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Long-chain n-3 polyunsaturated fatty acids (n-3 PUFA) 
of marine oils are important dietary components for both 
infants and adults, and are incorporated into mlUo~ follow- 
ing maternal dietary intake. However, little is known 
about the hydrolysis of these PUFA from milk triglycer- 
ides (TG) by lipases in suckling young. Seals, like human~, 
possess gastric lipase; however, the milk lipids of seals 
and sea lions are almost devoid of the readily hydrolyzable 
medium,chain fatty acids, and are characterized by a large 
percentage (10-30%) of n-3 PUFA. Gastric hydrolysis of 
milk lipids was studied in vivo in suckling pups of three 
species (the California sea lion, the harp seal and the 
hooded seal) in order to elucidate the actions and specifit~ 
ity of gastric lipases on milk TG in relation to fatty acid 
composition and TG structure. Regardless of milk fat con- 
tent (31-61% fat) or extent of gastric hydrolysis (10-56%), 
the same fatty acids were preferentially released in all 
three species, as determined by their relative enrichment 
in the free fatty acid (FFA) fraction. In addition to 16:1 
and 18:0, these were the PUFA of 18 carbons and longer, 
except for 22:6n-3. Levels of 20:5n-3 were most notably 
enriched in FFA, at up to five times that found in the TG. 
Although 22:6n-3 was apparently also released from the 
TG (reduced in the diglyceride), it was also notably re~ 
duced in FFA. Positional analysis of milk TG based on 
the products of Grignard hydrolysis revealed that these 
PUFA, including 22:6n-3, were preferentially esterified at 
the a-position of the TG, and that the fatty acids not 
released during gastric hydrolysis were located at the sn-2 
position. The extreme reduction of 22:6n~ and enrichment 
of 20:5n-3 in FFA is discussed. Results from this study 
are consistent with reports that gastric lipase acts stere~ 
specifically to release fatty acids at the a-positions (sn-3, 
sn-1). We conclude that the n-3 PUFA in milk are effi- 
ciently hydrolyzed by gastric lipase and that this has im- 
portant implications for digestion of milks enriched in 
PUFA by neonates in general. 
Lipids 27, 870-878 (1992). 

Long-chain n-3 polyunsaturated fatty acids (n-3 PUFA), 
characteristic of marine otis, have become a major focus 
of research due to their potent antiatherogenic (1,2), 
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antineoplastic, and antiinflammatory (3) effects. Recent 
evidence suggests their intake to be important from an 
early age for these reasons (i.e., eicosanoid synthesis), as 
well as for normal neonatal brain and nervous develop- 
ment and cell membrane structure (4-7). Long-chain n-3 
PUFA are readily incorporated into milks of various 
species following maternal dietary intake (8,9). However, 
information on the hydrolysis and absorption of these n-3 
PUFA in milks by suckling young is limited. 

Milk lipid is composed primarily of triglyceride (TG; 
97-99%) and, in order to be absorbed in the intestine, must 
be hydrolyzed to free fatty acid (FFA) and monoglyceride 
(MG). Although lipids are essential to the neonate for both 
normal growth and metabolism, in species that have been 
studied (e.g., human, rat, dog), intestinal function is im- 
mature, resulting in reduced levels of pancreatic lipase and 
bile salts (10-12), both of which are required for the in- 
testinal digestion of fat. Additionally, it is reported that 
pancreatic lipase, which is specific for the a-positions (sn-1 
and sn-3) of TG, does not hydrolyze TG ester bonds con- 
taining long~hain n-3 PUFA (13,14). In fish oils, n-3 PUFA 
are esterified primarily at the sn-2 position of the TG and 
thus can be readily absorbed as sn-2 MG upon pancreatic 
lipase action (15-18). However, the n-3 PUFA in depot fats 
of mammals are located primarily at the sn-3 and secon- 
darily at the sn-1 positions (18-21), and thus whale oil TG 
have been found to be resistant to pancreatic lipase (22). 

Thus, in view of these relative inadequacies, fat absorp- 
tion in newborns may depend upon compensatory or alter~ 
native mechanisms of hydrolysis by means of preduodenal 
lipases. In particular, initial intragastric lipolysis by lin- 
gual and gastric lipases may be especially important for 
the digestion of milk fat, which is packaged as globules 
and is otherwise resistant to pancreatic lipase (23,24). 
However, studies of lipolysis by gastric and lingual lipases 
have been based largely on in vitro studies using a single 
component fatty acid in artificial lipid emulsions and have 
stressed their preferential release of medium-chain fatty 
acids (MCFA). While milks of some species contain 
notable proportions of MCFA, milk lipids of humans and 
most carnivores are composed mostly of long-chain fatty 
acids (25-27). Milk lipids of seals and sea lions furnish 
85-95% of the total caloric intake of neonates and are 
characterized primarily by long-chain and unsaturated 
fatty acids, including a very large percentage (10-30%) 
of n-3 PUFA derived from their marine diets (28,29). Suck- 
ling pups consume phenomenal quantities of lipid daily 
at 600 g to 5 kg (30,31), or up to 10- to 20-fold higher on 
a body weight basis than neonates of the human or dog. 
Rapid blubber deposition suggests rapid and efficient ab- 
sorption of milk lipid (28,32,33), but the mechanisms of 
hydrolysis and digestion are unknown. Gastric lipase is 
present in seal pups (34); however, milks are virtually 
devoid of the readily hydrolyzable MCFA. These species 
thus provide an excellent opportunity to elucidate the ac- 
tions of gastric lipases on milk TG in relation to fatty acid 
composition and TG structure. 
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GASTRIC HYDROLYSIS OF SEAL MILK TRIGLYCERIDES 

