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Introduction

ABSTRACT. A composition of dietary fat considerably affects the metabolism of
nutrients, especially high-fat diet is associated with various metabolic disorders,
diabetes and cardiovascular diseases in humans. Studies on rodents are an
established model to investigate the pathophysiology of excessive fat in diets,
hence the aim of the study was to evaluate the effect of dietary fats different
in composition on plasma lipids, glucose and insulin levels in non-genetically
modified rats instead of genetic models of obesity or diabetes. Animals were
fed purified low- or high-fat (12 and 40% energy from fat, respectively) diets
containing the same fat sources - lard, sunflower oil or menhaden oil for six
weeks. Feeding menhaden oil, both in low- and high-fat diets, resulted in
decreased plasma triglyceride, total cholesterol and high-density lipoprotein
cholesterol levels in comparison to diets composed of lard or sunflower oil.
However, high-fat diet with menhaden oil caused an increase in plasma glucose
and insulin levels, which resulted in the increased HOMA-IR (Homeostatic
Model Assessment — Insulin Resistance) index in relation to low-fat diet with the
same oil. The obtained results demonstrate that high menhaden oil intake has
the hypolipidemic effect but can impair glucose homeostasis in non-genetically
modified rats.

et al., 2007). However, a beneficial effect of n-3
PUFAs on plasma triglycerides and lipoprotein lev-

High-fat intake is a recognized risk factor for
dyslipidemia and metabolic disorders leading to
cardiovascular diseases, obesity and type 2 diabetes
mellitus (Baum et al., 2012; Silva Figueiredo et al.,
2017). However, the ultimate effect of a high-fat
diet on the lipid and glucose metabolism, beside
genetic background, depends on a dietary fat com-
position. A diet high in saturated fatty acids exerts
more deleterious effect on fat metabolism than diet
containing high amount of polyunsaturated fatty
acids (PUFAs). Excessive ingestion of animal fat
induces weight gain, hyperlipidemia (Siri-Tarino
et al., 2010) and insulin resistance in humans (Silva
Figueiredo et al., 2017), and in animals (Buettner

els (Baum et al., 2012), in part by the regulation of
gene expression of the enzyme involved in fatty acid
oxidation and lipoprotein metabolism (Jump et al.,
2013), was demonstrated in the literature.

Studies evaluating the effect of PUFAs on glu-
cose metabolism and insulin sensitivity yielded di-
vergent results. It has been shown in animals that
ingestion of high amount of n-6 PUFAs increased
(Lee et al., 2006), or decreased insulin sensitivity
(Tekeleselassie et al., 2014), or was positively cor-
related with obesity and insulin resistance (Cam-
eron and Ghosh, 2013). Regarding n-3 PUFAs, di-
etary intervention showed their beneficial role in the
prevention of insulin resistance (Liu et al., 2013),
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and reversion of insulin resistance (Lanza et al.,
2013) induced by a high-fat diet in rodents. The
clinical studies demonstrated more divergent effects
of n-3 PUFAs on glucose metabolism. In healthy
humans, a high-fat diet rich in n-3 PUFAs was not
able to change tissue insulin sensitivity (Akinkuolie
et al., 2011). In relation to type 2 diabetes mellitus
prevention by n-3 PUFAs, a lowering prevalence
was confirmed by the meta-analysis (Chen et al.,
2017). On the other hand, the newest analysis of
current clinical data did not confirm improving gly-
cemic control by n-3 PUFA supplementation in the
diabetic patients (Itsiopoulos et al., 2018).

The effects of dietary fats on glucose and lipid
metabolism and metabolic syndrome-related disor-
ders are strongly associated with the amount and
composition of ingested fat. Hence, the aim of the
present study was to evaluate the effect of different
fats in low- and high-fat diets, both composed with
either lard as a source of saturated and monounsatu-
rated fatty acids, with sunflower oil, as a source of
n-6 PUFAs, or with menhaden oil as a source of n-3
PUFAs, on plasma lipids, glucose and insulin levels
in non-genetically modified rats.

