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Abstract
Aim: Fish-oil omega-3 polyunsaturated fatty acids (n-3 PUFAs) are mostly esterified to the sn-2 position of triglycerides, while in
seal-oil triglycerides, these are mostly esterified to the sn-1 and -3 positions. We investigated whether fish-oil and seal-oil feeding has a
different effect on the regulation of lipid metabolism and oxidative stress in BioF1B hamsters.
Methods: BioF1B hamsters were fed high fat diets rich in fish-oil or seal-oil for 4 weeks, and fasted for 14 hours prior to blood and
tissue collection.
Results: Plasma and hepatic lipids and lipid peroxidation levels were significantly lower in seal-oil-fed hamsters as compared to
those fed fish-oil. There was a selective hindrance of clearance of lipids in fish-oil-fed hamsters as reflected by higher levels of plasma
apoB48.
Conclusion: Differences in the fatty acid composition and positional distribution of n-3 PUFAs in triglycerides of fish-oil and seal-oil
are suggested to trigger metabolic differences.
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Introduction

Fish-oil is a rich source of long chain omega-3 (n-3)
polyunsaturated fatty acids (PUFAs), especially eicosapentaenoic acid (EPA; 20:5) and docosahexaenoic
acid (DHA; 22:6), which have the potential to
be anti-atherogenic agents due to their hypolipidemic,
anti-thrombotic and anti-atheromatous effects.1–3
Although the hypotriglyceridemic effects of fish oil
are well known,4,5 the effects on plasma total cholesterol and low density lipoprotein (LDL)-cholesterol
levels are not well established, because some studies
have shown elevated total and LDL-cholesterol levels after the feeding of a diet rich in fish-oil.6–8
Another marine source that is rich in long chain n-3
PUFAs, with a comparable profile to fish-oil in terms
of its n-3 PUFAs, is seal-oil. The Greenland Eskimo
population not only consumed high amounts of fish,
but seal and whale were also major components of
their diet.9 Seal-oil has a different structural arrangement in its triglyceride molecule (TG) as compared
to fish-oil in terms of the pattern of its intramolecular distribution of n-3 PUFAs.10–12 A major proportion
of long chain n-3 PUFAs, such as EPA and DHA, in
seal-oil TG are distributed mainly in the sn-1 and -3
positions, as opposed to the sn-2 position in fish oil
TG.10–12 Differences in intramolecular distribution of
n-3 PUFAs in these two marine oils have been suggested to cause different effects on the regulation of
lipid metabolism.10,11 While n-3 PUFA from fish oil
are primarily absorbed as sn-2 monoacylglycerols,
these are absorbed as free fatty acids (FA) upon seal
oil consumption. Differences in intramolecular distribution, however, were suggested to have no influence
on the rate of absorption of n-3 PUFAs from these
two marine oils.13
BioF1B hamster, a hybrid strain, is genetically susceptible to diet-induced hyperlipidemia and atherosclerosis. In our previous studies,14,15 we have shown
that the feeding of a high fat diet supplemented
with fish-oil resulted in milky plasma, with elevated
plasma TG, very low-density lipoprotein (VLDL)and (LDL)-cholesterol levels even after 14 hours of
fasting, as compared to other mixed fat sources in
BioF1B hamsters. The incidence of fish-oil-induced
hyperlipidemia was more specific to the BioF1B
hamsters compared to Golden Syrian hamsters.16
The BioF1B hamster was also found to have significantly lower post-heparin lipoprotein lipase (LPL)
8

activity and reduced mRNA expression of adipocyte
LPL, compared to the GS hamsters.16 The activity of
LPL has been reported to have relative preference
for the sn-1 and -3 positions as compared to the sn-2
position.17 Since the BioF1B hamster has significantly
lower LPL activity as compared to the GS hamster,
the BioF1B hamster provides an ideal experimental
condition for the evaluation of metabolic differences,
which could be triggered by differences in intramolecular distribution of long chain n-3 PUFAs in fishoil and seal-oil.
We hypothesized that the regulation of lipid and
lipoprotein metabolism in BioF1B hamsters fed with
seal oil would be different from those fed with fish oil.
It was further hypothesized that the level of oxidative
stress would be lower in seal-oil-fed BioF1B hamsters, compared to fish-oil-fed hamsters. We found
that the BioF1B hamsters fed seal oil did not have
milky plasma as opposed to fish oil feeding. We further observed that the plasma and hepatic lipid levels
were significantly lower in seal -oil-fed BioF1B hamsters, compared to fish-oil-fed hamsters, along with
reduced levels of oxidative stress. Polymorphisms
exist in the LPL gene in the human population, which
are known to affect LPL activity.18 The BioF1B hamster may be an ideal animal model for human LPL
deficiency, thus findings from this study will establish
whether dietary treatments using n-3 PUFAs should
also consider the intramolecular distribution of fatty
acids in the TG molecule, especially under LPL deficiency conditions.