In this study we examined milk lipid hydrolysis by 
gastric lipase in suckling neonates of the harp seal (Phoca 
groenlandica), the hooded seal (Cystophora cristata) and 
the California sea lion (Zalophus californianus). Our ob- 
jectives were to characterize the location of the n-3 PUFA 
in seal milk TG by positional analysis using Grignard 
hydrolysis (35) and to measure in vivo hydrolysis during 
intragastric digestion. We used data on the milk TG struc- 
ture and comparison of the proportions and compositions 
of hydrolysis products, produced during both gastric 
lipase hydrolysis and Grignard hydrolysis, to elucidate the 
actions and stereospecificity of gastric lipase and the 
digestibility of n-3 PUFA in milk. 

MATERIALS AND METHODS 

Sample collection. Samples were collected from mothers 
and pups of harp seals and hooded seals on the pack ice 
off the southeast coast of Labrador, Canada, and from 
California sea lions on San Nicolas Island, Channel Islands, 
California. Milk was manually expressed from chemically 
immobilized females following administration of oxytocin. 
Prior to analysis, milk samples were stored frozen at 
-20~ (sea lion) or frozen in chloroform/methanol (2:1, 
volJvol) containing 0.01% butylated hydroxytoluene (BHT) 
(harp and hooded seals) from the time of collection. 

Pups were physically restrained and stomach contents 
(ingested milk) were evacuated by intubation with a 3/8 
inch veterinary stomach tube, opportunistically in harp 
(n = 15) and hooded seals (n -- 17), or at timed intervals 
following observed suckling in sea lions (n -- 20). At the 
time of collection, all samples were placed in chloroform/ 
methanol (2:1, vol/vol) with BHT and stored frozen at 
-20 ~ until analysis. Characterization of gastric hydroly- 
sis (analysis of milk TG and hydrolysis products) was 
investigated in five mothers and pups of each species. 

Neutral lipid class analysis and separatio~ All solvents 
used were HPLC (high-performance liquid chromatography) 
grade or analyzed reagent grade and all containers and 
equipment were composed of glass or teflon and pr~washed 
with solvent prior to use. Samples were extracted using 
a modification (25,28) of the method of Folch et al. (36). 

Proportions of neutral lipid classes were determined in 
milk and gastric samples by thin-layer chromatography 
(TLC) and quantitative densitometry. Plates used for TLC 
were commercial 20 • 20 cm, precoated (Si250-PA) chan- 
neled glass plates (Baker Chemical Co., Phillipsburg, NJ) 
with a preadsorbent spotting area. Plates were predevel- 
oped in 100% diethyl ether in order to remove the organic 
binder which typically runs at the solvent front, and were 
activated at 120~ for 20 min before spotting. A two-stage 
development process was employed using chloroform/ 
methanol/ethanol/acetic acid (98:2:1:0.1, by vol) (partial 
plate development to 17 cm) followed by hexane/diethyl 
ether/acetic acid (94:6:0.2, vol/vol/vol) (37). Plates were 
charred in a temperature-programmed oven after dipping 
in 10% cupric sulfate in 8% phosphoric acid (38). Quanti- 
tative spectrodensitometry was performed using a Shi- 
madzu CS-910 Dual-Wavelength TLC scanner (Shimad- 
zu Scientific Instruments, Inc., Columbia, MD) using a 
linear scanning mode (39). Peak areas were automatically 
integrated and lipid concentrations were calculated from 
standard curves fitted by least squares regression from 
a range of standards run each day of analysis. 

Individual neutral lipid classes (TG, a,m and a,fl-diglyc- 
eride (DG), o~ and fl-MG and FFA) were separated for 
subsequent fatty acid analysis as follows. Aliquots of the 
initial chloroform extract containing approximately 40 mg 
lipid were spotted on predeveloped activated (1 h at 100~ 
preparative TLC plates. Plates were 20 • 20 cm glass, 
coated with silica gel G-60 (E. Merck, Elmsford, NY) at 
0.5 mm thickness. A standard lane was spotted on each 
plate with a mixture of neutral lipid standards. Plates were 
developed in the same 2-solvent system described above. 
Lipid classes were visualized and marked under UV light 
after spraying lightly with 0.2% 2',7'-dichlorofluoresceine 
in absolute ethanol (w/v). Silica gel areas containing the 
different classes were carefully scraped onto aluminum foil 
using a teflon spatula and transferred into separate glass 
tubes for subsequent transesterification. 

