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Abstract
Consumption of seafood enriched in n-3 polyunsaturated fatty acids (PUFA) is associated with a
decreased risk of cardiovascular disease. Several n-3 oxidation products from eicosapentaenoic
acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) have known protective effects in
the vasculature. It is not known whether consumption of cooked seafood enriched in n-3 PUFA
causes appreciable consumption of lipid oxidation products. We tested the hypothesis that baking
Atlantic salmon (Salmo salar) increases the level of n-3 and n-6 PUFA oxidation products over
raw salmon. We measured the content of several monohydroxy-fatty acids (MHFA), prostanoids,
and resolvins. Our data demonstrate that baking did not change the overall total levels of MHFA.
However, baking resulted in selective regio-isomeric loss of hydroxy fatty acids from arachidonic
acid (20:4n-6), and EPA while significantly increasing hydroxyl-linoleic acid levels. The content
of prostanoids and resolvins were reduced several-fold with baking. The inclusion of coating upon
the salmon prior to baking reduced the loss of some MHFA but had no effect upon prostanoid
losses incurred by baking. Baking did not decrease n-3 PUFA content indicating that baking of
salmon is an acceptable means of preparation that does not alter the potential health benefits of
high n-3 seafood consumption. The extent to which the levels of MHFA, prostanoids and resolvins
in the raw or baked fish have physiologic consequence for humans needs to be determined.
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Introduction
Elevated consumption of n-3 polyunsaturated fatty acids (PUFA) is associated with reduced
risk for cardiovascular disease (1, 2). Current data indicate that an intake of 250 mg/day of
eicosapentaenoic acid (EPA 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), equivalent
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to less than 3 kcal of PUFA-derived energy, is sufficient to reduce cardiovascular disease
risk (2). Increased consumption of n-3 PUFA easily occurs by including more seafood in the
diet. In particular, Atlantic salmon (Salmo salar) is an excellent source of EPA and DHA.

The processing and cooking of seafood leads to the production of lipid peroxidation
products such as oxy-cholesterols, hydro(pero)xy fatty acids, and aldehydes derived from
cholesterol, n-3 PUFA and n-6 PUFA (3–6). Data by Al-Saghir demonstrates that frying and
steaming of salmon minimally increases (< 15%) levels of conjugated dienes (a marker of
hydro(pero)xy fatty acid content) over raw salmon (3). On the other hand, total peroxides
are elevated with frying (mostly a result of added oil) but not with steaming (7). Oxidized
cholesterols such as 7-ketocholesterol and 7-hydroxycholesterol are elevated with roasting
or frying of salmon (3, 4). Unlike the analyses of cholesterol oxidation products, little data
exist regarding speciation of fatty acid oxidation products in raw salmon versus cooked.

In vitro and in vivo studies demonstrate that n-3 PUFA oxidation (enzymatic and free-radical
catalyzed) leads to the formation potentially cytotoxic products such as trans-4-hydroxy-2-
hexenal and trans-4-oxo-2-hexenal and to the formation of cytoprotective and anti-
inflammatory compounds such as F3-isoprostanes, F3-cyclopentenones, and resolvins and
protectins (6, 8–16). Thus, the question arises as to whether relevant amounts of n-3 fatty
acid oxidation products are consumed when eating salmon and how the content of oxidation
products are altered by baking, a common method of salmon preparation.

In this work, we tested the hypothesis that baking of salmon fillets would result in the
increase in n-3 and n-6 derived lipid oxidation products. As part of a controlled feeding
study, we tested uncooked salmon fillets versus a variety of salmon fillets baked with
different coatings. In contrast to our hypothesis, our data indicate that, except for hydroxy-
linoleic acid derivatives, cooking leads to a decrease in most n-3 and n-6 lipid oxidation
products in the finished salmon fillet compared to uncooked salmon.

