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Abstract
Objective—The objective for this study was to investigate the effects of a high-fat diet
supplemented with fish oil or olive oil on metabolic features associated with type 2 diabetes fed to
C57BL/6J mice for an extended period.

Methods—Mice were fed one of four diets: a low-fat diet, a high-fat diet supplemented with lard,
a high-fat diet supplemented with fish oil, or a high-fat diet supplemented with olive oil for 30 wk.
Phenotypic and metabolic analysis were determined at 15 and 25–30 wk, thereby providing
comparative analysis for weight gain, energy consumption, fat distribution, glucose and insulin
tolerance, and hepatic/plasma lipid analysis.

Results—Mice fed a high-fat diet supplemented with fish oil had improved glucose tolerance
after an extended period compared to mice fed a high-fat diet supplemented with lard. Moreover,
mice fed a high-fat diet supplemented with fish oil diet had significantly decreased concentrations
of liver cholesterol, cholesteryl ester, and triacylglycerol compared to mice fed a high-fat diet
supplemented with either lard or olive oil.

Conclusion—Mice fed a high-fat diet supplemented with fish oil improved metabolic features
associated with type 2 diabetes such as impaired glucose tolerance and hepatic steatosis.
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Introduction
The obesity pandemic serves as a major risk factor for chronic and life-threatening
comorbidities, including hepatic steatosis, dyslipidemia, and type 2 diabetes (T2D) [1].
Recent genome-wide association studies have identified a number of obesity and T2D
susceptibility genes, most of which are suspected to interact with environmental factors [2,
3]. It is therefore necessary to investigate how the fatty acid composition of high-fat diets
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influences the etiology and pathophysiology of these complex nutrition-related metabolic
diseases.

In the last decade, appropriate mouse models fed a high-fat diet represent the best means for
obtaining novel insight with regard to altered human metabolism and consequently obesity
and T2D [4]. Studies have determined that wild-type C57BL/6J mice are genetically
susceptible to obesity, impaired glucose tolerance, and T2D when a high-fat diet, but not a
low-fat diet, and therefore represent an ideal animal model for investigating these metabolic
diseases [5, 6]. Moreover, studies indicate that C57BL/6J mice are susceptible to the fatty
acid composition of high-fat diets, resulting in the manifestation of altered disease
phenotypes [7]. For instance, a high-fat diet supplemented with fish oil has been reported to
reduce adiposity and body weight, along with lessening adipose inflammation and inhibiting
lipid synthesis [8, 9].

The high-fat diets and time intervals for these studies varies widely, and despite using the
C57BL/6J mouse model, the results vary as well. Therefore, the present study used C57BL/
6J mice fed high-fat diets (a total of 45% kcal from fat) supplemented with 10% lard, 10%
fish oil, or 10% olive oil, to investigate the health effects in relation to metabolic features
associated with T2D.

Materials and methods
Mice

Wild-type male C57BL/6J weanling mice were obtained from The Jackson Laboratory (Bar
Harbor, ME) and maintained at The University of New Mexico Health Sciences Center
Animal Resources Facility according to Institutional Animal Care and Use Committee
(IACUC) guidelines. The mice were housed (4 mice/cage) in a room maintained at 23–24°C,
31–32% humidity, with an alternating 12 h light and dark cycle, and fed diets with water ad
libitum. The mice and food were weighed weekly up to 30 wks of age, after which mice
were killed using CO2 asphyxiation.

Diets
The energy balanced diets: i) a low-fat diet (LF, D07021301), ii) a high-fat diet
supplemented with lard (HF, D07021302), iii) a high-fat diet supplemented with fish oil
(FO, D07021303), and iv) a high-fat diet supplemented with olive oil (OO, D07021304)
were formulated and produced by Research Diets (New Brunswick, NJ). The detailed
composition of these diets is provided in Table 1. The LF diet served as the negative control
diet while the HF diet specifically designed to mimic the average western-type diet served as
the positive control diet. It must be noted that the FO and OO diets still contain 75% lard as
the HF diet, therefore in the FO and OO diets the fish oil or olive oil ingredient replaces
25% of the lard to sustain the same kcal% from fat in these high fat diets. The fatty acid
profiles of these high fat diets, aside from LF diet, which was used as a negative control,
does not differ (Supplementary Table 1).