Positional analysis. After initial comparison of results 
obtained from methods outlined by Brockerhoff (40) and 
Christie (41), the following procedure was used to hydro- 
lyze TG to a,a-DG, a,/~DG, a-MG and fl-MG. Anhydrous 
diethyl ether (5 mL) was added to approximately 50 mg 
of mammary milk TG and the sample was set in an ice 
bath. To this was added 0.5 mL of ethyl magnesium 
bromide (Grignard reagent) (3.12 M in diethyl ether, Alfa 
Chemicals, Morton-Thiokol Inc, Davers, ME). The mix- 
ture was then agitated for 4 rain, after which 0.2 mL 
glacial acetic acid and 1 mL H20 were added to stop the 
reaction, followed by 1 mL aqueous potassium bicarbonate 
(2%). The tube was shaken, centrifuged, and the lower 
layer (H20) pipetted out. The remaining ether layer was 
washed an additional three times with H20, removing as 
much H20 as possible at each wash. Anhydrous sodium 
sulfate was then added to dry the ether extract. Hydroly- 
sis products were separated by TLC on silica gel (G-60) 
impregnated with 5% (w/w) boric acid and developed in 
chloroform/acetone (96:4, vol/vol) (42}. Fractions were 
visualized and isolated as described above for subsequent 
transesterification. 

Preparation of fatty acid methyl esters. Transesterifica- 
tion and subsequent extraction of methyl esters were per- 
formed in the presence of the silica after initial verifica- 
tion that the presence or absence of silica did not alter 
fatty acid patterns. To each sample was added 1.5 mL of 
methylene chloride with 0.01% BHT and 3.0 mL Hilditch 
reagent (0.5N H=SO4 in methanol); the sample was 
flushed with nitrogen and stored in a glass tube with 
teflon-lined cap in the dark at room temperature for 72 h. 
This method resulted in similar recoveries of methyl esters 
as were obtained using methanolic HC1 at high tempera- 
tures, and was considered preferable due to the elimina- 
tion of the risks of oven heating effects on PUFA, as well 
as the absence of artifact production. Alkali isomerizarion 
is reported with basic reagents (41). 

Following transesterification, methyl esters were ex- 
tracted into hexane. Hexane extracts were then concen- 
trated to about 0.25 mL under nitrogen at 30~ applied 
to thin-layer plates and purified by preparative TLC using 
a solvent system of light petroleum ether (30-60~ boil- 
ing point)/diethyl ether (95:5, vol/vol) (43). Methyl esters 
were visualized and collected from the silica gel by eluting 
with five column volumes of methylene chloride in a glass 
column plugged with glass wool. The sample was then 
concentrated under nitrogen, and isooctane was added at 
approximately 25 mg lipid/mL isooctane. 
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Gas-liquid chromatography. Fatty acid analyses were 
performed by temperature-programmed gas-liquid chro- 
matography (GLC) on a Hewlett-Packard (Avondale, PA) 
Model 5880 Gas Chromatograph (GC) fitted with a 
Monarch series flexible glass capillary column (25 m • 
0.25 mm i.d.) according to the methods of Sampugna et aL 
(43). The column was coated with SP-2340 (Quadrex Corp., 
New Haven, CT) at 25 ~ film thickness. The carrier gas 
was helium and the make up gas was nitrogen. The GC 
was equipped with a flame ionization detector (tempera- 
ture 275~ The temperature of the injection port was 
maintained at 250~ Following sample injection, the 
temperature of the column was held at 153~ for 2.0 min, 
then programmed to increase to 174~ at the rate of 
2.25~ per rain, then to increase to 200~ at the rate of 
2.5~ per min and held there until the end of the run. The 
entire run time was approximately 24 rain. 

Identifications of fat ty acid methyl ester peaks were 
based on retention times of known standard mixtures run 
daily and also after isolation of fat ty acid classes in 
selected samples from each species using silver nitrate 
("argentation") chromatography (28). Methods for silver 
nitrate chromatography essentially followed recommen- 
dations by Christie (41), except that a mobile phase of hex- 
ane/diethyl ether (90:10, vol/vol) was used to separate 
methyl esters containing zero to two double bonds, hex- 
ane/diethyl ether (40:60, vol/vol) to separate three to six 
double bonds and, finally, petroleum ether/diethyl ether/ 
acetic acid (90:8:2, vol/vol]vol) to separate zero to six dou- 
ble bonds for comparison. Peak areas were measured with 
an electronic integrator and normalized by individual 
response factors obtained from available standards. Sam- 
ple injection volume was usually 0.3 ~L, or about 7.5 ~g 
lipid. Fat ty acids are designated by shorthand nomencla- 
ture of chain length:number of double bonds with (n-x) 
denoting the position (x) of the last double bond relative 
to the terminal methyl end. 

Calculations and statistical analyses. The relative 
weight contribution (i.e., molecular weight} of individual 
fa t ty  acid methyl esters differs greatly according to chain 
length and degree of unsaturation. Therefore, in the com- 
parison of hydrolysis products to that  of TG and in the 
positional analyses, fatty acid composition was expressed 
on a tool % basis rather than wt %, unless otherwise in- 
dicateck The average molecular weight used in calculations 
for each component (TG, DG, MG and FFA) was 

based on their actual fat ty acid compositions as deter- 
mined from GLC analysis. The extent of hydrolysis in 
gastric samples was defined as the disappearance of TG 
(or increase in sum of hydrolysis products) from that  
originally present in milk. 