Material and methods

Animals and diets

The protocol of the experiment was reviewed and
approved by the Ethical Committee for Animal Care
of Medical University of Lodz (Poland), No. £LB111.

Sixty male Wistar non-genetically modified rats
weighting 140-150 g (the Animal House of Polish
Academy of Sciences Medical Research Center,
Warsaw, Poland) were acclimatized for one week at
the animal facility in controlled temperature (23 +
1 °C) and humidity (55 £ 5%) with air-cycle changes
(15 fresh air changes per 1 h) and a 12 h light-dark
cycle (light from 06:00). Animals were housed in
plastic shoeboxes with stainless steel wired bottom
with free access to a standard diet (Motycz, Poland)
and water ad libitum. Rats were randomly assigned to
six feeding groups (n = 10 per group). Three groups
were fed low-fatdiets (12% energy from fat) prepared
with lard, sunflower oil or menhaden oil, and three
groups were fed high-fat diets (40% energy from fat)
containing the same fat sources. The composition
of the purified diets is presented in Table 1.
The menhaden oil diets were supplemented with
soybean oil to maintain adequate intake of essential
n-6 PUFAs. The fatty acid composition of lard was
determined by gas-liquid chromatography at the

Table 1. Composition of purified diets

Diet ingredients Low-fat diet High-fat diet
g/kg % energy  g/kg % energy

Protein 197.3 203 232.0 20.3
casein 194 .4 228.6
L-cystine' 2.9 34

Carbohydrates 6559 675 453.7 39.7
corn starch? 364.4 252.6
sucrose 291.5 201.1

Fat? 525 122 203.4 40

Cellulose* 48.6 57.1

AIN-93 Mineral Mix® 34.0 40.0

AIN-93 Vitamin Mix® 9.7 1.4

Choline bitartrate’ 1.9 23
Energy content, kcallg ~ 3.93 4.58

' Sigma-Aldrich (St. Louis, MO, USA); 2 Stobimyl XMH 042 (Stockmeier
Food, Herford, Germany); 3 Fats: lard (Pamso, Pabianice, Poland),
menhaden oil (Omega Protein, Inc., Reedville, VA, USA), sunflower oil
(Fat Processing, Warsaw, Poland); *Arbocel (J. Rettenmaier & Sohne,
Rosenberg, Germany); ® Research Diets, Inc. (New Brunswick, NJ,
USA)

National Food and Nutrition Institute (Warsaw,
Poland). The composition of fatty acids in sunflower
oil and menhaden oil was provided by suppliers
(Table 2). Diets were prepared as previously
described (Dziedzic et al., 2007) and stored in daily
rations in sealed bags at —20 °C. Purified diets were
supplied daily at 15:00, and daily food intake was
recorded and corrected for spillage (= 0.1 g). Rats
were weighted 3 times per week. After 6 weeks
of feeding and overnight fasting animals were
anesthetized with ketamine and xylazine (i.p. 20 and
10 mg/kg, respectively), blood was collected by
cardiac puncture and centrifuged (5 min, 3000 g),
then plasma was aliquoted and stored at—80 °C for
analysis. The livers were dissected and weighted.