Glucose and insulin tolerance tests
Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were performed at 15 and 25
weeks of age, and 16 and 26 weeks of age, respectively, to determine the presence of
glucose intolerance and insulin sensitivity as previously described [10]. The Precision Xtra
Advanced Diabetes Management System (Abbott Diabetes Care Inc., Alameda, CA) was
used to measure blood glucose.
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Concentration of plasma components
The concentration of plasma insulin was determined using the Mouse High Range Insulin
ELISA kit (ALPCO Immunoassays, Salem, NH). The concentration of plasma glucose,
cholesterol, triacylglycerol, alanine aminotransferase (ALT), and aspartate aminotransferase
(AST) were determined using the Infinity Glucose, Cholesterol, Triacylglycerol, ALT, and
AST kits (Thermo Scientific, Middletown, VA). The concentration of inflammatory
cytokines (IL-1β, IL-6, and TNF-α) and anti-inflammatory cytokines (IL-4, IL-10, and
IL-14) were determined using appropriate mouse Ready-SET-Go cytokine kits (eBioscience,
San Diego, CA). The homeostasis model assessment-insulin resistance index (HOMA-IR),
homeostasis model assessment-β cell function percentile (HOMA-β%), and quantitative
insulin sensitivity check index (QUICKIE), were calculated as previously described [11,
12].

Relative size of adipocytes
The relative size of adipocytes in adipose tissue was measured indirectly as the amount of
DNA normalized to the weight of adipose tissue [10]. The concentration of DNA was
determined using the DNA fluorescence quantification kit (Sigma, St. Louis, MO).

Concentration of liver lipids
The concentration liver lipids were determined after organic extraction, separation using
TLC, and measuring the amounts of each lipid (unesterified cholesterol, cholesteryl ester,
free fatty acids, and triacyglycerol) using enzymatic kits as previously described [13]. The
concentration of liver lipids was normalized to the amount of liver protein that precipitated
during organic extraction.

Fatty acid profile of liver lipids
The total lipids were extracted from liver using hexane/isopropanol (3:2, v/v) as previously
described [13]. The dried lipid extract was transferred to a clean reaction vial using
chloroform and the solvent was evaporated under N2 gas. Direct trans-esterification of the
lipid extract was performed using 14% BF3 in methanol to prepare fatty acid methyl esters
(FAMEs) as previously described [14]. FAMEs were separated by GLC using a HP5890
series II gas chromatograph (Hewlett-Packard, Wilmington, DE) equipped with a HP5972
mass detector and 15 m × 0.1 mm fused silica capillary column (Omegawax-100, 0.1 µm
film thickness, Sigma, St. Louis, MO). The temperature program started with an initial
temperature of 110°C, which was increased at 30°C/min to 260°C, followed by a 10 min
isothermal period. Injector and detector temperatures were 250°C and 280°C, respectively.
Helium was used as a carrier gas at constant flow rate of 0.5 ml/min. Individual fatty acids
were identified using MS spectra and confirmed with known FAMEs standards (Sigma, St.
Louis, MO). Pentadecanoic acid was used as an internal standard. Peak integration was
performed using the MS ChemStation software version G1034C. A FAME mixture (Supelco
37 Comp. FAME Mix, Sigma, St. Louis, MO) was used as an external standard, which was
analyzed directly to determine the response of each FAMEs relative to the pentadecanoic
acid methyl ester.

RNA preparation and qRT-PCR
Total RNA was extracted from mouse livers using the RNeasy Mini Kit and treated with
RNasefree DNase to remove contaminating DNA (Qiagen, Valencia, CA). Reverse
transcription was performed using a TaqMan Reverse Transcription Reagents. The relative
amounts of mRNA were measured using qRT-PCR. The TaqMan Gene Expression Assay,
with inventory primer and probe for: Fas (Mm00662319_m1), Hmgcr (Mm01282499_m1),
Il-1β (Mm01336189_m1), Il-6 (Mm00446190_m1), Npc1 (Mm00435283_m1), Pgc-1β
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(Mm00504720_m1), Srebp-1 (Mm00550338_m1), Srebp-2 (Mm01306292_m1), and Tnfα
(Mm00443258_m1) was used with an ABI-PRISM Sequence Detection System (Applied
Biosystems, Foster City, CA). The relative amounts of target mRNA was normalized to 18S
rRNA (internal control).