Although 40-50 fatty acids (including isomers) were 
routinely observed in samples, fat ty acid profiles were 
summarized according to the 14 major representative 
fatty acids of marine oils and seal lipids (28,44). Because 
all isomers of a given monounsaturated component be- 
haved identically in this study, isomers were combined and 
expressed as a single value. 

The mol % composition of the sn-2 position of milk TG 
was calculated from Grignard hydrolysis data as: 

[sn-2] = 4 [afl-DG] - 3 [TG] [11 

(e.g., refs. 40,41). For each fatty acid, the percent of the 
total amount present in milk which was located at the sn-2 
position was then: 

% @ sn-2 -- [sn-2] )< 100 [2] 
3 [TG] 

The average composition of the a-positions (sn-1, sn-3) was 
calculated as: 

3 [TG] - -  [sn-2] 
[sn-1, sn-3] = [3] 

2 

Calculations were performed using values obtained for a,f~ 
DG rather than for a,o~DG since the latter tend to be more 
highly contaminated by acyl migration of aJ3-DG com- 
ponents (40). 

Data are presented as mean __SEM. Unless otherwise 
indicated, all percentage values are mol %. Statistical 
analyses were performed using Statview 512 + (Brain- 
Power Ina, Calabasas, CA) for the Macintosh. 

RESULTS 

Neutral lipid class composition and evidence of gastric 
hydrolysis. Milk TG composition and extent of gastric 
lipolysis were determined for each species {Table 1). Milk 
lipids of harp and hooded seals, stored in solvents from 
the time of collection, were composed of greater than 99% 
TG, with very minor amounts of FFA (0.0-0.1%), DG 

TABLE 1 

Gastric Hydrolysis of Milk Lipid in Seal Neonates a 

Milk fat TG in milk Gastric hydrolysis (tool %) 
(wt %) (mol %) n Average b Maximum n 

Sea lion 31.7 c 98.4 • 0.06 (4) 9.3 • 1.33 25% (20) 
Harp seal 51.8 d 99.6 • 0.05 (5) 10.1 + 2.65 37% (15) 
Hooded seal 61.0 e 99.4 • 0.95 (5) 23.0 + 3.24 56% (17) 

a Average values are means _ SEM, TG, triglycerides, 

bAverage values taken from mid-sampling point in sea lions (28) and from all animals 
sampled'in harp and hooded seals. 

c From ref. 31. 

dFrom ref. 30. 

eFrom ref. 45. 
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(0.2-0.5%) and cholesterol (0.1-0.2%). Sea lion milks (n = 4 
samples which had not undergone thawing and refreez- 
ing), although stored frozen for six years without solvents 
prior to analysis, showed similarly high levels of TG 
(98.4%). Although amounts of other components were 
sightly higher (0.2% FFA, 0.8% DG and 0.1% MG), evi- 
dence of hydrolysis during storage was minimal. Choles- 
terol ester was not detected in any sample. 

The comparison of neutral lipid class composition of 
gastric samples from pups revealed that substantial 
amounts of hydrolysis occurred in all species (Table 1). The 
average level of hydrolysis was at least twofold higher in 
the hooded seal than in the harp seal and sea lion and cor- 
responded to the higher levels of total milk fat. Milk TG 
levels were found to drop as low as 43.6%, 62.8% and 
75.0% in the hooded seal, harp seal and sea lion, respec- 
tively. In all cases, the primary products of hydrolysis were 
a,fJ-DG (0.2-20.0%) and FFA (0.0-31.2%). Small amounts 
of MG (0.0-4.4%) and only trace amounts of a,a-DG 
(0.0-1.1% in harp and hooded seals only) were occasionally 
present. 

Positional analysis. Positional analysis by Grignard 
hydrolysis of milk TG of all three species revealed distinct 
differences in the distributions of saturated (SFA), mono- 
unsaturated (MUFA) and polyunsaturated fatty acids 
(PUFA) as groups (Fig. 1). SFA tended to be very enriched 
at the sn-2 position of the milk TG, which contained essen- 
tially 70-90% of all SFA occurring in milks (see equation 
2). By contrast, MUFA and PUFA were reduced at the 
sn-2 (Fig. 1), indicating their tendency to be esterified to 
the a-position. In all three species, 13-27% of the MUFA 
in milk were at the sn-2 position, while only 2-11% of all 
PUFA were at sn-2. 

Grignard hydrolysis data also provided information on 
the composition of individual fatty acids at the sn-2 posi- 
tion in comparison to that of the intact milk TG (Fig. 2). 
Specifically, the major fatty acids enriched at the middle 
position in seal milk TG were the shorter-chain saturates 
14:0 and 16:0. The other principal SFA, 18:0, was enriched 
at sn-2 in the hooded seal but reduced at sn-2 in the harp 
seal and sea lion (not illustrated); however, it was less than 
2% of total fatty acids and therefore absolute differences 
were not large. The other major fatty acid which was 
always enriched at sn-2 was 16:1. 