Materials and Methods
Animals and diets

Bio F1B hamsters (male, 7 weeks old) were obtained
from Bio Breeders Inc. (Watertown, MA). During the
initial equilibration period, hamsters were kept on a
regular chow diet for 1 week. Hamsters were then
divided into 2 groups (n = 7) and kept on specified
diets for 4 weeks. The specified diets consisted of custom-made fat-free semi-purified diet (ICN Biomedical Inc., OH, USA) that was either supplemented with
20% (w/w) fish-oil (Menhaden oil, Sigma-Aldrich,
Ontario, Canada) or 20% (w/w) seal-oil (Ocean
Choice Ltd., NL, Canada). The diet composition was
modified from the previously published diet16 and is
given in Table 1. Diets were stored at -20 °C; the
FA composition of different diets was analyzed by
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Table 1. Nutrient composition (g/kg) of fish-oil and seal-oil
diets.1

Table 2. Fatty acid (FA) composition of fish-oil (FO) and
seal-oil (SO) diets.1

Components (g/kg)

Fish-oil

Seal-oil

Fatty acids

FO

SO

Casein
DL-Methionine
Sucrose
Corn starch
Vitamin mix2
AIN mineral mix3
Fibre
Fat

200
3
305
190
11
40
50
200

200
3
305
190
11
40
50
200

Total SFA
Total MUFA
Total PUFA
Total n-3PUFA
Total n-6PUFA
n-3/n-6 ratio
14:0
16:0
16:1 n-7
18:0
18:1n-9
18:2n-6
18:3n-3
18:4n-3
20:1n-9
20:4n-6
20:5n-3
22:5n-3
22:6n-3

32.1
22.2
34.6
31.9
2.7
11.8
11
18
12.2
3.1
8.9
1.9
1.5
3.5
1.1
0.8
12.6
2.2
12.1

18
50.6
28.8
26.5
2.3
11.5
6.5
10.1
16.8
1.4
22.9
1.8
0.6
ND
10.9
0.5
9
5.2
11.7

Notes: 1Semi-purified diets were designed to obtain 200 g/kg fat;
2
Formulated to meet the national requirements (National Research
Council, 1995). Vitamin A, 25,000 IU; ergocalciferol, 2500 IU; dl-tocopheryl
acetate, 0.25 g; menadione, 6.25 mg; choline dihydrogen citrate, 6 g;
P-aminobenzoic acid, 0.125 g; inositol, 0.125 g; niacin, 0.05 g; calcium
pantothenate, 0.05 g; riboflavin, 0.01 g; thiamine, 0.00625 g; pyridoxin,
0.00625 g; folic acid, 0.0025 g; biotin 0.0005 g; cyanocobalamin,
0.0375 mg; anhydrous dextrose, 6 g; 3Supplied as Alphacel nonnutritive bulk (ICN Biomedicals Inc., OH, USA). Teklad 40055 (per kg
of reconstituted diet): Teklad 170750 (per kg of reconstituted diet):
CaCO3, 1.34 g; MgO, 1.6 g; KH2PO4, 5.15 g; K2SO4, 4.32 g; NaCl, 1.95 g;
NaH2PO4, 1.36 g; CuC6H5O7, 30 mg; FeC6H5O7, 0.35 g; MnC6H5O7,
0.53 g; KI, 0.46 mg; ZnC6H5O7, 85 mg; C6H8O7, 0.14 g.