Table 2. Fatty acid composition of dietary fats

Fatty acids Lard Sunflower oil  Menhaden oil
% by weight

Saturated 42.98 9.22 31.50

Monounsaturated 50.33 30.45 29.40

Polyunsaturated n-6 ~ 6.27 59.52 7.91

Polyunsaturated n-3 ~ 0.19 0.55 30.70

n-3:n-6 ratio 0.03 0.01 3.88

Biochemical determinations and HOMA-IR
index

Total cholesterol (TC), high-density lipoprotein
(HDL) cholesterol, triglycerides (TG), and glucose
levels in plasma were measured by enzymatic meth-
ods in the biochemical analyser Beckman Coulter
AU480 (Beckman Coulter, Inc., Brea, CA, USA).
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The low-density lipoprotein (LDL) cholesterol lev-
el was calculated using the Friedewald’s equation.
Plasma insulin level was determined using the rat in-
sulin RIA kit (CIS Bio International, Saclay, France),
its sensitivity was 0.036 ng/ml, and range 0.61—
150 ng/ml. For a measurement of non-esterified free
fatty acids (NEFA) a NEFA-C test (Wako Chemical,
Osaka, Japan) was used. In brief, the samples were
treated with acyl-CoA synthetase to form thiol esters.
Then the acyl-CoA was oxidized and hydrogen perox-
ide was produced. In the presence of peroxidase after
the oxidative condensation of 3-methyl-N-ethyl-N-
(B-hydroxyethyl)-aniline ~with 4-aminoantipyrine
a purple coloured end product was measured colouri-
metrically at 550 nm with the use of spectrophotom-
eter Ultraspeck III (Pharmacia LKB, Stockholm,
Sweden). The HOMA-IR (Homeostatic Model As-
sessment — Insulin Resistance) index was calculated
using the formula:

HOMA-IR = fasting glucose (mmol/l) x fasting
insulin (WU/ml) / 22.5.

Statistical analysis

The results are expressed as mean * standard er-
ror of mean (SEM). The statistical analysis was per-
formed using Graph-Pad Prism 6 software (GraphPad
Software, San Diego, CA, USA). One-way analysis
of variance (ANOVA) followed by the Newman-
Keuls post hoc test was performed to evaluate the
effects of fat type applied into the diets in the same
amount (separately for low- and high-fat diets). Stu-
dent’s unpaired #-test was used for estimation of the
difference between low- and high-fat diets based on
the same fat type. A two-way ANOVA test was used
to evaluate the interaction between fat level in diet
(low- and high-fat diets) and fat type (lard, sunflower
oil and menhaden oil). Statistical significance was
considered at P < 0.05.

Results

Weight gain, food intake and liver mass

The body weight gain of rats fed the isocaloric
diets was associated with dietary fat source (Table 3).
Lard was obesogenic in both, low- and high-fat
diets, and body weight of rats fed diet with lard was

significantly higher than that of rats fed diets with
either sunflower or menhaden oils (P < 0.01 and
P < 0.001, respectively). The highest weight gain
in rats fed low-fat diet with lard did not correspond
to the highest energy intake; however rats fed high-
fat diet with lard had the highest weight gain as
well the highest caloric intake in comparison to
the groups fed high-fat diets with other fat sources
(P <0.05; Table 3).

Macroscopic and microscopic examinations of
livers from all groups of animals did not show any
abnormalities. However, the relative liver weight of
rats fed high-fat diets with sunflower or menhaden oil
was significantly higher than that of rats fed the corre-
sponding low-fat diets (P < 0.001; Table 3). Contrary,
the relative liver weight was lower in rats fed high-fat
diet with lard in comparison to animals fed low-fat
diet with the same fat source (P < 0.001). Moreover
the relative liver weight was lower in rats fed high-fat
diet with lard than in rats fed high-fat diets with other
oils (P < 0.05).

Plasma lipids

A six-week feeding of non-genetically modified
rats with low- and high-fat diets with menhaden oil
resulted in decreased plasma concentration of TG,
TC and HDL cholesterol as compared to rats fed the
isocaloric diets containing two other fats (P < 0.05;
Table 4). Moreover, the plasma concentrations of
TG and TC in rats fed low-fat diet with menhaden
oil were lowered by 44 and 16%, respectively, and
the HDL cholesterol concentration in rats fed high-
fat diet with menhaden oil was decreased by 24%,
also as compared to rats fed regular chow (data not
shown). The plasma LDL cholesterol level did not
differ between rats fed isocaloric diets regardless of
used dietary fat source. However, in rats fed diets
with sunflower or menhaden oils a tendency to de-
crease LDL cholesterol levels in comparison to rats
fed the isocaloric diets with lard was shown. The
plasma NEFA levels were slightly lowered in rats fed
both high-PUFA diets in comparison to rats fed diet
with lard (P < 0.05).

