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ABSTRACT: '3C Nuclear magnetic resonance spectroscopy has
been applied to elucidate the mechanism of lipid oxidation oc-
curring during thermal treatment of fish. Effects of temperature
and time of processing have been studied by means of a model
system of lipids, extracted from salmon (Salmo salar) muscle, to
simulate industrial conditions of canning. Unsaturated fatty
acids located at the sn-2 position of the glycerol moiety were
the most prone to oxidative damage. Regarding the mechanism
of the reaction, results inferred from olefinic and methylenic res-
onances indicated a higher susceptibility of the allylic sites clos-
est to the carbonyl group, followed by those placed near the
methyl terminal group. Unsaturations located in the middle of
the carbon chain did not show much damage. The glyceryl re-
gion provided an unusual resonance at 53.4 ppm, which could
be assigned to a hydroxylic compound formed during process.
JAOCS 75, 147-154 (1998).
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Many studies have described the important role that alter-
ations of lipids during processing of foods have on the qual-
ity of the final product (1,2). Lipid damage is often focused
on the reactivity of polyunsaturated fatty acids (PUFA) be-
cause it can produce a significant number of polar com-
pounds, including volatile derivatives by action of heat via
the process of lipid oxidation (3-5). The highly unsaturated
fatty acid composition renders fish flesh extremely suscepti-
ble to oxidation and rapid degradation during processes that
involve thermal treatment.

Although some information is available on the effects of
strong thermal processing, such as canning, on lipid compo-
sition of fish muscle, it is essentially related to lipolysis and
the amounts of free fatty acids formed (6,7). Regarding ox-
idative damage, some studies have described the volatile pro-
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files produced during heat treatments of fish to establish a re-
lationship with the quality of canned muscle (8,9). Elevated
temperatures during the canning process can stimulate and
accelerate the interaction and decomposition of many inter-
mediate products. In addition, the qualitative and quantitative
extension of this reaction depends on the fish species
processed (9). These points render fish lipid oxidation during
heating extremely difficult to analyze.

In the evaluation of a mechanism of fish lipid oxidation
and in the assessment of its overall flavor quality, different
methodologies have been employed (10). Most of these meth-
ods are based on the formation of specific compounds or on
the modification of others. However, their evolution is so
rapid that the use of these approaches in fish thermal process-
ing has not been very useful. The main advantage of '3C nu-
clear magnetic resonance (NMR) spectroscopy in lipid stud-
ies over the classical procedures is the simultaneous determi-
nation of compounds formed and of the acyl compounds
degraded and the study of the mechanisms involved in such
reactions (11,12). 1>*C NMR spectroscopy has been success-
fully employed in the monitoring of free fatty acid release
after fish thermal processing (12,13).

The oxidative reaction involves both a degradation of acyl
compounds and a modification in the olefinic nuclei due to the
formation of conjugated dienes and hydroperoxides. The aim
of this work was to employ '*C NMR spectroscopy to study
the lipid oxidation that occurred during the heating of fish
muscle. To simulate industrial conditions of canning, lipids
extracted from salmon white muscle were heated in a model
system at different times and temperatures. After thermal
stress, 1°C NMR spectra were recorded both on raw and heated
lipids. To elucidate the mechanism and extension of the oxi-
dation, different spectral regions were carefully studied.

EXPERIMENTAL PROCEDURES

Raw material. Samples of salmon (Salmo salar) fresh mus-
cle were purchased at a commercial market (kept on ice for
1d).

Lipid extraction. Lipids were extracted from raw muscle
by the Bligh and Dyer (14) method. Lipid extracts were stored
at —20°C in chloroform until analysis; propyl gallate was used
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as antioxidant. Lipid content was determined by a gravimet-
ric method (15).

Model systems of thermal processing. To study the effect
of processing temperatures, 100 mg of salmon lipids was in-
cubated for 60 min at 115 (usual conditions employed in can-
neries, critical lethality = 7), 130, and 150°C. To study the ef-
fect of processing times, 100 mg of salmon lipids was incu-
bated at 115°C for 60, 80, 100, and 120 min.

Peroxide value determination. Peroxide values were mea-
sured in duplicate by AOAC Method 28:026 (16).