Gas Liquid chromatography (GLC) using previously
performed methods14–16 and is given in Table 2. The
animals were housed in individual cages in a single room. The room conditions were maintained at
12–12 h light-dark cycles (room was lit from 07:00 to
19:00 h), temperature kept at 23 ± 1 °C and humidity
at 35% ± 5%. Fresh diets were fed to the hamsters
daily and experimental diets and water were given ad
libitum for 4 weeks. Food intake was measured daily
and body weight was measured once a week. No
significant differences were observed in food intake
(5.41 ± 0.21 vs. 6.05 ± 0.56 g/day), body weight
gain (19.18 ± 3.58 vs. 17.07 ± 3.68 g) or liver weight
(5.02 ± 0.9 vs. 4.32 ± 0.6 g) in BioF1B hamsters fed
fish-oil or seal-oil respectively during the 4 weeks of
feeding period. Institutional Animal Care Committee
at Memorial University approved all experiments,
complying with the guidelines of the Canadian Council for Animal Care.

Plasma lipid and lipoprotein profile

At the end of the 4 week feeding period, animals
from each diet group were fasted for 14 h and sacrificed after euthanizing with halothane vapours in
a closed chamber. Blood samples were obtained by
cardiac puncture in tubes containing EDTA and centrifuged immediately at 3000 g for 15 min to separate plasma. Chylomicron fraction was separated
Nutrition and Metabolic Insights 2011:4

Notes: 1Lipids were extracted from fish-oil and seal-oil diets as
explained under the methods. FA composition was determined by gas
liquid chromatography (GLC). SFA, MUFA, PUFA indicates saturated,
monounsaturated and polyunsaturated fatty acids, respectively. FAs are
shown as % of the total fatty acids.
Abbreviation: ND, not detected.

by centrifugation at 15,500 g for 20 min at 12 °C.
 ensity gradient ultracentrifugation was then perD
formed on the remaining plasma to isolate various
lipoprotein fractions, ie, VLDL, LDL and highdensity lipoprotein (HDL).14 Plasma, chylomicrons
and the individual lipoprotein fractions were assayed
for TG and total cholesterol (Kit No. 225-S7 and
236-60, respectively, Diagnostic Chemicals Ltd,
PE, Canada). Remaining plasma samples were kept
frozen at -80 °C until further use.

Hepatic lipid analysis

Liver samples from BioF1B hamsters fed different
diets were immediately freeze clamped in liquid nitrogen and stored at -80 °C until further use. Hepatic
lipids were extracted19 and analyzed for TG and totalcholesterol (Kit No. 225-S7 and 236-60, respectively,
Diagnostic Chemicals Ltd, PE, Canada), and free
cholesterol (Kit No. 274-47109, Wako Chemicals,
VA, USA). Cholesterol ester concentrations were calculated by subtracting free cholesterol concentrations
from total cholesterol concentrations.
9
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Fatty acid analysis of hepatic
and chylomicron lipids

Lipids were extracted from the chylomicron fraction and liver samples using the Bligh and Dyer
method.19 The FA composition of the samples was
determined using GLC according to the previously
published methods.14–16 Menhaden oil FA standards
from Supelco (PUFA No.3, Sigma-Aldrich, Ontario,
Canada) were used for identification and quantification of individual fatty acids.

Western blot analysis of apolipoprotein B
(apoB48 and apoB100)

The western blot analysis was conducted by the
modification of previously published methods.16
Plasma samples containing 30 mg protein were
used for the immunoblotting of apoB. Proteins were
separated using SDS-PAGE (6%) and transferred to
a PVDF transfer membrane (PerkinElmer, Boston,
USA). Antibodies against apoB were obtained from
Calbiochem (California, USA) and for β-actin from
Santa-Cruz (Santa-Cruz Biotechnology Inc., CA).
Apoproteins (apoB48 and -100) and β-actin were
visualized using a secondary bovine anti-goat immunoglobulin (IgG) conjugated to horseradish peroxidase at a dilution of 1:5000 (Santa Cruz, California,
USA). A biotinylated protein ladder/marker (Cell
Signaling, Danvers, USA) was run with each gel.
ApoB48, -100 and β-actin were detected using
Western Lightning Chemiluminescence Reagent Plus
detection system (PerkinElmer, Boston, USA). The
densitometric quantification of immunoreactivity
was performed using Chemi-imager and data was
expressed as apoB48 or -100/β-actin ratio.

