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ABSTRACT: The positional distribution [c~(1,3)-acyl and 1~(2)- 
acyl] of (o3 fatty acids [18:4(n-3), 20:4(n-3), 20:5(n-3), 
22:5(n-3) and 22:6(n-3)] in depot fat of Atlantic salmon (Salmo 
salar), harp seal oil and cod liver oil triacylglycerols has been 
examined by 13C nuclear magnetic resonance (NMR) spec- 
troscopy. The positional distribution data can be defined from 
the spectrum of the carbonyl (C1 carbon) and the methylene 
(C2 and glyceryl carbon) regions. In depot fat of Atlantic salmon 
and cod liver oil, docosahexaenoic acid (DHA) was concen- 
trated in the f~-position of the triacylglycerides with 72.6 and 
74.4%, respectively. Only 3.2% of DHA and 4.6% of eicos- 
apentaenoic acid (EPA) were esterified to the g-position of the 
triacylglycerides in harp seal oil. EPA is nearly randomly dis- 
tributed in cod liver oil and muscle lipids of Atlantic salmon, 
with 37.8 and 39.7%, respectively, in the g-position. In general, 
the 13C NMR-derived data were in accordance with corre- 
sponding data reported in the literature obtained by conven- 
tional techniques. 
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High-resolution 13C nuclear magnetic resonance (NMR) 
spectroscopy is an adequate method in examining the posi- 
tional distribution of fatty acids of triacylglycerols of veg- 
etable oils (1-4), whole vegetable seeds (5) and meat prod- 
ucts (6). 

Compared to conventional chemical (7) and enzymatic 
(8,9) procedures used to obtain structural information, the 
NMR technique offers the opportunity to study heterogeneous 
lipid mixtures, oils and depot fat noninvasively and nonde- 
structively. 

Recently we reported the interpretation of the 13C NMR 
spectra of 6o3 fatty acids and lipid extracted from the white 
muscle of Atlantic salmon (Salmo salar) (10,11) and quanti- 
tative NMR measurements of lipid composition of depot fat 
in muscle of Atlantic salmon (12). 

*To whom correspondence should be addressed. 

In the present work, 13C NMR has been used to explore 
the positional distribution of 0)3 fatty acids on the glycerol 
backbone of triacylglycerols from depot fat of Atlantic 
salmon, cod liver oil and seal oil. Detailed information about 
the distribution of other fatty acids in triacylglycerols from 
marine lipids can also be obtained via high-resolution 13C 
NMR and is under further investigation. 

EXPERIMENTAL PROCEDURES 

The cod liver oil was a product from Peter M¢ller A/S (Oslo, 
Norway). Harp seal oil was provided by The Norwegian In- 
stitute of Fisheries and Aquaculture Ltd. (Troms¢, Norway). 

Lipid extraction. Lipids were extracted from white muscle 
of farmed Atlantic salmon (S. salar) according to the method 
of Bligh and Dyer (13). Parts of the chloroform phase were 
removed by evaporation and replaced by CDC13 before ana- 
lyzing the lipid extracts by NMR. 

NMR spectroscopy. NMR was performed on a Jeol EX- 
400 spectrometer (Tokyo, Japan). Lipid extracts (approxi- 
mately 50-100 mg in 0.6 mL) were examined in CDCI 3 in 5- 
mm NMR tubes. The chemical shifts were referenced indi- 
rectly to tetramethylsilane (TMS) by using the central peak 
of the CDC13 (8 = 77.08). The 13C broad-band proton-decou- 
pled spectra of the lipid extracts were obtained at ambient 
temperature (-20°C) at a frequency of 100.40 MHz, a spec- 
tral width of 23 KHz, 131 K data points and a pulse repetition 
time of 2.94 s. Scans (2000-3000) were collected at a 63 ° ex- 
citation pulse. A Gaussian filter of 0.15 Hz Lorentzian nar- 
rowing and 0.18 Hz Gaussian broadening was applied to the 
FID (free induction decay) before Fourier transformation. 
The relative intensities of 13C resonances were determined by 
a computer program developed in our laboratory. 