13C NMR spectroscopy. Full 3C NMR spectra and high-
resolution spectra of the olefinic region of raw and heated
lipids were recorded on an AC-270 Bruker (Karlsruhe, Ger-
many) spectrometer, operating at a '>C frequency of 67.88
MHz. Spectra were recorded at concentrations of 10-20%
wt/vol by dissolving 50-100 mg lipid in 0.5 mL chloroform-
d (Aldrich Chemical, Milwaukee, WI) and using controlled
temperatures of 30 + 0.1°C to obtain the best chemical shift
and relaxation rate reproducibility. Two different sets of ac-
quisition parameters were used. The full '>*C NMR spectrum
was recorded with 256-3000 scans, at a 200-ppm spectral
width, 16 K data points (with resulting digital resolution of
2.7 Hz/pt and 0.37 s acquisition time), relaxation delay of 2 s,
and 45° pulse width. All free induction decays (FID), prior to
Fourier transformation (FT), were filtered using exponential
multiplication (line broadening of 2 Hz) for sensitivity en-
hancement. Chemical shifts were indirectly referred to
tetramethylsilane (TMS, & = 0 ppm) by using the central res-
onance of chloroform-d (& = 77.00 ppm).

To record the high-resolution '*C NMR spectra of the
olefinic region, the following acquisition parameters were
used: 5000 scans, 10 ppm spectral width, 32 K data points
(with resulting digital resolution of 0.04 Hz/pt and 23.2 s ac-
quisition time), relaxation delay of 2 s, and 45-90° pulse width.

Distortion Enhancement Polarity Transference (DEPT)
spectra were run with a pulse angle of 135° to obtain simulta-
neous identification of all protonated carbons.

Integrations of NMR intensity were repeated three times
for each spectrum, and a relative standard deviation of less
than 5% was found.

Trichloroacetyl isocyanate (TAI) reactions. A few drops (a
small excess) of TAI (Fluka, Buchs, Switzerland) were added
to the NMR tubes according to Bose and Srinivasan (17), and
the '>C NMR spectra were repeated.

Statistical analysis. Data obtained were subjected to the
analysis of variance (ANOVA) one-way method according to
Sokal and Rohlf (18).

RESULTS AND DISCUSSION

Different spectral regions provided useful information about
the mechanism of the oxidative reaction and the degradation
compounds formed.

Carbonyl region. The carbonyl spectral region has become
a practical tool for the study of acyl stereospecific changes
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occurring in fish lipids during processing (11,12). Stereose-
lectivity of fatty acid oxidation can be easily studied from the
carbonyl resonances of triacylglycerols (TG), in which do-
cosahexaenoic acid (DHA) (22:6n-3) peaks are shifted up-
field from the two complex envelopes that contain saturated
(ST) and monounsaturated (MU) fatty acids in the sn-1,3 and
sn-2 positions, respectively (Fig. 1). Table 1 shows the ratio
between the NMR intensities for the ST-MU fatty acids and
PUFA in the two positions of the glycerol backbone. Data ob-
tained showed a diminution in the intensities of all sn-2 fatty
acids, resulting in an increase of the sn-1,3/sn-2 ratio after
heating lipids at 115°C for 60 min (usual conditions of fish
canning). These results agree with previous findings that were
obtained after thermal hydrolysis of fish lipids (12,13). As for
the mechanism of hydrolysis, physical damage of acyl chains
esterified to the secondary hydroxy group due to a heat effect
may be considered. All values calculated for heated samples
were significantly greater than those of raw lipids. In particu-
lar, ST-MU fatty acids located at positions sn-1,3 were the
most resistant to thermal oxidation as can be inferred from
the sn-1,3/sn-2 ratios during the process.
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FIG. 1. Expansion of the carbonyl spectral region of salmon lipids. La-
beled peaks are assigned as: 1. sn-1,3 saturated (ST) and monounsatu-
rated (MU), 2. sn-1,3 eicosapentaenoic acid (EPA), 3. sn-2 ST and MU,
4. sn-2 EPA, 5. sn-1 docosahexaenoic acid (DHA), and 6. sn-2 DHA.
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When times exceeded 60 min or temperatures were higher
than 115°C, the effect on the sn-2 position remained more
ambiguous because some coefficients decreased slightly
(Table 1). Although all values calculated during processing
confirmed the susceptibility of the sn-2 position, strong in-
dustrial conditions can probably promote damage on the sn-
1,3 positions to affect the ratios between resonance intensi-
ties. In addition, overlapping signals corresponding to oxida-
tion products must be considered because they influence the
calculated ratios as well. Fish lipid incubation at high temper-
atures during longer times produces an ample variety of oxi-
dation products (9,19). Structural changes due to the forma-
tion of these hydroperoxides and conjugated dienes have to
result in new carbonyl signals that are presumably located
close to those of nondamaged TG. Carbonyl resonances of
unsaturated fatty acids did not show significant shift differ-
ences related to their corresponding hydroxy derivatives (20).
Taking into account the variety of different oxidation prod-
ucts likely to be formed, sensitivity and resolution achieved
by the use of '*C NMR were not sufficient to distinguish
these minor signals that likely overlap those corresponding to
nondegraded compounds. The formation of diglycerides or
monoglycerides [resonances between 174.0 and 172.5 ppm
(11)] may also modify sn-1,3/sn-2 ratios. However, there was
no lipid hydrolysis because no resonances corresponding to
free fatty acids were detected [carbonyl signals at 177.3-176.5
ppm (11)].