Western blot analysis
The relative amounts of FAS, HMGCR, NPC1, PGC-1β, m-SREBP-1, and m-SREBP-2
were determined using Western blot analysis as previously described [13].

Statistical analysis
Statistical calculations were performed using StatView 5.0.1 (SAS Institute, Cary, NC).
Quantitative data are represented as the mean ± SE within a group of mice. One-way
ANOVA was used to determine significance among means for the groups of mice.
Bonferroni/Dunn posthoc analysis was performed to determine significant differences
between means (P < 0.05).

Results
Body, liver, and epididymal white adipose tissue weights

The body, liver, and epididymal white adipose tissue (EWAT) weights for mice fed the four
diets were determined at 15 and 30 wk (Table 2). Mice fed HF, FO, and OO diets had
significantly increased body, liver, and EWAT weights compared to mice fed the LF diet at
15 wk. Mice fed the FO diet had significantly decreased EWAT weights (12%) compared to
mice fed the HF diet at this age. Similar to 15 wk, mice fed HF, FO, and OO diets had
significantly increased body weights and liver weights compared to mice fed the LF diet at
30 wk. However, mice fed FO or OO diets had significantly increased liver weights (24%)
compared to mice fed the HF diet at this age. Mice fed HF, FO, and OO diets had decreased
EWAT weights (12%, 15%, and 24%, respectively) compared to mice fed the LF diet at 30
wk, which remained significant after adjustment for body weight. There were no significant
differences in food consumption among mice fed HF, FO, and OO diets at 15 and 30 wk
(data not shown). This shows that mice fed HF, FO, and OO diets had increased EWAT
weights and body weights at 15 wk, but after extended feeding of these diets a redistribution
of weight from EWAT to the liver was apparent.

Glucose and insulin tolerance tests
Glucose and insulin tolerance tests were performed on mice fed the four diets at 15, 25, and
26 wk (Figure 1). Mice fed HF, FO, or OO diets had significantly increased fasting blood
glucose (0 min) and impaired glucose tolerance compared to mice fed the LF diet at both 15
wk and 25wk. However, at 25 wk mice fed the FO diet had significantly decreased glucose
levels at later time points (60 and 120 min) compared to mice fed the HF diet, which was
confirmed using AUC analysis. Finally, mice fed HF, FO, or OO diets had significantly
impaired insulin sensitivity (15, 30, 60, and 120 min) compared to mice fed the LF at 26 wk.
The glucose tolerance test clearly shows that mice fed the FO diet, but not the OO diet, had
improved glucose tolerance which is a metabolic features associated with type 2 diabetes
after extended feeding compared to mice fed the HF diet.

Concentration of plasma components
The concentration of plasma glucose and insulin, lipids, liver enzymes, and inflammatory
cytokines were determined at 30 wk (Table 3). Mice fed HF, FO, and OO diets had
significantly increased plasma glucose and insulin compared to mice fed the LF diet.
Consistent with these results, the calculated HOMAs of mice fed HF, FO, or OO diets
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indicated significantly increased insulin resistance. Although unexpected, mice fed the FO
diet had significantly increased HOMA-IR and HOMA-β% and hence insulin resistance
compared to mice fed the OO diet and HF and OO diets, respectively. The calculated
QUICKIE of mice fed HF, FO, and OO diets confirmed decreased insulin sensitivity
compared to mice fed the LF diet. With respect to the concentration of plasma lipids, mice
fed HF, FO, or OO diets had significantly increased plasma total cholesterol compared to
mice fed the LF diet. Among mice fed HF, FO, or OO diets, mice fed the OO diet had
highest concentration of plasma total cholesterol. In contrast, there were no significant
differences in the concentration of plasma triacylglycerol. In terms of liver enzymes, mice
fed HF, FO, and OO diets had significantly increased plasma ALT compared to mice fed the
LF diet, with the mice fed the OO diet having the highest levels of ALT. Similarly, mice fed
the OO diet had significantly increased plasma AST compared to mice fed the LF, HF, and
FO diets. Finally, there were no significant differences in the concentration of plasma
inflammatory cytokines (IL-1β, IL-6, and TNF-α) and only trace amounts of anti-
inflammatory cytokines (IL-4, IL-10, and IL-14) and therefore insufficient to quantitate. The
mice fed HF, FO, or OO diets were generally characterized with measures of insulin
resistance, liver damage and hypercholesterolemia, but neither hypertriacylglycerolemia or
inflammation.