The MUFA 18:1 was reduced at sn-2 in comparison to 
the intact TG, but absolute levels at sn-2 were still high; 
thus 16:1 and 18:1 contributed to most of the measurable 
MUFA at sn-2 (Fig. 1). The other MUFA, 20:1 and 22:1, 
as well as all major PUFA, were virtually absent from the 
sn-2 position (Fig. 2), indicating that  all were located at 
the a-position of the TG. Of the 14 major marine oil fat ty 
acids, the PUFA 18:2n-6, 18:3n-3, 18:4n-3 and 20:4n-6 were 
variably reduced (or enriched) at sn-2, but are not illus- 
trated in Figure 2 as these were generally less than 1.5% 
of total fatty acids and, therefore, absolute amounts and 
differences were very small. All three species exhibited the 
same patterns. 

Fatty acid composition of milk TG and gastric hydroly- 
sis products. Five mother/pup pairs were chosen for this 
part of the study to account for the variability in fatty 
acid compositions found among individual milks. Because 
some of the gastric samples from pups of each species had 
very low levels of hydrolysis, it was not always possible 
to obtain individual lipid classes (FFA, DG, MG) in 
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FIG. 1. Positional distribution of saturated (SFA), monounsaturated 
(MUFA) and polyunsaturated fat ty  acids (PUFA) in the triglyceride 
and at the sn-2 position in milk of three seal species as determined 
from Grignard hydrolysis. Mol % composition of fa t ty  acid groups 
at sn-2 position was calculated as: [sn-2] = 4 [a,/3-DG] -- 3 [TG]. 

sufficient quantity for fat ty acid analysis of each class. 
Hence n differed from five in these cases, since composi- 
tion of milk TG could only be compared to the FFA, DG 
and MG produced from the same milks after gastric 
digestion. 

Analyses of the fatty acid composition of milk TG and 
the FFA released during gastric hydrolysis revealed highly 
significant differences between all components in each 
species (P < 0.01, paired-t, Fig. 3). The FFA were signifi- 
cantly reduced in the SFA 14:0 and 16"0, as well as in the 
MUFA 18:1, 20:1 and 22:1. In fact, the fatty acids prefer- 
entiaUy released during gastric digestion, other than 18:0 
and 16:1, were the long-chain PUFA, as determined by 
their significant enrichment in FFA. The n-3 PUFA 
20:5n-3 was extraordinarily enriched, at up to five times 
the level in the TG. The single exception was 22:6n-3, 
which was surprisingly greatly reduced in FFA of all spe- 
cies (Fig. 3), at levels as low as one-sixth of that  found 
in TG. 

In examination of the composition of the other gastric 
hydrolysis products, as expected, the specific fatty acids 
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FIG. 2. Fatty  acid composition of the triglyceride and at the sn-2 
position in seal milk as determined from Grignard hydrolysis. Mol % 
composition of individual fat ty  acids at sn-2 position was calculated 
as: [sn-2] -- 4 [a,~-DG] -- 3 [TG]. Of the 14 major marine oil fat ty  
acids, the PUFA 18:2n-6, 18:3n-3, 18:4n-3 and 20:4n-6 are not il- 
lustrated as these were usually less than 1% of total fatty acids. Data 
for the sea lion are not presented but exhibited the same patterns. 14:0 16:0 18:0 16:1 18:1 20:1 22:1 18:2 18:3 18:4 20:4 20:5 22:5 22:6 
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FATTY ACID 

which were reduced in FFA were found enriched in the DG 
compared to the TG. Likewise, those fatty acids found at 
enriched levels in FFA were found at reduced levels in DG. 
In other words, the fatty acids which were preferentially 
released from the TG consequently left the DG reduced 
(eg., 20:5n-3 and 22:5n-3, Fig. 4). However, once again the 
single exception was 22:6n-3, which was reduced in DG 
{indicating its release from the TG), but also greatly re- 
duced in the FFA {Fig. 4). In spite of differences in ab- 
solute levels of hydrolysis and fatty acid compositions, 
the exact same patterns occurred in all three species. 

The levels of individual fatty acids in the MG obtained 
from gastric hydrolysis accentuated the trends found in 
the DG in that  the fatty acids enriched in DG as com- 
pared to TG were further enriched in MG and those re- 
duced in DG were further reduced in MG. The MG ob- 
tained in gastric samples was almost exclusively sn-2 MG, 
whereas Grignard hydrolysis produced both sn-2-MG and 
a-MG, which were difficult to separate on preparative thin- 
layer plates and also likely to be cross-contaminated by 
acyl migration. Thus the gastric MG were considered to 
be truly representative of the sn-2 position. Hence, these 
data were compared to both the estimated sn-2 position, 
as determined from Grignard hydrolysis, as well as to the 
average composition of the a-position of the milk TG 
(Fig. 5). In fact, in all species, the fat ty acid composition 
of the MG obtained following gastric hydrolysis in vivo 

FIG. 3. Fatty  acid composition of maternal milk TG and the FFA 
subsequently released during intragastric hydrolysis in pups of three 
seal species. Bars are mean tool % composition and vertical lines 
are + 1 SEM. Differences in fat ty  acid composition between TG and 
gastric FFA were in the same direction for all species and were signifi- 
cant for all fat ty  acids (P < 0.01, n=14,  paired-t). 

was remarkably similar to the estimated sn-2 composition 
calculated from the positional analysis using Grignard a,f3- 
DG. Conversely, the a-position was in marked contrast to 
both estimates of the 2-position; in comparison, the a- 
position was particularly reduced in 14:0, 16:0 and 16:1 
and highly enriched in the MUFA, 20:1 and 22:1, and the 
n-3 PUFA (Fig. 5). 