In spite of these effects, values calculated for the different
thermal treatments were always greater than those of raw
lipids, and the highest ratios obtained for ST-MU sn-1,3/
DHA sn-2 (12.74) and DHA sn-1,3/DHA sn-2 (0.80) at
115°C for 120 min showed clearly that PUFA esterified in the
sn-2 position were more prone to suffer thermal oxidative
damage than fatty acids esterified in the sn-1,3 position.

Olefinic region. The study of the olefinic signals in a '>C
NMR spectrum of a fish oil is especially complicated because
of the high number of signals and their quite similar chemical
shift values (21,22). In particular, olefinic resonances that cor-
respond to PUFA of salmon lipids could not be totally re-
solved by recording the spectrum under the conditions of low-
resolution NMR described above (Fig. 2A).

Recent papers have suggested the use of high-resolution
spectral conditions, related to a restricted spectral width,
longer acquisition times and higher digital resolution (see the
Experimental Procedures section), to assign all olefinic reso-
nances in the '>*C NMR spectra of fish lipids (23,24). On this
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basis, the olefinic regions of the spectra of salmon lipids, both
raw and heated, were carefully investigated by recording
high-resolution spectra under the appropriate experimental
conditions. Figure 2B shows the typical pattern obtained for
salmon lipids. Assignments were made according to data pre-
viously reported (23,24).

To elucidate which allylic sites are more labile to oxida-
tive reaction during thermal stress, the intensities of olefinic
resonances corresponding to MU fatty acids, DHA and eicos-
apentaenoic acid (EPA) (20:5n-3) were carefully measured.
The attack of oxygen at the allylic site will also be accompa-
nied by variations of the chemical shifts of the olefinic reso-
nances, and consequently, changes the intensities of the near-
est olefinic nuclei to this position. Figure 3 shows the relative
decrease of the intensities of DHA resonances obtained for
lipids that were subjected to the strongest thermal treatment,
compared to those found in raw lipids. Unsaturations nearest
to the carbonyl group seem to be the most susceptible to oxi-
dation. Temperature showed higher effects than time and re-
sulted in a reduction in the intensities of C,, and C,, olefinic
carbons as well. This finding seems to indicate that oxidative
reaction occurs first at the double bonds nearest to the car-
bonyl group, and then at the unsaturations closest to the
methyl terminal group. The intensities of C; and C,, were
less. The 10% reduction detected for C and Cy nuclei of EPA
may support this hypothesis.