Materials and Methods
Chemicals

HPLC and reagent grade n-hexane, 2-propanol, anhydrous methanol and other solvents were
purchased from EM Science (Gibbstown, NJ). Sodium methoxide was purchased from
Sigma Chemicals (St Louis, MO) and fatty acid methyl ester, phospholipid, and methyl
triheptadecanoin standards were purchased from Nu-Chek Prep (Elysian, MN). All
dueterated and non-deuterated prostanoids, mono-hydroxyfatty acids (MHFA), and resolvins
were purchased from Cayman Chemical Co. (Ann Arbor, MI).

Salmon preparation
Atlantic salmon (Salmo salar) were raised by Cooke Aquaculture, Blacks Harbor New
Brunswick, Canada. Salmon smolts were stocked into an industry sea cage. Fish were fed a
commercial dry pellet based on size and adjusted based on water temperature. For the first
two months following stocking, fish were fed 4 times per day with 3.0 mm feed. Fish were
then fed a suitable sized commercial diet until harvest, but were not fed when water
temperatures were less than 1.5° C. Salmon were processed to remove skin and a thin layer
of external fat. Fillets were wrapped in polyethylene bags and immediately shipped on ice
from Maine to the Grand Forks Human Nutrition Research Center, Grand Forks, ND. Upon
arrival, salmon fillets were immediately transferred to frozen storage at −20° C until use.

Salmon fillets were prepared in the manner designed for service in an upcoming clinical
trial. Salmon fillets were thawed at 4° C overnight in a commercial food refrigerator.
Salmon was either left frozen (uncooked) or prepared in 90 g portions with each of six

Raatz et al. Page 2

J Agric Food Chem. Author manuscript; available in PMC 2012 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



different recipes, as shown in Table 1. Salmon filets were placed atop 100 g portions of
brown rice in a single portion bake and serve container (Pactiv Pressware, Columbus, OH)
and covered with the remaining ingredients for each recipe. Each portion was baked in a
preheated oven at 177° C (350° F) for 30 minutes, or until the fish reached an internal
temperature of 63° C (145° F) according to food service guidelines (17), removed from the
oven and sealed with film and immediately placed in an −20° C commercial food freezer
until being sent to the analytic laboratory for processing. Upon arrival at the analytic
laboratory, the samples were held at −80° C until analysis. In a separate determination,
cooking reduced the original 100 g mass of the raw filets to a mean of 93.5 grams (n = 2), a
loss of 6.5% in total weight.

Phospholipid Fatty Acid Analysis
Phospholipid fatty acid content of the salmon fillets was determined in raw and plain roasted
salmon. Tissue samples (1.1–1.6 g) were isolated from ice cold raw and baked salmon filets
using a 2.5 cm coring device. Total lipid from the samples were extracted with n-hexane/2-
propanol (3:2, by Vol.) using a glass Tenbroeck homogenizer as described by Radin (18).
Sample extracts were concentrated to zero under a steady-stream of N2 at 50° C then re-
solvated in 4.0 mL n-hexane/2-propanol (3:2, by Vol.) and stored at −80° C until use.
Phospholipid from extracted samples run in triplicate were isolated from a portion of the
extracts by thin layer chromatography (TLC) (silica gel 60, EMD Chemicals, Darmstadt,
Germany) using a solvent system of heptane/isopropyl ether/glacial acetic acid (60:40:4, by
Vol.). Bands corresponding to phospholipid standards found at the origin were scrapped off
the TLC plate and transferred to a glass test tube. Methyl triheptadecanoin (internal
standard) was added to the test tube and the samples were allowed to dry at 110° C for 45
min. Esterified fatty acids in the sample were methylated in 2.5% sodium methoxide at 40°
C for 60 min. The reaction was stopped with methyl formate and the fatty acid methyl esters
were extracted with n-hexane.

