that only
75% of the theoretical amount of glutaric acid
was produced by KMnO, oxidation in acetic
acid medium (9). Examination 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 frans isomer-
ization occurred during the synthesis.
Mechanism of Resistance

1t 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 pancreatic lipase
hydrolysis while the 22:5 acid is hydrolyzed
without difficulty. The cxplanation for this
phenomenon may lie in differences in their
molecular structures:

20:5 CH,CH,(CH=CHCH,), — CH,CH,
COCH

22:5 CH,CH,(CH=CHCH,), — CH,CH,
CH.CH,CO0H )

22:6 CH.CH,(CH=CHCH,), ~CH=CH
CH,CH,CO0H

In view of the evidence presented by others
(10) the o3 structure js assumed for these

Lirms, Vor. 2, No, 6
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TABLE IV

Products of the Action of Pancreatic Lipase on
1,2-Di-octadecenoyl-3-ticosapentacnoyl Glycerol

Original Products of hydrolysisa
Acidd TG FA MG DG IG5

Mole percente
Theoretical (nonresistance)
18:1 + impur.? §9.7 546 100 n1 3
20:5 03 454 ¢ 23 3
Theoretical {absolute resistance)
18:1 + impur, 697 100 * 45 697
20:5

30:3 0 r 455wy
Expesimental
18:1 + impur. LS 8D 99 408 739
5

20: 85 10 0 22 g3

$FA = Fally Acids; MG = Monoglyccrides; DG =
Diglycerides; TG = Trigtycerides,
b Chain length:double bond.

<The detector responce to the 20:5 acid was found ¢g
be 0.88 times that of the 18.1. However, no correction was
applied since it would have had no significant cffect on
the conclusions.

¢ 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 ofeie
acid.

*No MG should be obtained.

{ 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 structure at the carboxyl end
of the chain. The responsible factor could be
the proximity of the double bond to the car-
boxy! 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 strengthened
by the demonstration by Kleiman et al. {11)
that the trans-3-enoic acids of Grindelia oxy-
lepis seed oil are also resistant to lipase hy-
drolysis. The presence of methy! groups in a
position close to the carboxyl end has also
been shown to hinder hydrolysis by the lipase
(12).

Another 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
(Figure 1) the terminal methyl groups of fhe
resistant acids lie close to their carboxy] groups.
This proximity may cause a steric hindrance
effect on the hydrolysis by the lipase.

Metabolic Implications

The resistance of some of the pofyunsat-
urated fatty acids of whale oil to pancreatic
lipase hydrolysis provides an explanation for
the finding by Garton et al. (13) that whale

RESISTANCE OF MARMNE FATTY Acds 70 PANCREATIC Lipase HYDROLYSIS

A
Fra. 1. Molecular models of the 20:5 (A), 22:6 (B), and 22:5 (C) acids of marine oils.

oil can be crystallized almost unchanged from
the depot tissues of pigs fed high doses of the
ol for a prolonged period of time. In pre-
liminary experiments in this laboratory, how-
ever, neither the triglycerides, nor the phos-
pholipids of thoracic duct lymph of rats admin-
istered by stomach tube one dose of the highly
unsaturated concentrate of whale oil, contained
the marine long-chain polyunsaturated acids.
The presence of whale glycerides in the tissues
of Garton's pigs may have been the product
of a low degree of intestinal absorption over
2 long period of ingestion.
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