RESULTS AND DISCUSSION 

The 13C chemical shifts and assignments for glycerol, C1 and 
C2 carbon signals of depot fat of Atlantic salmon, cod liver 
oil and harp seal oil are given in Table 1. The interpretation is 
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TABLE 1 
13C Chemical Shift (ppm) and Assignments for Glycerol, C1 
and C2 Carbon Atoms 

At lant ic  sa lmon Cod l iver  oi l  Harp  seal oi l  Ass ignment  

G lycero l  69.11 69 .08  69.11 22 :6  I~ 

69.02 68 .99  69.03 20:5 I~ 

68.96 68 .94  - -  1 g 

J 68 .90  68 .86  68 .89  

62.26 62 .20  62 .26  22 :6  0~ 
62.18 62.12 62.19 ] (x 

] 62.09 62.03 62 .10  
62.03 61 .96  - -  

C1 173.52 - -  - -  U n k n o w n  

- -  - -  173.25 I oc 
173.23 173.15 173.23 

173 .16  173.06 173 .19  20 :4n-3  o~ 
173.12 173 .00  173.15 22:5 (x 
173.07 172.88 173 .06  18:4 (x 

172 .98  172.83 173 .00  20:5 oc 
172.95 - -  - -  20:5 @i 
1 72.84 1 72.69 1 72.86 ] g 

J 172.81 172 .67  1 72.82 

- -  1 72.66 1 72.78 20 :4n-3  g 
1 72.68 - -  1 72.76 22:5  g 

1 72.63 1 72.50 1 72 .66  18:4 g 
1 72.59 1 72.45 1 72 .60  20:5  g 

172.51 1 72.36 172.53 22 :6  c( 
172.48 - -  - -  22 :6  (x i 

172.11 171 .98  172.13 22:6  g 
C2 34.83 - -  - -  U n k n o w n  

34.20 34.14 34.21 

- -  - -  34 .20  
34.11 33.96 34.05 o~ 
34 .04  - -  34.01 

- -  - -  33 .97  

33 .90  33.83 33.91 22:6  (x 

33.73 - -  - -  U n k n o w n  

33 .57  33 .49  33 .58  20:5 g 
- -  - -  33 .44  U n k n o w n  

33 .39  33.31 33 .40  20:5 o~ 

based on our study of 0)3 fatty acids (10,11) and lipid ex- 
tracted from muscle of Atlantic salmon (12). The carbonyl re- 
gion (Fig. 1) and the methylene region (Figs. 2 and 3) can be 
used to explore the positional distribution of o)3 fatty acids in 
marine lipid triacylglycerols. In general, the 13C resonance of 
the carbon close to the carbonyl end in triacylglycerols and 
phospholipids is influenced by esterification of the glycerol 
moiety, with two separate signals for the C1 and C2 carbon in 
the acyl chain, depending on whether the chain is present in 
the (z- or B-position (3,4,11,12). 

C1 carbon. The carbonyl signals in triacylglycerides ap- 
pear at about 173.2 and 172.8 ppm (Fig. 1) of which the 
higher shift is associated with the ot chains. However, the car- 
bonyl chemical shifts of unsaturated chains in triacylglyc- 
erides indicate a progressive decreasing shift as the fatty acid 
double bond is positioned closer to the carbonyl carbon (Fig. 
1 and Table 1). The carbonyl chemical shift order (both for a 
and B carbon) going from low field to high field, for the 6o3 
fatty acids is shown here; 20:4~58,11,14,17 > 22:5~57,10,13,16,19 
[docosapentaenoic acid (DPA)] > 18:4~56,9,12,15 > 
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FIG. 1. The carbonyl region of the a3C nuclear magnetic resonance 
spectrum of (A) harp seal oil and (B) lipids from white muscle of Atlantic 
salmon, w i th  assignments o f  the un ique  lines that a l l ow  examina t ion  o f  
the posi t ional  d is t r ibu t ion  of  the 0)3 fa t ty  acids. EPA, e icosapentaeno ic  

acid; DPA,  docosapen taeno ic  acid; D H A ,  docosahexaeno ic  acid. 