Gene expression analysis

Liver total RNA was extracted using TRIZOL reagent
(Invitrogen Life Technologies Inc., Gaithersburg, MD,
USA) and mRNA expression levels for the following
transcription factors were measured by reverse transcription and in vitro DNA amplification: Peroxisome
proliferator activated receptor-a (PPAR-a) (Sense:
5′-GAGAAAGCAAAACTGAAAGCAGAGA-3′,
antisense: 5′-GAAGGGCGGGTTATTGCTG-3′, liver
X-receptor-a (LXR-a) (Sense: 5′-GCAACTCAATGA
TGCCGAGTT-3′, antisense: 5′-CGTGGGAACATC
AGTCGGTC-3′), sterol regulatory-element-binding
protein (SREBP)-1c (Sense: 5′-GCGGACGCAGTC
10

TGGG-3′, antisense: 5′-ATGAGCTGGAGCATGTC
TTCAAA-3′) and SREBP-2 (Sense: 5′-AGCTGG
CAAATCAGAAAAACAAG-3, antisense: 5′-GATT
A A A G T C T T C A AT C T T C A A G T C C A C - 3 ′ ) .
β-actin was used as an internal control (Sense:
5′-GCTACAGCTTCACCACCACA-3′,
antisense:
5′-CATCGTACTCCTGCTTGCTG-3′). The cDNA
was synthesized from total liver RNA (2 mg) using
Superscript reverse transcriptase (Life Technologies,
Burlington, ON, Canada) and used as templates for
in vitro DNA amplification reactions. Transcription
factors and β-actin mRNA sequences were simultaneously amplified using specific primers. No amplification products were detectable in the absence of reverse
transcriptase. The total number of cycles for each PCR
reaction was chosen to remain within the exponential
phase of the reaction. All PCR reactions were performed in triplicate, and the products were resolved
on 1.2% agarose gel. The representative bands were
quantitated using gel documentation system. The
amount of various transcription factors mRNA was
normalized to β-actin mRNA content and expressed
as relative units.

Plasma and liver TBARS assay

Plasma TBARS were assayed using the method of
Ohkawa et al.20 Liver TBARS were assayed similar to plasma TBARS with minor modifications.21
The standards were prepared with 0.1 mmol/L 1,1,
3,3-tetramethoxypropane (dissolved in absolute
ethanol) and 29 mmol/L thiobarbituric acid (TBA)
(dissolved in 8.75 mol/L acetic acid). Liver tissues
(approximately 100 mg) were homogenized in 1 ml
of phosphate buffered saline. The following were
then added to 300 µl of the liver homogenate, 75 µl of
plasma samples or the 1,1,3,3-tetramethoxypropane
standards: 100 µl of 0.9% NaCl, 100 µl of 15%
trichloroacetic acid (TCA), 100 µl of 2.5 mM BHT,
150 µl of TBA and 60 µl of 8.1% sodium dodecyl
sulfate. Tubes were vortexed and kept in a water bath
at 95 °C for 60 min. The samples were cooled on ice
for 10 min, followed by addition of 750 µl n-butanol
and centrifugation at 4400 rpm (4 °C) for 20 min. The
absorbance of the supernatant was read at 532 nm,
where liver supernatant was first filtered through
0.45 µm syringe filters. TBARS concentration was
expressed as malondialdehyde (MDA) mmol/ml
plasma or nmol MDA/mg tissue.
Nutrition and Metabolic Insights 2011:4
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Statistical analysis

The results were analyzed using unpaired t-test
(GraphPad Software Inc., CA). Results were expressed
as group means (n = 7) and ± SEM (standard error of
mean). Differences were considered statistically significant at P # 0.05.