Fatty acid methyl ester content was quantified using a Shimadzu 2010 gas chromatograph
(Kyoto, Japan) equipped with a flame ionization detector and a capillary column (SP 2330;
30 m × 0.32 mm i.d., Supelco, Bellefonte, PA). Sample runs were initiated at 180° C
followed by a temperature gradient to 200° C over 8 min starting at 2 min. The temperature
was held at 200° C until the end of the run at 20 min. Fatty acid methyl ester standards were
used to establish relative retention times and response factors. The internal standard, methyl
heptadecanoate, and the individual fatty acids were quantified by peak area analysis
(Shimadzu Class VP 7.2.1 Datasystem, Kyoto, Japan). The detector response was linear,
with correlation coefficients of 0.998 or greater within the sample concentration range for all
standards.

Analysis of lipid oxidation products
Prostanoids, resolvins, and MHFA were determined as previously described for prostanoids
with modifications to allow for MHFA and resolvin determination (19, 20). Frozen raw and
frozen prepared salmon samples were pulverized under liquid nitrogen conditions to a fine
homogeneous powder. Fish samples (~50mg) were incubated in 200 μL of 80 mM Hepes
buffer (pH 7.4) containing 300 mM sodium chloride, 20 mM CaCl2, 8 mM Triton X-100,
60% glycerol, 2 mg/ml BSA, 100 pg of PGE2-d4, 100pg of 5(S)-HETE-d8, and 1 ng of
20:4n6-d8 as internal standards with soluble phospholipaseA2 (sPLA2; ~ 0.9 μmole/min of
total activity, Cayman Chemical Co, Ann Arbor, MI) to release esterified prostanoids and
MHFA from phospholipids. This enzyme was tested for contamination with isoprostanes
and no contamination was detected in the quantities of enzyme used in the experiments. To
validate a completeness of prostanoid hydrolysis from phospholipids under these conditions,
20:4n-6 released from PL was quantified. After 1 h of incubation at ambient temperature,
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prostanoids and MHFA were extracted with acetone using liquid/liquid extraction as
previously described (19, 20). This method allows for a ~90% of extraction efficiency for
prostanoids and resolvins and increases sensitivity during MS analysis as the result of
reduction of basal noise (20). After 10 min of centrifugation (2000 × g) at 4 °C, MHFA and
free fatty acids were extracted from supernatant by using 3 × 2.0 ml of hexane with ~85% of
efficiency as was determined by the recovery of 5(S)-HETE-d8, 9(S)-HODE-d4, (±)5-HEPE,
and 20:4n6-d8 standards. Prostanoids were extracted from the same supernatant after MHFA
extraction by acidification of supernatant with formic acid to pH = 3.5 (30 μL of 2M formic
acid), and extraction with 2 mL of chloroform. The chloroform extract containing
prostanoids was transferred to silanized with Sigmacote® (Sigma Chemical Co.,St. Louis,
MO) tube, flushed with nitrogen, and cooled at −80°C for at least 15 min separate any
residual upper phase, which is then removed and discarded before analysis. Prostanoid and
MHFA extracts were dried down under a stream of nitrogen and transferred to 300 μL
silanized microvial inserts (National Scientific, Rockwoods, TN; catalog No. C4010-S630)
using 2 × 0.15 ml of hexane for prostanoids or chloroform/methanol (1:10) for MHFA. The
solvent in microvial inserts was dried down under a stream of nitrogen, and 20 μL of
acetonitrile was added for MHFA, or 30 μL of acetonitrile/water (1:2) for prostanoids, and
vortexed for 30 s.

Reverse-phase HPLC electrospray ionization mass spectrometry for MHFA analysis
MHFA separation was carried out using a Luna C-18(2) column (3 μm, 100 A° pore
diameter, 150 × 2.0 mm; Phenomenex, Torrance, CA) with a security guard cartridge system
(C-18) (Phenomenex). The HPLC system consisted of an Agilent 1100 series LC pump
equipped with a wellplate autosampler (Agilent Technologies, Santa Clara, CA). The
autosampler was set at 4°C. Fifteen microliters out of a 20 μL sample was injected onto a
chromatographic column. The solvent system was composed of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B). The flow rate was 0.2 ml/min,
and the initial solvent conditions started with 10% solvent B. At 2 min, the percentage of B
was increased to 65% over 8 min; at 15 min, the percentage of B was increased to 90% over
5 min, at 20 min it was increased to 98% over 15 min, and was kept at 98% for 20 min to
wash hydrophobic substrates from the column; at 55 min, percentage of B was reduced to
10% over 5 min. Equilibration time between runs was 15 min.