Relative size of EWAT adipocytes
The relative size of EWAT adipocytes was determined at 15 and 30 wk (Figure 2). Mice fed
HF, FO, or OO diets had modest but significantly increased EWAT adipocyte sizes
compared to mice fed the LF diet at 15 wk. In contrast, mice fed HF, FO, or OO diets had
significantly decreased EWAT adipocyte sizes compared to mice fed the LF diet at 30 wk.
The mice fed HF, FO, or OO diets can be characterized with adipocyte hypertrophy at 15
wk, but adipocyte atrophy at 30 wk compared to mice fed the LF diet, while mice fed the FO
diet showed significantly less adipocyte atrophy compared to mice fed HF and OO diets at
30 wk.

Concentration of liver lipids
The concentration of liver cholesterol, cholesteryl ester, and triacylglycerol was determined
at 30 wk (Figure 3). Mice fed HF, FO, or OO diets had significantly increased liver
cholesterol, cholesteryl ester, and triacylglycerol compared to mice fed the LF diet. The
mice fed a FO diet had significantly decreased liver cholesterol (40%) and cholesteryl ester
(41%) compared to mice fed the HF diet. This indicates that mice fed HF, FO, or OO diets
were characterized with hepatic steatosis with modest but significantly decreased
concentration of sterol (cholesterol and cholesteryl ester) for mice fed the FO diet.

Fatty acid profile of liver lipids
The HF diet had the highest amounts of saturated FAs (C16:0, C18:0), while the FO diet
contained significantly increased amounts of n-3 fatty acids (C20:5n3, C22:5n3, C22:6n3)
not detected in other diets (Table 4). As expected, the OO diet had the highest amounts of
monounsaturated C18:1. The liver fatty acid profile, again aside from a control LF diet,
showed very similar results between HF and OO diet fed mice. The livers of mice fed the
FO diet had significantly decreased amounts of monounsaturated FAs (C16:1, C18:1, C20:1)
and significantly increased amounts n-3 FAs (C18:3n3, C20:5n3, C22:5n3, C22:6n3).
Overall, supplementation of a high-fat diet with olive oil showed no significant difference in
liver fatty acid profile, while supplementation with fish oil significantly boosted the amount
of n-3 fatty acids within the livers of these mice.
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Relative amounts of liver transcription factor, target gene, and inflammatory cytokine
mRNA

As shown in Figure 4, mice fed HF, FO, or OO diets had significantly decreased amounts of
Pgc-1β and Srebp-1 mRNA compared to mice fed the LF diet. Moreover, mice fed FO or
OO, but not HF diet had significantly decreased amounts of Srebp-2 mRNA compared to
mice fed the LF diet. As expected, mice fed HF, FO, and OO diets with significantly
decreased amounts of Pgc-1β and Srebp-1 mRNA which are transcription factors for the Fas
gene had significantly decreased amounts of Fas mRNA. Moreover, consistent with mice
fed HF, FO, and OO diets having decreased amounts of Srebp-1 and Srebp-2 mRNA, these
mice had significantly decreased amounts of Hmgcr mRNA, with mice fed the OO diet
having a significantly increased amount of Hmgcr mRNA compared to mice fed HF and FO
diets. Although mice fed HF, FO, and OO diets had on average decreased amount of Npc1
mRNA compared to mice fed the LF diet, the differences were not statistically significant.
With respect to the amounts of liver inflammatory cytokine, although mice fed FO and OO
diets had significantly decreased amounts of Il-6 mRNA compared to mice fed the LF diet,
there were no differences in the amounts of Il- 1β mRNA. Finally, mice fed the OO diet had
significantly increased amounts of Tnf-α mRNA. Therefore, mice fed HF, FO, or OO diets
were characterized with feedback inhibition of the SREBP pathway and downregulation of
respective target gene mRNA.