Two-way ANOVA showed that the fat type and
fat level in diet (dietary group) had the independent
effect on the examined plasma lipidemic parameters
in rats (Table 5).

Table 3. Body weight gain, energy intake and liver weight of rats fed low-fat and high-fat diets containing lard, sunflower oil or menhaden oil

Indices Low-fat diets High-fat diets

lard sunflower oil menhaden oil  lard sunflower oil menhaden oil
Body weight gain, g 154.0 +5.0* 142.0+5.0 132.0+5.5 180.0+6.00  144.0+75 150.0 +5.5
Energy intake, kcal/day 98.00 +0.65* 99.90 +0.40 103.00+0.50 105.00+0.70° 100.80 +0.72 103.00 +0.67
Relative liver weight, g/100 g of body weight 3.2 +0.12 2.6 +0.09* 2.9+0.06 25+0.09M  2.9+0.05" 3.1+£0.08"

mean + SEM (n = 12); * — P < 0.01 vs other low-fat diets; » — P < 0.001 vs corresponding low-fat diet; # — P < 0.05 vs corresponding high-fat

diet; * — P < 0.05 vs other high-fat diets
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Table 4. Concentration of plasma lipids in rats fed low- and high-fat diets containing lard, sunflower oil or menhaden oil

Indices Low-fat diets High-fat diets

lard sunflower oil menhaden oil lard sunflower oil menhaden oil
NEFA, mEq/I 0.37 £0.02 0.35+0.03 0.32+0.04 0.35+0.04* 0.25+0.01 0.28 +0.02
TG, mg/dl 69.00 +6.14 68.43 +£3.25 33.14 £3.53* 82.00 £5.74 66.43 +3.16 25.86 + 3.76*
TC, mg/dl 96.00 + 3.26 89.71 +£2.62 66.14 + 2.85" 91.14 £3.16 84.86 + 1.41 55.29 + 2.00*
HDL-C, mg/dl ~ 63.78 + 3.40 62.34 +1.56 45,67 + 3.29" 58.30 + 3.44 60.37 £1.77 36.77 £ 3.15*
LDL-C, mg/dl  20.08 + 3.36 14.60 + 1.49 13.86 + 1.53 17.87 £1.93 12.63 +1.01 12.70 £2.22

NEFA - non-estrified fatty acids; TG - triglycerides; TC - total cholesterol; HDL-C — high-density lipoprotein cholesterol; LDL-C — low density
lipoprotein cholesterol; mean + SEM (n = 6-9); * — P < 0.05 vs other high-fat diets; * — P < 0.001 vs other low-fat diets

Table 5. Results of two-way analysis of variance (ANOVA) of plasma lipids

Indices Effect NEFA TG TC HDL-C LDL-C
Fat type SS 0.0336 16436 8286 3530 270.9
DF 2 2 2 2 2
MS 0.0168 8218 4143 1765 1354
F F (2, 36) =2.880 F(2,35)=63.99 F(2,35)=289.56 F(2,34)=3279 F (2, 34)=5.249
P-value  0.0691 <0.0001 <0.0001 <0.0001 0.0103
Fat level in diet SS 0.02987 15.71 479.8 295.5 31.52
(LF & HF diets) DF 1 1 1 1 1
MS 0.02987 15.71 479.8 295.5 31.52
F F (1,36) =5.120 F(1,35)=0.1223  F(1,35)=10.37 F (1, 34) = 5.490 F(1,34)=1.221
P-value  0.0298 0.7286 0.0028 0.0251 0.2769
Interaction SS 0.01213 753.9 81.59 79.62 2.007
DF 2 2 2 2 2
MS 0.006067 377.0 40.80 39.81 1.004
F F (2, 36) = 1.040 F (2,35)=2.935 F(2,35)=0.8819 F(2,34)=0.7397 F(2,34)=0.3889
P-value  0.3638 0.0663 0.4230 0.4848 0.9619