DISCUSSION 

Milk lipid is the principal source of energy for suckling 
neonates of most mammalian species. Even in human milk 
at about 4% fat, it provides greater than 50% of total 
calories. More significantly, it is the sole source of essen- 
tial and n-3 PUFA for the rapidly developing suckling ne~ 
nate. Recent studies have shown that when maternal 
dietary intakes of long-chain PUFA are elevated, milk 
lipids become readily enriched in these fatty acids (8,9,46}. 
However, the actual absorption and utilization of these 
fatty acids by the neonate depends upon initial hydrolysis. 
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FIG.  5. The average fa t ty  acid compositiou of the a-positions (an-l, 
an-3) (from positional analysis), in comparison to the estimated 
( 'Gr ignard")  an-2 position (from positional analysis) and the an-2 
MG obtained following intragastric hydrolysis. Average tool % com- 
position of the a-positions was calculated as: Jan-l, sn-3] -- (3 [TG] - 
[sn-2])/2. Mol % composition of the an-2 position (Grignard) was 
calculated as: [sn-2] -- 4 [a,f3-DG] -- 3 [TG]. Da ta  for the sea lion 
are not presented but exhibited the same patterns. 

FIG.  4. Composition of the long-chain n-3 PUFA in materna l  milk 
TG and in the hydrolysis products (DG and FFA) released during 
intragastr ic  hydrolysis in pups of three seal species. Bars  are mean 
mol % composition and vertical lines are +1  SEM. 

The importance of initial gastric digestion of dietary 
lipid by lingual and/or gastric lipases, especially in the ned 
hate, has become increasingly evident (47). However, most 
information on hydrolysis has been limited to artificial 
homogeneous TG containing fatty acids of chain-length 
and degree of unsaturation of 18:1 or lower. Neonates of 
the three species of seals used in this study are similar 
to humans, some carnivores and the rabbit {48-52), in that 
they possess gastric lipase as the primary preduodenal 
lipase acting in the stomach {28,34). The study of gastric 
hydrolysis of lipid-rich seal milks {Table 1), which contain 
high proportions of long-chain PUFA, may provide a bet- 
ter understanding of the digestion of the n-3 PUFA in 
milks in general and of the stereospecificity of gastric 
lipases. 

Lipases typically exhibit specificity for substrat& posi- 
tion and/or fatty acid. Gastric and lingual lipases, which 
are analogous in both structure and function (53-57), are 
reported to exhibit considerable stereospecificity for the 
a-position of the TG and to hydrolyze the an-3 position 
twice as fast as the an-1 position (23,58-61). In this study, 
the primary products of hydrolysis were afl-DG and FFA 
in all three seal species. The occurrence of a,~-DG as 

virtually the sole DG product and the predominance of 
DG rather than MG as gastric hydrolysis products is 
consistent with the stereospecificity of gastric lipas~ The 
occurrence of trace amounts of a,a-DG was probably due 
to small amounts of acyl migration. The an-2 position did 
not appear to be hydrolyzed. 

Thus, stereospecific analysis of TG and hydrolysis prod- 
ucts provides some clues about the mechanisms of gastric 
digestion. Although pancreatic lipase hydrolysis is often 
used for positional analyses, it is not appropriate for TG 
which contain long-chain PUFA in the primary positions 
since pancreatic lipase is specific for the a-position, but 
does not hydrolyze long-chain PUFA, such as 20:5n-3, 
22:5n-3 and 22:6n-3 (13,14,41). In contrast, Grignard rea- 
gent (ethyl magnesium bromide} releases the fatty acids 
(as tertiary alcohols} from all three positions of TG, gen- 
erating intermediate products, which include aft- and a,a- 
DG. In this study, Grignard hydrolysis tended to produce 
some breakdown products within classes which were re- 
corded as unidentified peaks during GLC analysis and ex- 
cluded from calculations. The cleanest products were the 
a,p-DG. Because a,~-DG produced during chemical hydrol- 
ysis also tend to be free of acyl migration (41), these were 
used for calculations of the 2-position. 