Relative amounts of liver transcription factor and target gene protein
As shown in Figure 5, mice fed HF, FO, or OO diets had significantly decreased amounts of
PGC-1β and m-SREBP-1 protein compared to mice fed the LF diet. However, there was no
significance difference in the amounts of m-SREBP-2 protein for mice fed the four diets.
Consistent with results indicating that high-fat diets decreased the amounts of m-SREBP-1
but not m-SREBP-2 protein, the amounts of FAS but not HMGCR was significantly
decreased compared to mice fed the LF diet. Finally, mice fed HF, FO, and OO diets had
significantly decreased amounts of NPC1 protein compared to mice fed the LF diet.

Discussion
The present study used C57BL/6J mice fed high-fat diets supplemented with 10% lard, 10%
fish oil, or 10% olive oil, to investigate metabolic features associated with T2D. The results
indicated that mice fed a high-fat diet supplemented with fish oil had improved glucose
tolerance after extended feeding compared to mice fed a high-fat diet supplemented with
lard. Moreover, mice fed a high-fat diet supplemented with fish oil diet had significantly
decreased concentrations of liver lipids (cholesterol, cholesteryl ester, and triacylglycerol)
compared to mice fed a high-fat diet supplemented with either lard or olive oil. Therefore, a
high-fat diet supplemented with fish oil improved metabolic features associated with type 2
diabetes, including impaired glucose tolerance and hepatic steatosis.

The C57BL/6J mouse model has been used extensively to investigate nutrition-related
weight gain and associated metabolic features. However, to our knowledge, the present
study represents the first comparative analysis performed to investigate weight gain and
metabolic features using this mouse model when fed a high-fat diet supplemented with
moderate amounts of lipids from different sources over an extended period (15 and 30 wk).
In brief, mice fed HF, FO, and OO diets had increased body weights at 15 and 30 wk
compared to mice fed the LF diet, but there were no significant differences in body weights
between mice fed the high-fat diets. This latter result contrasts previous studies suggesting
that C57BL/6J mice fed a high-fat diet supplemented with fish oil have lessens energy
balance [9, 15]. However, it must be noted that consistent with these studies our results
indicated that mice fed the FO diet had significantly decreased EWAT weights (12%)
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compared to mice fed the HF diet at 15 wk, but not when extended to 30 wk. When mice
were fed high-fat diets for an extended period (30 wk) the results indicated a significantly
decreased EWAT weight, even compared to mice fed the LF diet. These results were
verified upon examination of adipose tissue obtained from mice fed the high fats diets
indicating decreased EWAT adipocyte size (adipocyte atrophy) at 30 wk. Moreover, the
decrease in EWAT weight for mice fed the high-fat diets was inversely associated with an
increase in liver weights at 30 wk. This redistribution of weight from EWAT to the liver
may be explained by the development of EWAT insulin resistance characterized, in part, by
enhanced lipolysis of adipose tissue triacyglycerol and transfer of free fatty acids to the liver
[16, 17].

Although there were no significant differences in the body weight of mice fed high-fat diets
supplemented with fatty acids from different sources, the results indicated that mice fed the
FO diet had improved glucose tolerance compared to mice fed the HF diet at 30 wk. This
result initially suggested that mice fed the FO diet had less insulin resistance. However,
upon performing insulin tolerance tests and determining measures of insulin resistance
(HOMA-IR, HOMA-β, and QUICKIE) it became obvious that mice fed the FO diet were
not less insulin resistant but instead secreted more insulin which compensated for the
impaired glucose tolerance, compared to mice fed the HF diet. This particular result is
consistent with studies indicating that fish oil and other natural products such as glyceollin-
containing fermented soybeans can improve pancreatic islet function by lessening the
storage of triacylglycerol and thereby improve glucose-stimulated insulin secretion [18, 19].
Moreover, the increased concentration of n-3 FAs (C18:3n3, C20:5n3, C22:5n3, C22:6n3) in
livers of mice fed the FO diet was inversely associated with the concentration of sterol
(cholesterol and cholesteryl ester) in this tissue which may have also improved hepatic
insulin signaling as recently shown by performing gastric bypass in a diet-induced rat model
[20]. Similarly, other studies indicate that a high-fat diet supplemented with fish oil or
eicosapentaenoic acid may improve glucose tolerance by decreasing adipose tissue
lipogenesis and inflammation [8, 21]. In the present study, the expression of liver
inflammatory cytokines (IL-1β, IL-6, and TNF-α) and the concentration of these cytokines
in plasma of mice fed the FO diet were not significantly different compared to mice fed the
HF diet. Moreover, the concentration of anti-inflammatory cytokines (IL-4, IL-10, and
IL-14) in plasma of mice fed the different diets was present in only trace amounts and
therefore insufficient to quantitate.