Results
Plasma and chylomicron lipid
and lipoprotein profiles

Plasma samples from BioF1B hamsters fed fish-oil
showed a milky appearance, which is similar to
our previously reported observations.16 However,
it was interesting to notice that milky plasma was
not evident in high fat seal-oil-fed BioF1B hamsters.
Plasma and chylomicron triglyceride concentrations
were significantly higher in fish-oil- fed hamsters as
compared to the seal-oil-fed hamsters (P , 0.0001)
(Fig. 1A and B respectively), the fold increase was
dramatically greater in the chylomicron fraction as
compared to the plasma fraction (~20 fold increase
as opposed to 11 fold increase). Plasma and chylomicron total cholesterol concentrations were also
significantly higher in the fish-oil-fed hamsters
as compared to the seal-oil-fed hamsters; the fold
increase was however similar for plasma and chylomicron fraction (~5 fold increase; P , 0.0001)
(Fig. 1C and D respectively).
The concentrations of TGs and total cholesterol
in various lipoprotein fractions from BioF1B hamsters fed fish-oil or seal-oil are given in Figure 2
(A and B). The plasma lipid parameters showed
significantly lower concentrations for seal-oil-fed
BioF1B hamsters as compared to fish-oil-fed BioF1B
hamsters. Seal-oil feeding as compared to fish-oil
feeding resulted in significantly lower TGs in VLDL
(1.50 ± 0.20 vs. 15.84 ± 2.85 mmol/L; P , 0.0001),
LDL (0.85 ± 0.09 vs. 8.90 ± 1.54 mmol/L; P , 0.01)
and HDL (0.32 ± 0.04 vs. 5.10 ± 1.7 mmol/L; P , 0.01)
(Fig. 2A). Analysis of different lipoprotein fractions
for total cholesterol concentration showed that sealoil fed BioF1B hamsters had significantly lower concentrations as compared to fish-oil feeding for VLDL
(1.56 ± 0.20 vs. 7.95 ± 1.06 mmol/L; P , 0.0001), LDL
(2.17 ± 0.32 vs. 6.92 ± 1.09 mmol/L; P , 0.0001) and
HDL (1.26 ± 0.09 vs. 4.25 ± 0.69 mmol/L; P , 0.005)
(Fig. 2B).
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Hepatic lipid profile

Hepatic TG concentrations were significantly lower
in seal oil fed BioF1B hamsters as compared to the
fish-oil-fed hamsters (6.0 ± 0.48 vs. 7.9 ± 0.75 mg/g
tissue; P = 0.004) (Fig. 3A). Significant differences
were also observed for hepatic total cholesterol, cholesteryl esters and free cholesterol concentrations in
response to different marine oils (Fig. 3B–D), where
seal-oil-fed BioF1B hamsters had significantly lower
concentrations as compared to the fish-oil-fed hamsters
for total cholesterol (4.74 ± 0.57 vs. 8.95 ± 1.00 mg/g
tissue; P , 0.0001), cholesteryl esters (2.56 ± 0.45 vs.
5.83 ± 0.50 mg/g tissue; P , 0.0001) and free cholesterol (2.18 ± 0.12 vs. 3.13 ± 0.28 mg/g tissue;
P , 0.0001). While hepatic total cholesterol and
cholesteryl ester concentrations were higher by 89%
and 128% respectively in fish-oil-fed hamsters as
compared to seal-oil-fed hamsters, relatively smaller
increases were observed for TG (32% increase) and
free cholesterol (43% increase).

Fatty acid composition of lipids
in chylomicron fractions

Table 3 shows the FA composition of lipids of chylomicron fractions of the two experimental groups.
Fish-oil-fed BioF1B hamsters had significantly higher
proportion of long chain n-3 PUFAs such as C20:5
and C22:6 as compared to the seal-oil- fed hamsters.
In contrast, those fed with seal oil had higher amounts
of C16:0, 18:0, 18:1 n-9 and C18:2n-6. The sum total
of n-3 PUFAs in fish-oil-fed hamsters was almost
twice that of seal-oil-fed hamsters.

Apolipoprotein-B expression

To determine the origin of various lipoproteins, western blot analysis was performed for plasma apoB48
and apoB100 of BioF1B hamsters fed with fish-oil
and seal-oil rich diets (Fig. 4). As compared to fishoil-fed BioF1B hamsters, the seal-oil- fed hamsters
had significantly lower levels of apoB48, as well as
apoB100 (P , 0.0001). The apoB48/apoB100 ratio
for seal-oil and fish-oil hamsters was 0.27 and 0.66
respectively.