Previous studies have shown that the positional distri- 
bution of specific fatty acids in milk TG tend to be very 
similar across a wide range of mammalian species (7,40, 
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62,63); however, the distribution of long-chain and n-3 
PUFA in milks has rarely been studied. The positional 
data  obtained in this s tudy are comparable to those found 
in other marine mammal species {Table 2). In all species, 
the sn-2 position of milk TG contained about  70-100% of 
the 14:0 and 16:0 present in milk (Table 2 and Fig. 2), a 
finding characteristic of the milks of many mammalian 
species, including human, pig and dog (7,62,63). This 
distribution is consistent with the observed action of 
gastric lipase in seal neonates. Preferential hydrolysis of 
the a-position by gastric lipase would explain the paucity 
of 14:0 and 16:0 in FFA (Fig. 3) and the relative accumula- 
tion of these fa t ty  acids in DG. Similar accumulations of 
14:0 and 16:0 have been reported in rat  milk DG and MG 
following gastric hydrolysis (66}. 

In all mammalian species previously investigated, 18:0 
has been found selectively esterified at the sn-1 position 
with roughly 9-11% occurring at the sn-2 {62,63). Similar 
proportions of 18:0 have been found at the sn-2 in most 
seal and whale milks (Table 2), thus the slight enrichment 
of 18:0 in gastric FFA in this s tudy (Fig. 3) may have been 
due to accumulation from hydrolysis of both sn-1 and sn-3. 
However, the hooded seal is exceptional in tha t  selective 
esterification (74%) appears to occur at sn-2 (Table 2), sug- 
gesting tha t  some aspects of milk TG structure  may ac- 
tually differ among species, as has previously been in- 
dicated in selected species (63). 

In marine mammals, as in vir tually all other species 
studied (62,63}, 16:1 tends to be evenly distr ibuted at all 
positions of the milk TG, whereas 18:1 tends to be more 
enriched at the a-positions. As expected, 16:1 and 18:1 are 
readily hydrolyzed during gastric lipase action. In the 
WeddeU seal, 16:1 is more prevalent at  sn-3 than at sn-1, 
whereas the reverse is t rue for 18:1 (63), which may ac- 
count  for the slight enrichment and reduction in FFA of 
16:1 and 18:1, respectively, as compared to milk TG in this 
s tudy (Fig. 3). MUFA 20:1 and 22:1, which are found at 
unusually high levels in some marine oils and milks (e.g., 
Fig. 3), were virtually absent from the sn-2 position of 
mill, s of all marine species studied (Fig. 2 and Table 2) 

and thus primarily at the a-position (Fig. 5). In human 
milk, 20:1 has been reported to be preferentially located 
at  sn-1 (7); locations of 20:1 and 22:1 have not  been 
reported for the milks of other  species. Reasonably high 
levels of release during gastric hydrolysis, yet  at slightly 
reduced levels in FFA compared to TG (Fig. 3), suggest  
their tendency also to be esterified to the sn-1 position 
in seal milk. 

While the sn-2 position of pinniped milk TG was found 
to contain variable and sometimes relatively high propor- 
tions of the minor PUFA 18:2n-6, 18:3n-3, 18:4n-3 and 
20:4n-6 (Table 2), these fa t ty  acids usually accounted for 
less than 1% of fa t ty  acids. Data  from other species in- 
dicate variable distribution of 18:2n-6 and 18:3n-3, but  the 
majority of both tend to be found at the sn-3 position {63}. 
The most  important  long-chain n-3 PUFA of seal milk, 
comprising up to 26% of all f a t ty  acids 128), are 20:5n-3, 
22:5n-3 and 22:6n-3. These fa t ty  acids were found to be 
essentially absent from the sn-2 position in all species 
{Fig. 2 and Table 2) and are most  likely located primarily 
at  the sn-3 position (40,63). The slightly higher levels of 
these PUFA reported at  the sn-2 position in the milks of 
the fur seal, elephant seal and fin whale (64,65} may have 
resulted from the use of pancreatic lipase rather  than 
Grignard hydrolysis for positional analysis. Thus, the 
fa t ty  acids most  preferentially released from the milk TG 
during gastric digestion {other than  16:1 and 18:0) were 
the PUFA of chain-length 18 carbons or longer {Fig. 3), 
which is consistent with their location in the milk TG (ag., 
Fig. 5} and the specificity of gastric lipase for the sn-3 
position. These findings were supported by the relative 
depletion of the long-chain PUFA in the DG fraction 
{Fig. 4). Preferential release during intragastric hydrolysis 
has also been reported in puppies for the major PUFA of 
dog milk, 18:2n-6, 18:3n-3 and 20:4n-6 {47). 

The single PUFA which did not  fit  this pa t te rn  was 
22:6n-3. While the extraordinary enrichment of 20:5n-3 in 
FFA during gastric hydrolysis was surprising {Figs. 3 and 
4), the extreme reduction of 22:6n-3 in FFA was even 
more surprising since it  is likely tha t  22:6n-3 also occurs 

TABLE 2 

Comparison of Percentage Distribution of Fat ty  Acids at the sn-2 Position in Milk TG of Various Marine Mammals a 

14:0 16:0 18:0 16:1 18:1 20:1 22:1 18:2 18:3 18:4 20:4 20:5 22:5 22:6 
n-6 n-3 n-3 n-6 n-3 n-3 n-3 

Range in milks b 2-11 9-23 1-4 4-17 19-39 2-17 0.3-7 1-2 0.3-1 0-1 0.3-1 1-14 1-4 4-16 