In conclusion, a high-fat diet supplemented with fish oil improved metabolic features
associated with type 2 diabetes, including impaired glucose tolerance and hepatic steatosis,
purportedly through improvement of pancreatic islet function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Glucose tolerance tests were performed on mice fed the four diets at 15 wk (A, D) and 25
wk (B, E), while insulin tolerance test were performed at 26 wk (C, F). Values are presented
as mean ± SE (n = 10–15). Means without a common letter differ (P < 0.05); *P < 0.05
when compared to HF, FO, and OO; #P < 0.05 when compared to HF. FO, high-fat diet
supplemented with fish oil; HF, high-fat diet supplemented with lard; LF, low-fat diet; OO,
high-fat diet supplemented with olive oil.
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Fig. 2.
The relative size of EWAT adipocytes was determined for mice fed the four diets at 15 wk
(A) and 30 wk (B) by measuring the amount of DNA normalized to weight of EWAT (µg
DNA/mg EWAT). Values are presented as mean ± SE (n = 10–15). Means without a
common letter differ (P < 0.05). EWAT, epididymal white adipose tissue; FO, high-fat diet
supplemented with fish oil; HF, high-fat diet supplemented with lard; LF, low-fat diet; OO,
high-fat diet supplemented with olive oil.
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Fig. 3.
The concentration of liver cholesterol (A), cholesteryl ester (B), and triacylglycerol (C) was
determined for mice fed the four diets at 30 wk. Values are presented as mean ± SE (n = 10–
15). Means without a common letter differ (P < 0.05). FO, high-fat diet supplemented with
fish oil; HF, high-fat diet supplemented with lard; LF, low-fat diet; OO, high-fat diet
supplemented with olive oil.
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Fig. 4.
Relative amounts of liver transcription factors (A), target genes (B), and inflammatory
cytokines (C) mRNA were determined for mice fed the four diets at 30 wk. Values are
presented as mean ± SE (n = 6–8). Means without a common letter differ (P < 0.05). FO,
high-fat diet supplemented with fish oil; HF, high-fat diet supplemented with lard; LF, low-
fat diet; OO, high-fat diet supplemented with olive oil.
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Fig. 5.
Relative amounts of liver transcription factors (A) and target genes (B) protein were
determined for mice fed the four diets at 30 wk. Representative Western blots are provided
(C). Values are presented as mean ± SE (n = 6). Means without a common letter differ (P <
0.05). FO, high-fat diet supplemented with fish oil; HF, high-fat diet supplemented with
lard; LF, low-fat diet; OO, high-fat diet supplemented with olive oil.
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Table 3