MS analysis was performed using a quadrupole mass spectrometer (API3000; Applied
Biosystems, Foster City, CA) equipped with a TurboIonSpray ionization source. Analyst
software version 1.4.2 (Applied Biosystems) was used for instrument control, data
acquisition, and data analysis. The mass spectrometer was optimized in the multiple reaction
monitoring mode. The source was operated in negative ion electrospray mode at 450°C,
electrospray voltage was −4,250 V, nebulizer gas was zero grade air at 8 L/min, and curtain
gas was ultrapure nitrogen at 11 L/min. Precursor/product ion transitions, declustering
potential, collision energy, focusing potential, entrance potential, and collision cell exit
potential were optimized individually for each analyte as presented supplementary data (S1).
Collision gas was 12 L/min for all analytes. The quadrupole mass spectrometer was operated
at unit resolution. MHFA were quantified using 15-S-HETE-d8 as the internal standards.

Reverse-phase HPLC electrospray ionization mass spectrometry for prostanoid and
resolvin analysis

Prostanoid and resolvin separation was performed using conditions as previously described
(19) using the same column and instrumentation as described for MHFA. Twenty five μL
out of a 30 μL sample was injected onto a chromatographic column. The solvent system was
composed of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B). The flow rate was 0.2 ml/min, and the initial solvent conditions started with
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20% solvent B. The solvent B was increased from 20% to 42.5% over 50 min, at 50 min was
increased further to 90% over 10.5 min to wash the column, and at 65.5 min it was returned
back to 20% over 1 min for column equilibration. Equilibration time between runs was 14
min.

MS analysis was performed using the same instrumentation as described for MHFA. The
mass spectrometer was optimized in the multiple reaction monitoring mode. The source was
operated in negative ion electrospray mode at 350°C, electrospray voltage was −4,250 V,
nebulizer gas was zero grade air at 8 L/min, and curtain gas was ultrapure nitrogen at 11 L/
min. Precursor/product ion transitions, declustering potential, collision energy, and collision
cell exit potential were optimized individually for each analyte as presented in Table 3.
Focusing potential was 2200 V, and entrance potential was 210 V for all analytes. Collision
gas was 12 L/min for all analytes. The quadrupole mass spectrometer was operated at unit
resolution. Prostanoids were quantified using PGE2-d4 as the internal standards.

Statistical Analysis
Data are normalized to 100 grams, representative of a serving size and are presented as the
mean ± the S.D. Data were analyzed utilizing a one-way ANOVA with Dunnett's multiple
comparison test or Student's t-test as appropriate using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego California USA, www.graphpad.com). Statistical
significance was taken as p ≤ 0.05.

Results
In this study, we measured the extent to which cooking altered the levels of lipid oxidation
products in salmon to test the specific hypothesis that baking would elevate the level of lipid
oxidation products. We measured numerous fatty acid oxidation products derived from
enzymatic and non-enzymatic processes. Lipid oxidation products were determined using
two separate chromatographic analyses. One analysis determined the regio-isomers and
enantiomers of MHFA content for hydroxy-linoleic/octadecadienoic acid (HODE), hydroxy-
EPA (HEPE), hydroxy-arachidonic/eicosatetraenoic acid (HETE). A second
chromatographic analysis determined prostanoid and resolvin content.