20:5/55,8,11,14,17 [eicosapentaenoic acid (EPA)] > 
22:654,7,1 O, 13,16,19 [docosahexaenoic acid (DHA)]. The 
same trend has been found by Wollenberg (2) by 13C NMR 
examination of the acyl positional distribution of triacylglyc- 
erols derived from edible vegetable oils. Consequently, the 
carbonyl region alone can be used to define the 0)3 fatty acid 
positional distribution (except 18:3n-3) for marine lipids 
(depot fat of Atlantic salmon, cod liver oil and seal oil) ex- 
amined in this study (Fig. 1 and Table 2). 

In general, the difference in chemical shift for C 1 result- 
ing from ot and 13 chains is about 0.4 ppm (3). Gunstone (3) 
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FIG. 3. An expansion of the 13C nuclear magnetic resonance spectrum 
of (A) harp seal oil and (B) lipids from white muscle of Atlantic salmon 
where the glycerol carbons give signals. Abbreviations as in Figure 1. 

DHA I~ 
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ppm 

FIG. 2. An expansion of the methylene region of the 13C nuclear mag- 
netic resonance spectrum of (A) harp seal oi] and (B) tipids from white 
muscle of Atlantic salmon where the C2 carbon gives signals. Abbrevi- 
ations as in Figure I. 

has shown, by studying synthetic triacylglycerols, that the dif- 
ferences between the (x and B signals depend on the nature of 
the acyl chains. Triacylglycerols with saturated fatty acids in 
the m-position and unsaturated in the B-position show differ- 
ences of about 0.43 ppm, and 0.38 ppm for the opposite situ- 
ation. The observed differences in chemical shifts for car- 
bonyl carbon of the 6o3 fatty acids in cod liver oil, harp seal 
oil and depot fat of Atlantic salmon, resulting from (x and 8 
chains, are given in Table 2. 

In the i3c spectrum of depot fat of Atlantic salmon (Fig. 
1B), both 20:5n-3 and 22:6n-3 give rise to two C1 c~ signals 
with (x chemical shift difference of about 0.03 ppm. The C1 
(x shift of EPA and DHA is presumably influenced by the na- 

ture of the acyl chain (unsaturated or saturated acyl chains) 
esterified to the g-position of the triacylglycerol molecule and 
the symmetry of the molecule. Muscle lipids of Atlantic 
salmon may contain triacylglycerol molecules with EPA or 
DHA both in (x- and B-position of the molecule. To confirm 
this theory it is necessary to study synthetic glycerides with 
0)3 fatty acids both in (x- and in g-positions of triacylglycerol 
molecules. 

C2 carbon. The C2 carbon atom in the acyl chain also 
shows two signals at about 34.2 and 34.0 ppm for the g and (x 
acyl chains, respectively (Fig. 2). Further, the C2 chemical 
shift is also influenced by the position of the double bond, re- 
lated to the carbonyl end. 

The C2 carbon of EPA gives rise to two well-separated res- 
onances in the 13C spectrum at nearly 33.40 ppm (a-position) 
and 33.58 ppm (B-position), both for depot fat of Atlantic 
salmon (Fig. 2B) and harp seal oil (Fig. 2A). The positional 
distribution data for EPA in depot fat of Atlantic salmon, cod 
liver oil and harp seal oil, defined from this region of the 13C 
spectrum, are presented in Table 2. In lipid mixtures where 
both EPA and 20:4n-6 fatty acid exist in abundance, C2 sig- 
nals ((x- and B-position) will be overlapped by corresponding 
carbon signals from 20:4n-6 fatty acid due to identical chem- 
ical structure in the region near the carbonyl end of these fatty 
acids. However, in general, the 20:4n-6 fatty acid exists in 
minimal amounts in marine lipids (<_1%). 