Gene expression analysis

The hepatic mRNA expression of various transcription
factors involved in lipid and lipoprotein metabolism
11
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Figure 1. The plasma and chylomicron triglyceride and cholesterol concentrations were lower in seal-oil-fed hamsters. BioF1B hamsters were fed high
fat diets enriched in fish-oil (open) or seal-oil (slid) for 4 weeks. Fasting plasma and chylomicron samples were collected to assay for triglycerides and
total cholesterol. Triglyceride concentrations are shown in Panel A (plasma) and B (chylomicrons), and cholesterol concentrations are shown in panel C
(plasma) and D (chylomicron).Values given are means ± SEM (n = 7) analyzed by unpaired student t-test.

was measured to investigate whether fish-oil or sealoil supplementation had a differential effect. Seal-oil
feeding significantly reduced the levels of SREBP-1c
mRNA expression in BioF1B hamsters as compared
to fish-oil feeding (20% reduction in seal oil fed
compared to fish oil fed hamsters) (Fig. 5), however
no changes were observed for PPAR-α, LXR-α and
SREBP-2 (data not shown).

Plasma and liver TBARS

The extent of lipid peroxidation in fish-oil and sealoil-fed hamsters was evaluated using TBARS assay
(Fig. 6). Hamsters fed seal-oil showed significantly
lower levels of lipid peroxides (P , 0.001) in plasma
as compared to fish-oil-fed hamsters (68% reduction in seal-oil fed hamsters as compared to fish-oil
fed hamsters) (Fig. 6A). Furthermore, seal-oil-fed
hamsters had significantly reduced levels of liver
TBARS (Fig. 6B) as compared to fish-oil-fed hamsters

12

(27% reduction in seal-oil fed hamsters as compared
to fish-oil fed hamsters) (P , 0.01).

Discussion

Seal-oil, a rich source of n-3 fatty acids, differs from
fish-oil both in the type of FA and the positional distribution of fatty acids in the TGs.10–13 The n-3 PUFAs
in seal-oil are mainly located at the sn-1 and sn-3
positions, while those in fish-oil are mainly located
at the sn-2 position.10–12 We investigated the metabolic actions of dietary seal-oil as compared to fishoil under conditions of low LPL activity as found in
the BioF1B hamster. BioF1B hamster, a hybrid strain,
is genetically susceptible to diet-induced hyperlipidemia and atherosclerosis.22,23 We report, for the first
time, that in contrast to the feeding of a high fat diet
with fish-oil, feeding seal-oil did not cause milky
plasma after an overnight fast. The concentrations
of TGs and total cholesterol levels in plasma,
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Figure 2. Individual lipoprotein fractions showed lower concentrations of triglyceride and cholesterol in seal-oil-fed hamsters. BioF1B hamsters were fed
high fat diets enriched in fish-oil (open) or seal-oil (hatched) for 4 weeks. Fasting plasma samples were collected and lipoprotein fractions were separated by density gradient centrifugation as explained under the methods section. Plasma lipoprotein fractions were assayed for triglycerides (A) and total
cholesterol (B). Values given are means ± SEM (n = 7) analyzed by unpaired student t-test.

c hylomicron and individual lipoprotein fractions, as
well as hepatic lipid levels were significantly lower
in seal-oil-fed hamsters as compared to fish-oil-fed
hamsters. Moreover, seal-oil-fed hamsters showed
lower levels of oxidative stress as compared to the
fish-oil-fed hamsters. Differences in the intramolecular distribution of n-3 PUFAs in two marine oils are
likely responsible for the differential effects in in-vivo
metabolism of lipids.10–13
Lack of milky plasma in seal-oil-fed hamsters as
compared to fish-oil feeding suggests rapid clearance
of chylomicron remnants and/or (VLDL) from sealoil-fed hamsters. LPL has a relative preference for the
sn-1 and sn-3 positions in TG molecules as compared
to the sn-2 position.17 The FA profile of chylomicron

Nutrition and Metabolic Insights 2011:4

lipids showed that EPA and DHA concentrations in
fish-oil-fed BioF1B were significantly higher as compared to those fed seal-oil suggesting that the hydrolysis
of these fatty acids from TG in chylomicron particles
may not be efficient in fish-oil-fed BioF1B hamsters as
compared to those fed with seal oil. Ackman24 has previously suggested that when EPA and DHA are present
at the sn-2 position of TG of the chylomicrons, then
these are transported to the liver, whereas, those at the
sn-1 and sn-3 position are transported to peripheral tissues thus resulting in a different rate of clearance of
chylomicrons. It is likely that n-3 PUFA at the sn-1
and -3 positions from seal-oil are distributed to various
tissues differently as compared to fish-oil, which needs
to be investigated in the future.
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Figure 3. Hepatic lipid concentrations were lower in BioF1B hamsters fed a diet enriched in seal-oil. BioF1B hamsters were fed high fat diets enriched in
fish-oil (open) or seal-oil (solid) for a period of 4 weeks. Liver lipids were isolated and assayed for triglycerides (A), total cholesterol (B), cholesteryl esters
(C) and free cholesterol (D) as mentioned in the methods section. Values given are means ± SEM (n = 7) analyzed by unpaired t-test.