Total MHFA content (the sum of the MHFA we measured) was not significantly different
between the groups compared to control with values ranging from 36.1 ± 8.5 μg/ 100g to
55.0 ± 20.8 μg/100g (Figure 1). There was a significant increase in total HODE content
(18.5 ± 6.2 μg/100g to 49.1 ± 21.9 μg/100 g, Figure 2A), which was comprised of similar
amounts of 9-HODE and 13-HODE, the predominant regio-isomers (Figure 2B,C) (21). The
increase in HODE was suppressed by the inclusion of toppings on the salmon. The
intersample variability in the MHFA content for the “plain” and “Italian” coatings is in part
owing to the variability in the HODE content for those samples. The cause for this
variability versus other MFHA determined in the same analytical run is not clear.

In contrast to HODE, cooking caused a reduction in the total levels of HETEs whose levels
ranged from a mean of 6.7 ± 0.4 μg/100 to 3.1 ± 1.2 μg/100g (Figure 3). There was a
significant loss of total 5-HETE content with cooking in most of the groups tested (Figure
3B). While the 8-HETE and 12-HETE regio-isomers (3C,D) were not affected by cooking
compared to the raw salmon, baking reduced the content of 15-HETE (3E), an effect
blocked by the inclusion of coatings.

EPA-derived HEPE content was reduced significantly by cooking in all test groups
compared to the uncooked fish (Figure 4). Total HEPE content ranged from 11.0 ± 2.2 μg/
100g in the uncooked fish to 2.7 ± 0.4 μg/100g in plain, baked salmon. Baking significantly
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reduced the content of the 5, 12, and 15-HEPE regio-isomers, an effect that was not
prevented by the coatings with the exception of 5-HEPE in samples coated with dill and
barbecue.

Analysis of MHFA chirality aids in determining enzymatic versus non-enzymatic lipid
peroxidation. Lipoxygenase mediated lipid oxidation yields the formation of S-
hydroperoxides and lipoxygenases are present in fish (21). On the other hand, free radical
catalyzed lipid oxidation results in racemic levels of both R and S-hydroperoxides (21). We
were able to separate the 9-S-HODE, 9-R-HODE, 5-S-HETE and 5-R-HETE enantiomers.
The mean ratio of the 9-S enantiomer to the 9-R enantiomer was 4.2 and suggests an enzyme
catalyzed formation of 9-HODE (Figure 5A). On the other hand, nearly racemic amounts of
the 9-HODE enantiomers were present following cooking. Baking significantly increased
the content of 9-R-HODE versus raw salmon. Similarly, 5-S-HETE was 3.3-fold greater than
5-R-HETE in the uncooked salmon, with racemic levels present in the cooked fish (Figure
5B). The content of 5-S-HETE was significantly reduced by cooking as opposed to 5-R-
HETE.

We then examined the content of more complex lipid oxidation products. The enzymatically
derived prostanoids, PGE2, PGF2α, and PGD2 were all present in the uncooked salmon at
levels much lower than MHFAs (Figure 6). Cooking reduced the levels of these eicosanoids
at least 10-fold, in many cases to below the LOQ of our detection method (6ng/100g). In
uncooked salmon, levels of PGE2 (339 ± 55 ng/ 100g, 6A) were greater than PGF2α (225 ±
28 ng/100g, 6C) or PGD2 (10 ± 2 ng/100g, 6E). Similar to the loss of enzymatically-derived
prostaglandins, cooking reduced the levels of the isoprostanes, 8-iso-PGF2α, and 8-iso-PGE2
(Figure 6B,D).

We examined the content of DHA-derived resolvins D1 and D2. Levels of both anti-
inflammatory molecules were approximately 10 ng/100 gram of uncooked fish and were
reduced to below our LOQ by cooking of the fish (Figure 6).