Concentration of plasma components

Diet LF HF FO OO

Glucose, mmol/L 8.03 ± 0.38b 10.61 ± 0.36a 10.42 ± 0.25a 10.21 ± 0.39a

Insulin, nmol/L 0.21 ± 0.04b 0.79 ± 0.09a 1.02 ± 0.11a 0.71 ± 0.05a

HOMA-IR 0.37 ± 0.09c 1.72 ± 0.22ab 2.30 ± 0.37a 1.65 ± 0.16b

HOMA-β, % 4.57 ± 1.03c 10.20 ± 1.08b 16.36 ± 1.37a 10.55 ± 1.26b

QUICKIE 0.49 ± 0.03a 0.36 ± 0.01b 0.33 ± 0.01b 0.36 ± 0.01b

Triacylglycerol, mmol/L 0.81 ± 0.04 0.82 ± 0.03 0.87 ± 0.04 0.86 ± 0.04

Cholesterol, mmol/L 3.50 ± 0.21c 6.02 ± 0.32b 6.33 ± 0.14ab 6.94 ± 0.15a

ALT, U/L 174 ± 26c 262 ± 23b 270 ± 18b 365 ± 19a

AST, U/L 176 ± 23b 191 ± 23b 170 ± 17b 280 ± 223a

IL-1β, pg/mL 42.4 ± 3.8 41.0 ± 10.3 40.7 ± 2.5 35.8 ± 2.4

IL-6, pg/mL 40.5 ± 3.6 33.5 ± 2.2 30.9 ± 1.8 33.0 ± 1.9

TNF-α, pg/mL 78.7 ± 16.3 92.8 ± 17.8 93.9 ± 15.4 100.9 ± 21.1

Data are represented as mean ± SE (n = 9–11) of mice at 30 wks. Labeled means in a row without a common letter differ (P < 0.05). FO, high-fat
diet supplemented with fish oil; HF, high-fat diet supplemented with lard; LF, low-fat diet; OO, high-fat diet supplemented with olive oil.
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Table 4

Fatty acid profile of liver lipids.

Fatty Acid LF HF FO OO

Saturated

C14:0 1.23 ± 0.11 1.11 ± 0.05 1.07 ± 0.06 0.94 ± 0.07

C16:0 22.18 ± 0.53 23.20 ± 0.66 22.95 ± 0.84 20.94 ± 0.72

C17:0 0.32 ± 0.03b 0.36 ± 0.03b 0.48 ± 0.03a 0.32 ± 0.02b

C18:0 4.88 ± 0.22ab 4.38 ± 0.49b 6.16 ± 0.51a 4.33 ± 0.24b

C20:0 0.77 ± 0.08 0.65 ± 0.08 0.70 ± 0.06 0.62 ± 0.05

C22:0 0.56 ± 0.07 0.52 ± 0.06 ND 0.44 ± 0.04

C24:0 0.77 ± 0.11 ND ND ND

Monounsaturated

C16:1 6.73 ± 0.10a 4.77 ± 0.57b 2.84 ± 0.70b 4.51 ± 0.16b

C18:1 36.40 ± 1.37a 33.07 ± 2.59a 22.90 ± 1.61b 35.94 ± 1.21a

C20:1 1.59 ± 0.11a 1.17 ± 0.08bc 0.92 ± 0.05c 1.43 ± 0.09ab

C24:1 0.42 ± 0.06 ND ND ND

Polyunsaturated

C18:2 8.90 ± 0.62b 15.69 ± 1.34a 15.74 ± 0.62a 13.63 ± 0.76a

C18:3n6 0.49 ± 0.03 0.60 ± 0.05 0.46 ± 0.03 0.57 ± 0.04

C20:2n6 0.42 ± 0.05 0.33 ± 0.13 0.41 ± 0.02 0.44 ± 0.02

C20:3n9 0.61 ± 0.05a 0.36 ± 0.09b ND 0.43 ± 0.04ab

C20:3n6 1.14 ± 0.02a 1.06 ± 0.02b 0.96 ± 0.02b 1.20 ± 0.05a

C20:4n6 5.50 ± 0.57a 5.10 ± 0.47a 3.72 ± 0.27b 5.84 ± 0.39a

n-3 Polyunsaturated

C18:3n3 0.63 ± 0.04b 0.74 ± 0.11b 1.04 ± 0.03a 0.66 ± 0.04b

C20:5n3 ND 0.26 ± 0.16b 3.36 ± 0.73a 0.42 ± 0.04b

C22:5n3 0.52 ± 0.06c 0.94 ± 0.11b 2.55 ± 0.08a 0.93 ± 0.04b

C22:6n3 3.41 ± 0.35b 3.56 ± 0.44b 10.11 ± 0.74a 4.04 ± 0.31b

Other/Unidentified 2.53 ± 0.23 2.16 ± 0.25 3.62 ± 0.24 2.38 ± 0.16

Data are represented as wt/wt% with mean ± SE (n = 5). Means without a common letter differ, P ≤ 0.05. ND, not detected. FO, high-fat diet
supplemented with fish oil; HF, high-fat diet supplemented with lard; LF, low-fat diet; OO, high-fat diet supplemented with olive oil.
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