Seal oil feeding in BioF1B hamsters also showed
markedly lower levels of plasma apoB48 and
apoB48/100 ratio as compared to fish-oil feeding, indicating lower levels of intestinally derived
lipoproteins. Previously, we reported that apoB48
and -100 protein levels were elevated in BioF1B hamsters fed fish-oil as compared to MUFA.16 Elevated
plasma apoB48 expression in fish-oil-fed BioF1B
hamsters even after a 14 h fast indicated the presence
of lower-density lipoproteins, seen as milky plasma,
which was absent in seal-oil-fed BioF1B hamsters.
Reduced post-heparin LPL activity was previously
shown to be associated with an increased accumulation of chylomicron-like particles in BioF1B
hamsters.16,23 Overall, a combined effect of low LPL
activity and differences in positional distribution of
n-3 PUFAs may have resulted in milky plasma in
hamsters fed with fish-oil.
Besides other differences in seal-oil and fish-oil,
seal-oil also contains higher levels of MUFA as compared to fish-oil. As shown in Table 2, the MUFA
content in seal-oil diet is 51% as compared to 22% in
fish-oil diet. The increased MUFA content of seal-oil
14

may have also contributed to reduction of hepatic and
plasma lipids due to the known hypolipidemic effects
of MUFA.26,27 We have previously shown that a diet
rich in MUFA had significantly lower levels of plasma
and hepatic lipids as compared to fish-oil feeding.16
Comparison of our previous data from BioF1B hamsters fed a MUFA rich diet to seal-oil-fed BioF1B
hamsters revealed that the plasma cholesterol levels of
various lipoprotein fractions were similar to the levels of MUFA fed hamsters (data not shown). However
the plasma TG levels were dramatically lower in sealoil-fed hamsters as compared to the MUFA fed hamsters (data not shown) suggesting a combined effect
of MUFA and n-3 fatty acids. It will be important to
delineate the effects of individual fatty acids along
with the positional distribution of fatty acids on the
regulation of lipid metabolism in the future studies.
In addition to the plasma parameters, the BioF1B
hamsters fed with seal-oil also showed significantly
lower hepatic lipid levels as compared to the fish-oil-fed
hamsters. Seal-oil-fed BioF1B hamsters showed 50%
reduction in total hepatic cholesterol, suggesting that
seal-oil specifically alters the regulation of metabolic
Nutrition and Metabolic Insights 2011:4
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Table 3. Fatty acid composition of chylomicron lipids in
fish-oil (FO) and seal-oil (SO)1 fed groups.

Notes: 1Lipids were extracted from plasma of BioF1B hamsters fed a high
fat diet enriched in fish-oil or seal-oil as explained under the methods. FA
composition was determined by gas liquid chromatography (GLC). SFA,
MUFA, PUFA indicates saturated, monounsaturated and polyunsaturated
FA, respectively. The values are expressed as Mean ± SEM and values
in the same row that do not represent the same superscript letters are
significantly different at P , 0.05. FAs are shown as % of the total fatty
acids.
Abbreviation: ND, not detected.