One potential explanation for loss of lipid oxidation products is the melting of lipids and
lipid oxidation products from the salmon flesh during baking. In order to test this possibility,
we determined phospholipid fatty acid content in the raw and plain-baked salmon. There
was no change in total phospholipid fatty acid content as a result of baking (supplementary
data, S2). There were losses in the very minor fatty acids, eicosenoic acid (20:1n-9) and the
n-3 analog of eicosatetraenoic acid (20:4n-3); however these changes represented < 2% of
the total n-9 and n-3 fatty acids. There were no other changes in n-3, n-6, or n-9 fatty acids.

Discussion
Consumption of fish high in n-3 fatty acids, specifically EPA and DHA, is recommended as
a means to reduce risk for cardiovascular disease and reduce the risk for other inflammatory
diseases. Concerns exist regarding the extent to which cooking of fish may lead to the
formation of potentially deleterious lipid oxidation products. On the other hand, oxidation of
n-3 fatty acids may lead to the formation of cytoprotective products. Little work has been
performed examining the speciation of fatty acid lipid oxidation products in high, n-3 fish
like salmon. Measurements of total peroxide or conjugated diene values (3, 7), while useful,
overlook contributions of individual fatty acid species. In this work, we examined the extent
to which baking alters the levels of specific fatty acid oxidation products and if salmon
contained levels of fatty acid oxidation products of significance to human health.
Surprisingly, our data demonstrated that baking selectively reduced the values of ARA,
EPA, and DHA-derived oxidation products but not those from linoleic acid.
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Total levels of MHFA (a summation of total HODE, HEPE, and HETE analyzed) were
unchanged by baking of the salmon. Our data are similar to those obtained by Al-Shagir and
colleagues in which frying alone minimally elevated (<15%) levels of conjugated dienes and
peroxides in the fat extracted from the fish. It is surprising that HODE were found at greater
levels than HETE or HEPE analyzed although levels of linoleic acid (18:2n-6) were less
than those of ARA or EPA in the salmon. However, our assays only determined 4 out of the
8 HETE region-isomers and 3 out of the 10 possible HEPE region-isomers. Thus the
contribution of HETE and HEPE to total MHFA is underestimated compared to HODE in
which the dominant region-isomers (9-HODE and 13-HODE) were determined.

Our data indicate fatty acid specific losses of MFHA, specifically selective loss of MHFA
regio-isomers. Because EPA and ARA differ with the addition of an ethenyl bond but not
total carbons, we can assess similarities exist owing to the carbon position of the hydroxyl
group. The losses of the 5-hydroxy MFHA, 5-HETE and 5-HEPE, suggest that the
placement of hydroxyl group proximal to the glycerol backbone of the phospholipid or
triacylglycerol molecule influence subsequent breakdown of the MHFA to other products.
This may explain the lack of effects on HODE in which the hydroxyl group is further away
from the glycerol backbone. On the other hand, there was no other correlation between the
12-HETE and 12-HEPE or 15-HETE and 15-HEPE. Given that losses in MHFA occurred in
all EPA-derived products, but only one of the ARA-derived MFHA, suggest that the larger
number of double bonds of EPA is allowing for subsequent oxidation reactions of HEPE to
occur over HETE or HODE. Similar effects of n-3 PUFA upon n-6 PUFA have been
observed (22, 23).

Raw salmon contained appreciable amounts of the enzymatically derived prostanoids, PGE2
and PGF2α while the levels of other prostanoids were minimal. We estimate that the PGE2
content to be approximately 10 nM concentration in the intact fish meat prior to digestion.
The extent to which prostanoids derived from dietary sources are able activate cellular PGE2
receptors following passage from the lumen of the gut is not known. However, dietary
derived PGE2, and potentially PGF2α, could have effects on the gut. A 10 nM concentration
of PGE2 is able to activate PGE2 receptors which regulate water and chloride absorption
(24–27). Indeed the Kd of PGE2 for the EP3 and EP4 isoforms of the PGE2 receptor is
below 1 nM, and the EP3 and EP4 subclasses are both highly expressed in the gut (28, 29).
The extent to which dietary-derived prostanoids could then reach effective concentrations in
the blood for cardiovascular benefit is questionable.