For DHA, only the C2 (x resonance gives rise to resolved 
signals; the C2 B resonance will overlap with (x signals from 
other fatty acids (Fig. 2). 

Glycerol carbon. The glyceryl carbon resonances will also 
be influenced by the nature of the esterified fatty acid and 
shift to a lower field when the double bond in the fatty acids 
is positioned closer to the carbonyl carbon (Fig. 3). Esterifi- 
cation of DHA to the (~- and B-position of the triacylglycerols 
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TABLE 2 
Positional [1,3((~)- and 2(g)-acyl] Distribution (%) for 18:4n-3, 20"4n-3, 20:5n-3, 22:5n-3, and 22:6n-3 Fatty Acids in Muscle Lipids of Atlantic 
Salmon, Cod Liver Oil and Harp Seal Oil Obtained by 13C Nuclear Magnetic Resonance Spectroscopy 

18:4n-3 20:4n-3 20:5n-3 22:5n-3 22:6n-3 
c~ g e~ g c~ ~ c~ f~ ~ g 

Lipids from whi te muscle of  

Atlantic salmon (Salmo salar) 26.6 a 73.4 - -  60.3(57.4) b 39.7(42.6) 31.3 68.7 27.4(26.0) c 72.6(74.0) 
Cod liver oil 
(Gadus morhua) 66.8 33.2 - -  62.2(61.9) 37.8(38.1) - -  - -  25.6(24.1) 74.4(75.9) 

Seal oi l  
(Paghophilus groenlandica) 81.9 18.1 83.8 16.2 95.4(95.4). 4.6(4.6) 100 - -  96.8(96.9) 3.2(4.1 ) 

aThe positional distribution is defined from the carbonyl carbon resonances. 
bThe C2 carbon resonances (the value in parentheses). 
q h e  glycerol carbon resonances (the value in parentheses). 

and phospholipids results in downfield shifts of the glyceryl 
carbon resonances to 62.07 and 69.08 ppm, respectively. Con- 
sequently, this region of the 13C spectrum also provides the 
necessary information to quantify the positional distribution 
of DHA (Table 2). Glyceryl signals due to esterification of 
EPA are not fully resolved, and, consequently, each of these 
signals (Fig. 3) cannot be accurately integrated in this 13C 
spectrum. 

Quantitative results. In general, for quantitative measure- 
ments, both the nuclear Overhauser effect (NOE) and T 1 val- 
ues for the carbons have to be taken into account (12). The 
carbons of current interest for measurements of the positional 
distribution of the o)3 fatty acids have similar NOE. In addi- 
tion, the T l values for these carbons are not particularly influ- 
enced by the position of the fatty acids in the glycerol mole- 
cule (2,12). Consequently, to explore the positional distribu- 
tion of o)3 fatty acids, 13C NMR measurements can be done 
semi-quantitatively by pulsing relatively fast, resulting in 
short experimental time (maximum 1-2 h). Wollenberg (2), 
in connection with NMR studies of vegetable oils, has exam- 
ined a standard triglyceride mixture to check the reliability of 
the NMR-derived positional distribution data. The error mar- 
gins were within an acceptable range, and NMR was found to 
be a superior technique for obtaining positional distribution 
data. 