No single compound is formed from oxidative deteriora-
tion of fish muscle (19). Different hydroperoxides, hydroxy,
and conjugated compounds are likely produced, given an
ample variety of signals in the olefinic spectral region. The
decreases detected in olefinic resonances were not very big
and ranged between 0—15%. Taking into account the variety
of compounds formed and the complexity of this spectral re-
gion, the sensitivity of the '3C NMR technique was not
enough to detect and quantify these signals in such minor
concentrations. Only for salmon lipids subjected to stronger
thermal conditions (150°C for 60 min) could some minor res-
onances at 131.1, 131.4, and 133.2 ppm be singled out. These
signals may be assigned to olefinic resonances of hydroxy
fatty acids in accordance with results reported by Knothe and
Bagby (25). As for the carbonyl spectral region, prior isola-
tion of hydroperoxides or conjugated dienes would be neces-
sary to determine these new resonances exactly. Higher field
spectrometers may also be required (26).

Glyceryl region. As reported previously, glyceryl regions
provide easy characterization of the nuclei related to different

Ratios Between the Fatty Acid Content (% mole fraction) in the Two Positions of the Glycerol Moiety?

Heated: time effect (115°C)

Heated: temperature effect (60 min)

Raw 60 min 80 min 100 min 120 min 115°C 130°C 150°C
ST-MU sn-1,3/ST-MUsn-2  1.52°  3.16°>  2.54¢ 2.38° 1.764 3.16° 2.59¢ 1.632
ST-MU sn-1,3/DHA sn-2  4.44* 765> 497¢ 5979  12.74¢° 7.65° 6.034 5.414
DHA sn-1,3/DHA sn-2 0.39° 053> 0400 0.42° 0.80¢ 0.53P 0.42° 0.50°

“Mean of three determinations. Values with different letters in the same row are significantly different, P < 0.01; ST, satu-

rated; MU, monounsaturated; DHA, docosahexaenoic acid.
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FIG. 2. Expansion of the olefinic spectral region. A. Low-resolution spectrum. B. High-resolution spectrum. Labeled peaks are as-
signed as: 1. C, of DHA, 2. C;, of 18:1n-9 and 16:1n-7, 3. C;,_;, 0f 20:1n-9 and 22:1n-11, 4. C;;_;5 of 20:1 n-9 and 22:1n-11,
5. Cy of 18:1n-9 and 16:1n-7, 6. C, of DHA, 7. C; of EPA, 8. C, of EPA, 9. C,, of DHA, 10. C, of DHA, 11. C,, ;, of DHA, 12.
Cyy_q; 0f DHA, 13. C4 of DHA, 14. C,, of DHA, 15. C; of DHA, and 16. C,4 of DHA. See Figure 1 for abbreviations.
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FIG. 3. Relative diminution of DHA olefinic resonances of heated lipids
related to raw lipids. Intensities of each resonance were expressed as
ratios relative to the olefinic signal of C, of 20:1n-9, taking this fatty
acid into account as reference. Values for each unsaturation were cal-
culated as means of the two olefinic nuclei. Abbreviation: NMR, nu-
clear magnetic resonance. See Figure 1 for other abbreviations.

glyceride species (11,27). In addition to resonances corre-
sponding to TG, phospholipids and cholesterol, a resonance
at 53.4 ppm was detected in heated samples at times and tem-
peratures higher than usual (Fig. 4A). Signals of diglycerides
or monoglycerides were not found according to results of the
carbonyl region, in which there were no free fatty acid reso-
nances.

To test the potential hydroxylic character of this carbon,
heated lipids were treated with TAI to yield carbamates. This
compound, usually employed in NMR studies, is an effective
acylating agent, which reacts quantitatively with hydroxylic
compounds and allows determination of the number and type
of hydroxylic groups in a molecule (17). Although TAI can
react with amine or phenol groups as well, evolution of the
53.4 ppm signal during the thermal process indicated a hy-
droxylic character. It is not likely that signals of new phos-
pholipids or phenols increase in such concentrations during
thermal stress of fish lipids (Fig. 4A).