The fact that isoprostanes were reduced, but not elevated, by baking indicates that elevating
the internal temperature of the fish to 63° C (145° F) does not cause significant oxidative
damage to the ARA present in the fish. While one possibility is that any isoprostanes formed
during heating could have been subsequently degraded, we find this unlikely given
numerous data showing increases in isoprostane/neuroprostane formation under highly
oxidizing conditions such as iron/ascorbate incubation for several hours (30). Thus, even in
the presence of prostanoid degradation, we would have expected to still see an increase in
isoprostane content with baking. While we did not specifically measure EPA-derived F3-
isoprostanes, we suspect that similar losses of F3-isoprostanes would occur with baking. Our
data suggest that the basis for the reduction in content of prostanoids and resolvins is likely
the result of thermal degradation of these hydroxylated molecules. Given that there was no
loss of fatty acids from the salmon as a result of baking, it is unlikely that the losses of lipid
oxidation products were the result of their melting from the salmon tissue.

We examined the extent to which inclusion of coatings may alter the formation or loss of
lipid oxidation products as a result of baking. Inclusion of antioxidant food extracts has been
used to limit lipid oxidation (31, 32). There was no consistent effect of the type of baked
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coatings upon fatty acid oxidation products. While the coatings inhibited the baking-induced
increase in HODE content, the coatings were not able to block the decreases on multiple
HEPE as well as the prostanoids and resolvins. Interestingly, the dill coating did appear to
reduce the loss of 5-HETE and 5-HEPE; however, the mechanisms underlying this effect are
not clear.

In summary, our data indicate that baking of farm-raised Atlantic salmon does not increase
levels of oxidative damage to PUFA, but rather leads to the decrease of pre-existing
oxidation products in a species-dependent manner, perhaps through thermal degradation.
While detectable levels of prostanoids and resolvins were present in raw salmon, they were
largely ablated by cooking. Furthermore, our data indicate that baking does not cause of loss
of PUFA from the fish. Thus, baking of salmon is an acceptable means of preparation that
does not alter the potential health benefits of high n-3 seafood consumption. Our analyses do
not comprise a complete lipidomic characterization of the possible lipid oxidation products.
However, we addressed several analytes of potential biological relevance. The extent to
which the levels of MHFA, prostanoids and resolvins in the raw or baked fish have
physiologic consequence for humans needs to be determined.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Baking does not alter total mono-hydroxy fatty acids (MHFA) in salmon. Salmon samples
(raw and baked) were analyzed for several MFHAs. The total amount of MHFA per 100
gram serving was obtained by summation of the content of 9- and 13-HODE, 5-,8-,12-, and
15-HETE, and 5-,12-, and 15-HEPE determined in each sample. Data presented are the
mean ± S.D. of three, independently prepared and analyzed salmon samples.
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Figure 2.
Baking increases linoleate-derived HODE levels in salmon. (A) The total content of HODE
(summated 13- and 9-HODE content) was significantly elevated by baking. Note that some
coatings clearly reduced the increase in total HODE content. 13-HODE (B) but not 9-HODE
(C) content is elevated in salmon by baking. Data presented are the mean ± S.D. of three,
independently prepared and analyzed salmon samples. * denotes p < 0.05 using a one-way
ANOVA with Dunnett's multiple comparison test comparing samples to the control “Raw”
sample.