100 90 0 50 0 0 0 48 52 62 0 4 4 0 
63 79 0 37 13 0 0 . . . .  7 0 0 
76 79 17 60 30 0 0 59 44 64 11 6 5 0 
79 92 74 38 27 3 1 49 6 0 0 0 0 0 
78 92 20 57 26 6 7 . . . .  13 3 16 
68 69 11 41 16 -- -- 37 33 .............................. 2 .............................. 
84 80 7 57 12 2 1 18 31 45 11 8 4 6 

CA sea lion c 
Antarctic fur seald 
Harp seal c 
Hooded sealC 
N. elephant seald 
WeddeU seale 
Fin whaler 

apercent of each fatty acid present in milk which is located at the sn-2 position of the triglyceride (TG) as determined from positional 
analyses; dashes indicate values not reported or analyzed. % @ sn-2 = [sn-2]/3[TG] X 100. CA, California. 

bTotal weight % present in milk TG of these species (ref. 28, this study). 
c From this study. 
dCalculated from ref. 64. 
eCalculated from ref. 63. All PUFA > 18:3 reported as a single value. 
fCalculated from ref. 65. 
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primari ly at  the sn-3 position (this study, refs. 40 and 63). 
Additionally, like 20:5n-3 and 22:5n-3, proport ions of 
22:6n-3 were found to be depleted in the gastr ic  DG ob- 
tained from all three species, suggest ing t ha t  it also had 
been released from the TG (Fig. 4). In all samples, 22:6n-3 
was stable in all fractions (total, TG, DG, FFA) and was 
readily and reproducibly collected from preparative plates, 
t ransesterif ied and measured. The lower levels of 22:6n-3 
found in both  the DG fraction (as expected) and FFA frac- 
t ion were considered to be accurate measurements ;  no 
evidence of loss through autooxidat ion or overlap in 
various fractions was found, despite numerous  efforts to 
elucidate such occurrences. The DG and FFA data, in ad- 
dition to the residual TG available, also demons t ra ted  no 
evidence of intermolecular specificity by lipases (i.r prefer- 
ential  hydrolysis of TG species}. Thus the ext reme reduc- 
tion of 22:6n-3 in FFA, in conjunction with the enrichment 
of 20:5n-3 in FFA at  levels much  higher than  expected, 
suggests  some kind of metabolic  loss, conversion or pref- 
erential absorption.  The retroconversion of 22:6n-3 to 
20:5n-3 has previously been reported (67-69), a l though 
how this process could possibly occur during digestive 
metabol i sm and whether  this could account  for the ob- 
served discrepancies is unclear. Given tha t  mos t  hydro- 
lyzed lipids are believed to remain with  the parent  milk 
fat  globule until  i ts  disrupt ion in the intestine (23,24), 
preferential absorpt ion of a single and very long-chain 
f a t ty  acid, such as 22"6n-3, seems unlikely. Clearly, these 
pa t t e rns  require fur ther  investigation. 

The rapidly accumulat ing information on the effects of 
n-3 PUFA in marine oils confirms the notion tha t  these 
are impor tan t  dietary components  for bo th  infants  and 
adul ts  (4-7). Nevertheless, this  s tands  in cont ras t  to the 
relatively limited knowledge about  the digestion of n-3 
PUFA, part icular ly from milk TG. In  this study, high in- 
takes of total  milk fat  and PUFA were coupled with high 
levels of gastr ic  lipolysis in pups. Despite  apparent  in- 
dividual and species variat ion in the extent  of hydrolysis, 
the same fa t ty  acids, pr imari ly  the long-chain and n-3 
PUFA, were preferentially released in pups of all three 
species. This is explained by their  unique location in the 
milk TG at  the a- and probably  mos t ly  at  the sn-3 posi- 
tion and by the corresponding specificity of gastric lipase" 
Reports  of preferential hydrolysis of short- and medium- 
chain f a t ty  acids in milk (e.g., ref. 66) may  be par t ly  at- 
t r ibutable  to the fact  t ha t  these f a t ty  acids, a t  least  in 
the human  and the rat, are also preferentially esterified 
at  the sn-3 posit ion in milk (70,71}. 

We conclude tha t  the n-3 PUFA in milk are efficiently 
hydrolyzed by gastr ic  lipase and tha t  this has impor tan t  
implications for the digestion of milks enriched in PUFA 
by  neonates in general. Given the general s imilari ty in 
milk TG s t ructure  among  species and the fact  tha t  many  
mammal ian  species, including the human, possess lingual 
and/or gast r ic  lipases, hydrolysis of milk fat  enriched in 
the impor tan t  long-chain n-3 PUFA may  be pr imari ly  de- 
pendent upon the actions of these lipases prior to reaching 
the intestine, Furthermore,  while pancreat ic  lipase may  
not  be able to continue hydrolysis of these f a t t y  acids in 
the a-positions, bile sal t -s t imulated lipase, present  in the 
milk of species such as seals, humans  and a number  of 
other  pr imates  and carnivores studied, non-specifically 
hydrolyzes TG and part ia l  glycerides in the intestine 
(72-74), and may  account for fur ther  PUFA release" 
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