After reaction with TAI, resonances corresponding to hy-
droxylic carbons show significant shifts. In our experiment,
after TAI addition, the resonance at 53.4 ppm was shifted
(Fig. 4B). Because TAI reacts exothermically also with pri-
mary, secondary and tertiary amines, such as the polar heads
of phospholipids, a shift of the resonance corresponding to
the trimethyl group of phosphatidylcholine (54.5 ppm) was
also observed (Fig. 4B). Regarding the new signals detected
after reaction, the three new carbons introduced resonate at a
lower magnetic field than chloroform, as do the C atoms of

the unreacted TAI (17). Therefore, resonances at 92.0 and
92.3 ppm were singled out as corresponding to TAI carbons
of the unreacted reagent and that affected by the environment
of the hydroxylic nucleus, respectively. So were signals at
163.23, 160.26, 158.62, and 156.80 ppm. In the olefinic spec-
tral region, two resonances at 124.7 and 124.02 ppm were
also detected. These signals could be olefinic nuclei shifted
high field by about 4.5—7 ppm. This result may agree with the
TAlI-induced shifts of olefinic carbons in allylic alcohols re-
ported by Bose and Srinivasan (17). Although these authors
have also reported a downfield shift of about 2.5—4.5 ppm for
the carbinol carbon in unsaturated alcohols, hydroxyl carbons
in fatty acids will likely be affected by the positions of the
carbonyl group and other unsaturations, resulting in a differ-
ent shifting.

This previous assignment as a hydroxyl carbon was sup-
ported by a DEPT spectrum (Fig. 4C). The partially relaxed
spectrum from the inversion-recovery experiment showed as
positive signals those corresponding to CH, nuclei, and as
negative signals those corresponding to CH and CH,, includ-
ing the resonance at 53.4 ppm (CH-OH).

Knothe and Bagby (25) have assigned the '3C NMR spec-
tra of different allylic hydroxy groups in several fatty com-
pounds, ST and unsaturated as well. Accordingly, spectra of
salmon lipids heated at stronger conditions than usual (115°C
during 60 min) showed resonances at 72.7-73.5 ppm that
could be attributed to specific hydroxy-bearing carbons. As
previously mentioned, the corresponding signals in the car-
bonyl and olefinic spectral regions likely overlapped, and
they could not be detected in our experiments.

The regression between the peroxide value and the NMR
intensity of the resonance at 53.4 ppm was calculated for each
sample. NMR intensities were measured by taking into ac-
count the trimethyl resonance of phosphatidylcholine at 54.5
ppm as reference. Results indicate a satisfactory agreement
between NMR and the iodometric assay (R? = 0.87). The ¥
intercept (—0.195) was not significant (P value >0.05). The
slope (0.251) showed significance and indicated an error of
0.3% between both techniques, probably due to differences in
the sensitivity of the methodology employed.

The signal at 53.4 ppm was also found in tuna lipids ex-
tracted from overprocessed canned muscle, and it was equiv-
ocally attributed to nuclei corresponding to the solvent (11).
Figure 5 shows the evolution of the intensity of resonance at
53.4 ppm during the heating process. Because raw and heated
lipids treated under the usual conditions of time and tempera-
ture did not show this signal, the possibility of employing it
to assess the quality of overprocessed thermal foods must be
considered.

Methylenic region. Study of the methylene intensities per-
tains to nuclei near the carbonyl and methyl terminal groups,
allylic and bisallylic signals, and the rest of the -CH, nuclei.
Figure 6 shows the identification of the methylenic region of
raw salmon lipids according to Gunstone (22). Table 2 sum-
marizes the ratios of the different resonances taking into ac-
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FIG. 4. Expansion of the glyceryl spectral region. A. Heated lipids. B.
Heated lipids after reaction with trichloroacetyl isocyanate. C. DEPT
spectrum of heated lipids. Labeled peaks are assigned as: 1. solvent, 2.
sn-2 triglyceride (TG), 3. sn-1,3 TG, 4. trimethyl resonance of phos-
phatidylcholine, and 5. -CH-OH.

count the signal at 31.9 ppm, corresponding to the n-3 carbon
of saturated and n-9,11 fatty acids, as reference. As can be in-
ferred, both high temperatures and long times of processing
produced important decreases in intensities of the resonances
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FIG. 5. Evolution of the resonance corresponding to hydroxylic nuclei
at different heating conditions, expressed as ratios of intensities related
to the trimethyl resonance of phosphatidylcholine (signal at 54.5 ppm).

of the carbons nearest to the carbonyl group: C, and C; of all
fatty acids, and resonances of C,, C5 and C, of 22:5n-3,
18:4n-3 and 20:5n-3, respectively. However, there were no
important changes in the n-2 signal of n-3 PUFA. On the other
hand, high temperatures showed a higher effect on allylic and
bisallylic nuclei than long times. Results obtained confirmed
the previous affirmation, formulated on the basis of the
olefinic resonances, concerning faster degradation at the po-
sition nearest to the carbonyl group.