Raatz et al. Page 12

J Agric Food Chem. Author manuscript; available in PMC 2012 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Baking selectively decreases 5-HETE levels in salmon. (A) Content of HETE (summated 5-,
8-, 12-, and 15-HETE) was significantly reduced by baking regardless of coatings. (B) 5-
HETE content was reduced in most groups compared to control, raw, salmon. 8-HETE (C)
and 12-HETE (D) content were not altered. 15-HETE content (E) was reduced by baking, a
result inhibited by coating of the salmon. Data presented are the mean ± S.D. of three,
independently prepared and analyzed salmon samples. * denotes p < 0.05 using a one-way
ANOVA with Dunnett's multiple comparison test comparing samples to the control “Raw”
sample.
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Figure 4.
Baking reduces EPA-derived HEPE in salmon. (A) Content of HEPE (summated 5-, 12-,
and 15-HEPE content) was significantly reduced by baking regardless of coatings compared
to control, raw, salmon. (B) 5-HEPE content was reduced in most groups compared to
control, raw, salmon. 12-HEPE (C) content and 15-HEPE content (D) were reduced by
baking, an effect not blocked by the coatings. Data presented are the mean ± S.D. of three,
independently prepared and analyzed salmon samples. * denotes p < 0.05 using a one-way
ANOVA with Dunnett's multiple comparison test comparing samples to the control, “Raw”
sample.
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Figure 5.
Baking alters the enantiomeric ratio of 5-S/R-HETE and 9-S/R-HODE. (A) An enantiomeric
ratio of 5-S-HETE:5-R-HETE of 3.3 was observed in raw salmon samples versus the nearly
racemic content found in baked salmon samples. Note that while the levels of 5-R-HETE
was not altered, the content of 5-S-HETE was significantly reduced by baking in all
samples. (B) An enantiomeric ratio of 9-S-HODE:9-R-HODE of 4.2 was observed in raw
salmon samples versus the nearly racemic content found in baked salmon samples.
Significantly elevated content of 9-R-HODE was observed in the plain cooked and lemon/
garlic coated salmon versus the control, raw salmon. Data presented are the mean ± S.D. of
three, independently prepared and analyzed salmon samples. * denotes p < 0.05 using a one-
way ANOVA with Dunnett's multiple comparison test comparing samples to the analogous
enantiomer in the control, “Raw” sample.
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Figure 6.
Baking reduces prostanoid content of salmon. The content of enzymatically- derived (PGE2,
PGF2α, and PGD2) and non-enzymatically-derived (8-iso-PGE2 and 8-iso-PGF2α)
prostanoids were determined in raw and baked salmon. PGE2 (A) and PGF2α (C) had the
highest levels in raw salmon. The content of the isoprostanes 8-iso-PGE2 and 8-iso-PGF2α
were both reduced by baking suggesting that de novo lipid peroxidation of ARA did not
occur. Levels of all prostanoids (except PGE2) measured were decreased below the limit of
quantitation (LOQ) by baking. Data presented are the mean ± S.D. of three, independently
prepared and analyzed salmon samples. * denotes p < 0.05 using a one-way ANOVA with
Dunnett's multiple comparison test comparing samples to the control, “Raw” sample.
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Figure 7.
Baking reduces resolving D1 and resolvin D2 content of salmon. (A) Resolvin D1 content in
raw salmon samples was 8.8 ± 3.9ng per 100g. All baked samples had resolvin D1 content
below the limit of quantitation (LOQ) of the assay. (B) Resolvin D2 content in raw salmon
was 10.1 ± 1.9 ng per 100 g. All baked samples had resolvin D2 content below the limit of
quantitation (LOQ) of the assay. Data presented are the mean ± S.D. of three, independently
prepared and analyzed salmon samples.
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Table 1

Salmon recipes

Recipe Ingredients Grams

Plain salmon Salmon, raw 90.0

Butter 10.0

Dill salmon Salmon, raw 90.0

Dill, dry 0.2

Onion powder 0.5

Butter 10.0

Barbecue salmon Salmon, raw 90.0

Barbecue sauce 10.0

Italian salmon Salmon, raw 90.0

Italian seasoning 2.0

Butter 10.0

Lemon garlic salmon Salmon, raw 90.0

Lemon juice 5.0

Lemon pepper 2.0

Garlic 2.0

Butter 10.0

Teriyaki salmon Salmon, raw 90.0

Teriyaki sauce 10.0
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