The NMR-derived positional distribution data, obtained 
by examining the carbonyl region of the 13C spectrum for the 
o)3 fatty acids of depot fat of Atlantic salmon, cod liver oil 
and harp seal oil, are presented in Table 2. We have also in- 
cluded the positional distribution data for EPA and DHA, de- 

TABLE 3 
Differences in Chemical Shifts Between (z and fi Chains 

Fatty acid 

Atlantic salmon Cod liver oil Harp seal oil 
diff. a shift diff. shift diff. shift 
o~ and f~ ot and I~ o~ and g 

18:4n-3 0.44 0.38 0.40 
20:4n-3 - -  0.41 
20:5n-3 0.39 0.36 0.38 0.40 
22:5n-3 0.44 - -  0.39 
22:6n-3 0.40 0.37 0.38 0.40 

aDifferential. 

fined from the spectrum of the glycerol carbon and the C2 
carbon region, respectively. Cod liver oil and depot fat of At- 
lantic salmon have nearly identical positional distributions of 
EPA, DPA and DHA. 

According to expectation, DHA was not randomly distrib- 
uted (random is defined as 67% ~ and 33% B), but preferen- 
tially esterified at B-position of the triacylglycerols, with 74.4 
and 72.6%, respectively, for cod liver oil and depot fat of At- 
lantic salmon. Corresponding data, obtained by traditional 
techniques, were in the range of 68-74% for cod liver oil 
(8,14). 

NMR data showed that 39.7 and 37.8% of EPA was lo- 
cated at the B-position in lipids from Atlantic salmon and cod 
liver oil, respectively. Corresponding literature data for cod 
liver oil indicated 44% in the B-position. It is important to no- 
tice that EPA is nearly randomly distributed in the triacylglyc- 
erol molecule as compared to DHA. 

DPA was preferentially esterified at g-position (68.7%) in 
muscle lipids from Atlantic salmon. The DPA content of cod 
liver oil was too low for analyzing the positional distribution 
of this fatty acid. The distribution of the polyunsaturated fatty 
acids in triacylglycerols of muscle from Atlantic salmon has 
not been, as far as we know, previously reported. However, 
Brockerhoff et al. (8) and Litchfield (15) have pointed out the 
general tendency of EPA, DPA and DHA to be preferentially 
esterified at the 2-position of fish and invertebrate triacylglyc- 
erols. Furthermore, Ando et al. (7) have shown that the posi- 
tional distribution of both DPA and DHA is related to the 
amount of 20:1 and 22:1 fatty acids in fish triacylglycerols. 
They found that in fish lipids with high contents of 20:1 and 
22:1 nearly 70-80% of the DHA was in the g-position of the 
glycerol moiety. 

18:4n:3 was randomly distributed in cod liver oil with 
33.2% in the B-position, whereas in the muscle lipids of At- 
lantic salmon, 18:4 has nearly the same distribution as DHA 
(73.4% in B-position). 

However, the distribution o)3 fatty acids is quite different 
in fish oils vs. oils from marine mammals. In harp seal oil, 
nearly 100, 96.8 and 95.4% of DPA, DHA and EPA, respec- 
tively, was esterified to the 1,3-positions of the glycerol moi- 
ety (Table 2). This is in accordance with positional data for 
triacylglycerols of harp seal blubber, presented previously 
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(8,14,15,16) as examined by conventional techniques, where 
93.7, 87-88 and 70-90% DPA, DHA and EPA, respectively, 
were located in the 1,3-positions of the glycerol molecule. 

The distribution of 20:4n-3 followed the same pattern as 
the other m3 fatty acids, with esterification preferentially at 
the c~-position (81.9%). Further, the positional distribution 
data for EPA and DHA, obtained by examining the carbonyl 
region, are in good agreement with data obtained by examin- 
ing the C2 and the glycerol resonances. 

In conclusion, our results clearly demonstrate that the 
NMR method is a noninvasive and nondestructive technique 
for obtaining information about the positional distribution of 
(o3 fatty acids in marine lipid triacylglycerols without affect- 
ing their chemical structure by preparative treatment. This as- 
pect is under further investigation to examine the positional 
distribution of monounsaturated fatty acids that exist in abun- 
dance in marine lipids. 
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