pathways involved in hepatic cholesterol metabolism.
It has been shown that dietary seal-oil inhibits the action
of fatty acid synthase (FAS), glucose-6-phosphate
dehydrogenase (G6PDH) and hepatic triacylglycerol
lipase (HTGL).11 Liver is the most important organ
that is involved in the regulation of lipid metabolism.
Recent studies indicate the involvement of several
transcription factors in this regulatory mechanism
such as: peroxisome proliferator activated receptors
(PPAR), liver-x receptor (LXR-α), SREBP-1c and
SREBP-2.28,29 We observed no significant differences
in the gene expression of hepatic PPAR-α, LXR-α and
SREBP-2 (Data not shown). However, seal-oil-fed
BioF1B hamsters showed significantly reduced hepatic
SREBP-1c mRNA expression as compared to the fishoil-fed BioF1B hamsters. Thus, reduced plasma and
hepatic lipid levels in seal-oil-fed BioF1B hamsters in
our study can be partially explained by suppression of
lipogenesis due to lowered SREBP-1c activity.
Earlier studies have also suggested that seal-oil is
resistant to oxidants as compared to fish-oil.30 Sealoil-fed BioF1B hamsters showed significantly lower
Nutrition and Metabolic Insights 2011:4
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Figure 4. ApolipoproteinB (apoB) in BioF1B hamsters fed fish-oil or seal-oil
enriched diets. BioF1B hamsters were fed high fat diets enriched in fish-oil
or seal-oil for a period of 4 weeks. Proteins were separated using SDSPAGE (6%) and transferred to a nitrocellulose membrane. ApoB and β-actin
proteins were detected by western blotting as described in the methods section. Two representative samples from each dietary treatment are shown
(A). The expression of apoB100 (B) and apoB48 (C) was normalized to
the expression of β-actin after densitometric scanning of western blots of
plasma from fish-oil (open) and seal-oil (solid) fed hamsters. Values given
are means ± SEM (n = 7) analyzed by unpaired t-test.

levels of lipid peroxidation products in both plasma and
liver samples as compared to those fed with fish-oil.
The changes in plasma TBARS levels were highly
pronounced than the changes in liver. The plasma
malondialdehyde levels in seal-oil-fed BioF1B hamsters were almost one-third of that observed for fishoil-fed BioF1B hamsters. The possible explanation for
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Figure 5. Seal oil feeding inhibited the gene expression of SREBP-1c.
BioF1B hamsters were fed high fat diets enriched in fish-oil (open) or
seal-oil (solid) for a period of 4 weeks. Hepatic total RNA was extracted
and SREBP-1c mRNA levels were measured using specific primers as
described under the methods section. The expression of SREBP-1c was
normalized to β-actin and expressed as relative units. Values given are
means ± SEM (n = 7) analyzed by unpaired t-test.
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Figure 6. TBARS levels were lower in BioF1B hamsters fed a diet enriched in seal-oil. BioF1B hamsters were fed high fat diets enriched in fish-oil (open)
or seal-oil (solid) for a period of 4 weeks. Plasma (A) and liver (B) samples were assayed for TBARS as mentioned in the methods section. Values given
are means ± SEM (n = 7) analyzed by unpaired t-test.

differences in oxidation product levels in response to
the two n-3 PUFA rich marine oils could be due to the
fact that the long chain n-3 PUFAs in seal-oil are relatively more stable and less prone to lipid peroxidation
than in fish-oil.30 The role of long chain n-3 PUFA in
fish oil in modulation of oxidative stress is also not
conclusive, because EPA has been reported to enhance
hepatic anti-oxidant defence in mice,31 whereas long
chain n-3 PUFA rich fish-oil has been reported to
increase the MDA level, an indicator of lipid peroxidation in rats.32 On the other hand, MUFA enriched
diets have been shown to improve the oxidative stability in tissue lipids,33 which may be responsible for
reduced oxidative stress in seal-oil-fed hamsters due
to higher content of MUFA.
In conclusion, our findings, for the first time, compared the effects of fish-oil vs. seal-oil in BioF1B hamsters, an inbred hamster strain that has low LPL activity.
In contrast to dietary fish-oil, seal-oil feeding did not
induce milky plasma in the BioF1B hamsters. Sealoil feeding showed lower lipid levels in plasma and
liver, along with reduced plasma and hepatic oxidative
stress as compared to fish-oil feeding. Results from our
findings suggest that human population with LPL deficiency may have greater health benefits from seal-oil
supplementation when compared to fish-oil. Further
studies are however warranted to explore the effect
of intramolecular distribution of fatty acids in the TG
molecule on the regulation of metabolic pathways,
16

and to further understand the molecular mechanisms
responsible for the differential response to fish-oil and
seal-oil. Studies are also warranted to explore whether
genetic polymorphisms in the LPL gene are responsible for this differential effect by using other animal
models of LPL deficiency, ie, LPL knockout mice.34
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