NEFA - non-estrified fatty acids; TG - triglycerides; TC — total cholesterol; HDL-C — high-density lipoprotein cholesterol; LDL-C — low den-
sity lipoprotein cholesterol; LF — low fat; HF - high fat; SS — sum of squares; DF — degrees of freedom; MS — mean squares; F — F-ratio;

P-value - probability value

Plasma glucose, insulin concentrations and
HOMA-IR index

Plasma glucose level (Figure 1A) was signifi-
cantly lowered in rats fed low-fat diet with menha-
den oil compared to other low-fat diets (P < 0.05);
however it was significantly increased in rats fed
high-fat diet with menhaden oil as compared
either to low-fat diet with the same fat source
(P <0.01) or to the other isocaloric high-fat diets
(P <0.05).

There was no effect of fat type on insulin
plasma concentration when rats were fed low- and
high-fat diets. The insulin level was significantly
increased in rats fed high-fat diets regardless used
fat type in comparison to the corresponding low-fat
diets (P <0.01).

The HOMA-IR index was 3 times higher in rats
fed high-fat diet with menhaden oil than in those
fed corresponding low-fat diet (P < 0.01). On the
other hand when rats were fed low-fat diets the

HOMA-IR index was the lowest in the animals fed
diet with menhaden oil (P < 0.05).

The two-way ANOVA revealed no significant
interaction between fat type and fat level in diet in-
sulin levels (F (2, 30) = 0.1029; P = 0.9026) and
HOMA-IR index (F (2, 30) = 3.293; P = 0.051).
Main effect was confirmed only for fat level
in diet (insulin, F (1, 30) = 30.28; P < 0.0001;
HOMA-IR index, F (1, 30) = 38.27; P < 0.0001),
but not for fat type (insulin, F (2, 30) = 0.6330,
P = 0.5380; HOMA-IR index, F (2, 30) = 1.204;
P=0.3141). Furthermore, the effect of fat level (F (1,
30) = 14.53; P = 0.006), and the interactivein level
effect of fat type and fatlevel indiet (F (2,30) =4.405;
P =0.001)) on glucose levels were confirmed by
the two-way ANOVA. These results demonstrate
that fat type and fat level were independent factors
which affected plasma insulin levels and HOMA-IR
index, but these factors showed the strong interac-
tion in their effect on plasma glucose levels.
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Figure 1. Effect of 6-week feeding with lard, sunflower oil or menhaden
oil in low- and high-fat diets (LF and HF, respectively) on plasma con-
centrations of glucose (A) and insulin (B), and HOMA-IR (Homeostatic
Model Assessment — Insulin Resistance) index (C) in non-genetically
modified rats

data shown as mean + SEM (n = 6-9); * — P < 0.01 vs corresponding
low-fat diet; * — P < 0.05 vs other low-fat diets; # — P < 0.05 vs other
high-fat diets
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Discussion

In the present study it was revealed that feeding
rats with menhaden oil in a high-fat diet caused an
increase in plasma glucose and insulin levels, as
well as increased HOMA-IR index in comparison
to low-fat diet. It was previously demonstrated that
a high-PUFA diet caused hyperglycemia and obesity
(Ikemoto et al., 1995), even when 7% of dietary
saturated fatty acids in a high-fat diet was replaced
by fish oil (Holness et al., 2004). More recently,
Lionetti et al. (2014) reported hyperglycemic effect
of high-fat diet with fish oil associated with the
increased HOMA-IR index. In that study it was
also shown that the liver mass was increased after
feeding high-fat diet with fish oil in comparison to
regular diet, although the highest liver mass was
noted in group fed high-fat diet with lard. This is
in contrast to our results, because the highest liver

mass in our study was determined in animals fed
high-fat diet with menhaden oil. The reason of
this discrepancy can arise from the type of fish oil
used to prepare diets. Cod oil, used in the above
mentioned dietary study, has different ratio of n-3
PUFAs to other fatty acids than menhaden oil. It is
well known that a high-fat diet contributes to insulin
resistance resulting from fat accumulation in the liver
(Wiedemann et al, 2013). The molecular mechanism
of hepatic insulin resistance in rats fed high-fat
diet involves the downstream phosphoinositide-
3-kinase (PI3K) /Akt pathway (Boucher et al.,
2014) and it was demonstrated that a high n-3 PUFA
diet completely abolished insulin receptor substrate
1 (IRS-1) tyrosine phosphorylation and PI3K
activity in the liver and reduced the number of
insulin receptors (Taouis et al., 2002).