Methyl region. The n-3 PUFA content can be obtained by
using distinctive signals because those corresponding to n-3
PUFA are shifted low-field (14.16 ppm) with respect to those
corresponding to n-6 PUFA and all other fatty acids (14.00
ppm) (22). The total n-3 PUFA content is then simply calcu-



OXIDATION IN FISH LIPIDS DURING THERMAL STRESS

e

38 36 34 32 30 28 26 24 22 20 18
ppm

FIG. 6. Expansion of the methylenic spectral region. Resonances are la-
beled as: 1. C, of all fatty acids, 2. @3 of saturated and n-9,11 fatty
acids, 3. other CH,, 4. allylic, 5. C, of 22:5n-3, 6. C; of 18:4n-3, 7. C,
of EPA, 8. bisallylic, 9. C, of all fatty acids except DHA, 10. C; of DHA,
and 11. ®2 of all n-3 polyunsaturated fatty acids (PUFA). See Figure 1
for other abbreviations.

lated by referring the intensity of the signal at 14.16 ppm to the
sum of the intensities of both signals according with Medina et
al. (13). A slightly lower content of n-3 fatty acids was ob-
served at usual processing conditions (Fig. 7). These results are
in agreement with those previously reported for canned tuna
muscle, where a diminution in the n-3 content was detected
after thermal sterilization (28). In these compounds, high tem-
perature showed more influence than the processing time (Fig.
7). In fact, processing time did not produce significant changes
in the n-3 content. Damage in other unsaturated acids that do
not belong to the n-3 series must also be considered.

Taking into account the relative decrease of the olefinic reso-
nances, the behavior of n-1 and n-3 carbons confirmed the fact
that unsaturations nearest to the carbonyl group are more sus-
ceptible to oxidation than others. The correlation between n-3
PUFA content and the intensity of signals corresponding to C,,

TABLE 2
Intensities of Methylenic Nuclei Referring to the Intensity of n-3
Methylenic Resonance of Saturated and n-9,11 Fatty Acids?

Heated: Heated:
Raw (115°C, 120 min) (150°C, 60 min)

G, 2.04 1.56 1.41
Allylic 1.73 1.88 1.46
Bisallylic 1.46 1.25 1.31
C,—ST 2.48 1.80 1.77
C;—DHA 1.65 1.28 1.33
n-2—n-3 PUFA 0.21 0.20 0.21
Cy—22:5n-3 0.17 0.08 0.11
C;—18:4n-3 0.23 0.09 0.10
C,—EPA 0.21 0.11 0.11

9EPA, eicosapentaenoic acid; PUFA, polyunsaturated fatty acids. See Table
1 for other abbreviations.
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FIG. 7. Evolution of the n-3 PUFA content at different heating condi-
tions, expressed as mol% fraction, determined from the intensity of n-1
carbons by 3C NMR. See Figures 3 and 6 for abbreviations.

and C,, olefinic carbons during heating confirmed the accuracy
of data obtained (R* = 0.83).

13C NMR spectroscopy has proven its usefulness as a
rapid, nondestructive and complete technique for the study
of lipid damage during food processing. Data regarding the
type of reaction involved, its mechanism, and the nature of
degradation products formed can be direct and simultane-
ously inferred from the lipid sample without prior separa-
tions. The combination of high-resolution '*C NMR experi-
ments, to improve sensitivity and resolution, and low-reso-
lution experiments, to obtain direct and rapid analyses of the
acyl and lipid class composition, with "H NMR (29) asserts
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the
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use of NMR spectroscopy for control and monitoring of

lipid oxidation during a wide variety of food processes.
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