Among disadvantages of high ingestion of fish oil
is increased lipid peroxidation, since docosahexaenoic
acid (DHA) is highly susceptible to peroxidation both
in the plasma and in the liver. The PUFA peroxida-
tion products, 4-hydroxy-2E-hexenal (4-HHE), a de-
rivative of n-3 PUFAs, and 4-hydroxy-2E-nonenal (4-
HNE), a derivative of n-6 PUFAs, are accumulated in
the cell membranes (Cohen et al., 2013). The insulin
resistance in rats fed high-fat diet with menhaden oil
in our study may result from increased formation of
n-3 PUFA peroxidation by-products, which blunted
insulin sensitivity. Recently, an impaired glucose up-
take and insulin action by 4-HHE in the muscle cells,
and significantly increased plasma 4-HHE levels in
patients with type 2 diabetes as compared to healthy
individuals has been reported (Soulage et al., 2018).
Deleterious effects of n-3 PUFAs might depend on
a dose of ingested fatty acid because a high dose of
DHA (800-1600 mg/day) significantly increased
4-HHE in human plasma (Guillot et al., 2009), while
a moderate dose (400 mg/day) improved platelet
function and induced antioxidant effects in diabetic
patients (Véricel et al., 2015).

In our study TC, HDL cholesterol and TG plas-
ma levels in rats fed both, low- and high-fat diets
with menhaden oil were considerably lower than in
rats fed the isocaloric diets based on lard or sunflow-
er oil, and also in animals fed standard chow diet
(results not shown). Gondim et al. (2018) also dem-
onstrated that supplementation of 10% of energy
by fish oil was enough to lower plasma lipid levels.
It was also revealed that this hypolipidemic effect
increased in line with increasing fish oil content in
adiet. The lowering of plasma cholesterol by dietary
n-3 PUFAs can be achieved by divergent metabolic
pathways: by accelerated clearance of chylomicrons
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rich in n-3 PUFAs in the liver (Griffo et al., 2014),
by increased cholesterol secretion into bile (Morgado
et al., 2005), or reduced cholesterol biosynthesis in
the liver through inhibition of sterol regulatory ele-
ment binding protein-1c and the suppression of he-
patic lipogenic enzymes (Deng et al., 2015). The
hypotriglyceridemic effect of dietary menhaden oil
could be triggered by decreased production and/or
increase in clearance of very low-density lipoproteins
(VLDL) and chylomicrons, which mainly transport
triglycerides in plasma. Feeding with diets with fish
oil is associated with a decrease in plasma NEFA lev-
els, and also with suppression of Apo-B100 synthesis
in the liver (Hashimoto et al., 2013), which results in
an inhibition of VLDL production and secretion.

Conclusions

Feeding non-genetically modified rats a high-fat
diet with menhaden oil resulted in lower plasma lip-
idemic parameters but increased plasma glucose lev-
el and decreased insulin sensitivity when compared
to rats fed isocaloric diets with either sunflower oil
and lard oil rich in n-6 polyunsaturated fatty acids
(sunflower oil) or rich in saturated and monounsatu-
rated fatty acids lard. Although the precise mecha-
nism responsible for the insulin resistance in rodents
fed a high-fat diet with fish oil is not fully elucidated,
the obtained results are important in the discussion
on diet supplementation with a high percentage of
energy from fish oil since such a diet can disturb glu-
cose homeostasis.
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