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Abstract Both genetic and environmental factors (e.g.

nutrition, life style) contribute to the development of the

plurimetabolic syndrome, which has a high prevalence in

the world population. Dietary n-3 PUFAs specially those

from marine oil (EPA and DHA) appear to play an

important role against the adverse effects of this syn-

drome. The present work examined the effectiveness of

fish oil (FO) in reversing or improving the dyslipidemia,

insulin resistance and adiposity induced in rats by long-

term feeding a sucrose-rich diet (SRD). We studied

several metabolic and molecular mechanisms involved in

both lipid and glucose metabolisms in different tissues

(liver, skeletal muscle, fat pad) as well as insulin

secretion patterns from perifused islets under the stimu-

lation of different secretagogues. Dietary FO reverses

dyslipidemia and improves insulin action and adiposity

in the SRD fed rats. FO reduces adipocytes cell size and

thus, the smaller adipocytes are more insulin sensitive

and the release of fatty acids decreases. In muscle, FO

normalizes both the oxidative and non-oxidative glucose

pathways. Moreover, FO modifies the fatty acid com-

position of membrane phospholipids. In isolated b cells,

lipid contents and glucose oxidation return to normal. All

these effects could contribute to the normalization of

glucose-stimulated insulin secretion and muscle insulin

insensitivity.
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Introduction

Both genetic and environmental factors (e.g. nutrition, life

style) contribute to the development of the plurimetabolic

syndrome. This syndrome, which has a high prevalence in

the world population, refers to a cluster of metabolic

abnormalities including among others: insulin resistance,

dyslipidemia [increased triglyceride and decreased high

density lipoprotein cholesterol (HDLC) levels], hyperten-

sion, central obesity, glucose intolerance and type 2 dia-

betes. All of them are well-documented risk factors for

cardiovascular disease [1].

The composition of the macronutrients in the diet plays

an important role in modifying several key factors of this

syndrome. In this regard, numerous clinical and animal

studies on n-3 polyunsaturated fatty acids (PUFAs), espe-

cially those from marine oil—eicosapentaenoic acid

(20:5n-3 EPA) and docosahexaenoic acid (22:6n-3,

DHA)—have shown their beneficial effects impacting on

normal health and chronic diseases (e.g. the plurimetabolic

syndrome). In addition to their use as fuels and structural

components of the cell, the dietary intake of marine n-3

PUFAs (fish oil) has proven to be effective in lowering

both triglyceride (Tg) and VLDL-Tg concentration in

experimental animals and normal and hypertriglyceridemic

men (see review) [2, 3]. It has been shown that fish oil

(FO) in rats decreases the mRNA encoding of several

enzymes proteins involved in ‘‘the novo’’ hepatic lipo-

genesis suppressing the nuclear abundance and expression

of sterol regulatory element binding protein 1 (SREBP-1),
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and enhances fatty acid oxidation throughout a peroxisome

proliferator-activated receptor (PPARa)—stimulated pro-

cess [4, 5]. Moreover, the effects of n-3 PUFAs includes

the alteration of the fatty acid composition of membrane

phospholipids that modify membrane-mediated processes

such as insulin transduction signals, activities of lipases

and biosynthesis of eicosanoids [6].

Numerous studies from our group (see review [2]) and

others [7–10] have shown that normal rats fed a sucrose-

rich diet for a short period (3–5 weeks) develop hypertri-

glyceridemia, increase plasma free fatty acid (FFA) levels

and enhanced triglyceride accumulation in liver and heart

muscle. This is accompanied by normoglycemia with hy-

perinsulinemia, insulin resistance, increase in the first peak

of glucose stimulated insulin secretion in perifused islets

and hypertension. A different picture emerges after a long-

term feeding (15–40 weeks) of a sucrose-rich diet. In

addition to the altered lipid metabolism and ectopic fat

deposition in several non adipose tissues, rats develop

visceral adiposity with a moderate increase in body weight,

hyperglycemia with normoinsulinemia and a lack of the

first peak with an increase in the second phase of glucose

stimulated insulin secretion from perifused islets [2, 11–

14]. Interestingly, this animal model exhibits many of the

hallmarks present in the plurimetabolic syndrome in hu-

mans. Moreover, the temporal metabolic changes described

may reflect the early start of type 2 diabetes mellitus, since

many patients have chronically elevated plasma FFA and

Tg levels, altered peripheral insulin sensitivity and loss of

the first peak of insulin in response to glucose.

Most experimental studies examining the effect of dietary

nutrients (e.g. n-3 fatty acids from marine source) on dysli-

pidemia and insulin resistance have focused on the devel-

opment of the impairment. In this vein, it has been shown that

FO prevents the onset of insulin resistance and dyslipidemia

when fed to rats with high fat [2, 15–17] or high sucrose diets

[2, 18, 19]. However, relatively few studies have examined

the effectiveness of FO in reversing diet-induced insulin

resistance [20–23]. Therefore, the rats fed a long-term su-

crose-rich diet seem to be an appropriate experimental model

to investigate the effect of dietary n-3 PUFAs (fish oil) to

improve or reverse these metabolic abnormalities.

The present study was conducted on rats fed a SRD

during 8 months, in which a stable dyslipidemia and

insulin resistance had been present before the source of fat

in the diet (corn oil) was replaced by an isocaloric amount

of FO for the last 2 months. We analyzed several aspects of

lipid and glucose metabolism in the liver, skeletal muscle

and adipose tissue of these rats. In addition, we studied the

insulin secretion patterns from ‘‘in vitro’’ perifused

isolated islets under the stimulation of different secreta-

gogues (glucose, palmitate) and peripheral insulin sensi-

tivity (euglycemic–hyperinsulinemic clamp).

Materials and Methods

Animal Model and Diets

Two months old male Wistar rats, initially weighting 170–

185 g were maintained under controlled temperature

(22 ± 1 �C), humidity and air flow conditions, with a fixed

12 h light:dark cycle (light 07:00–19:00). After a 1-week

acclimation period, the rats were randomly divided into

two groups: experimental and control. The first group re-

ceived a purified sucrose-rich diet (SRD) containing by

weight 62.5% sucrose, 17% of vitamin free casein, 8% corn

oil, 7.5% cellulose, 3.5% salt mixture (AIN-93-MX), 1%

vitamin mixture (AIN-93M-VX), 0.2% choline chloride,

and 0.3% methionine. The control group received the same

semisynthetic diet but with sucrose replaced by starch

(CD). The experimental group received the SRD for

6 months after which the rats were randomly divided into

two subgroups. The rats of the first subgroup continued on

the SRD up to 8 months. The second subgroup, SRD + fish

oil, (SRD + FO) received the SRD in which the source of

fat (corn oil 8/100 g) had been replaced by cod liver oil

(7/100 g) plus (1/100 g) of corn oil during the last

2 months on the diet. The control group received the CD

throughout the experimental 8-month period. The SRD

without the addition of FO used from months 6 to 8 and the

CD were balanced for cholesterol and vitamins D and A,

present in the FO. Diets were isoenergetics, providing

approximately 16.3 kJ/g of food and were available ad

libitum. Diets were prepared every day by adding the oils

and base mixture containing the other nutrients. The oils

and base mixture were separately stored at 4 �C until

preparation of the diet. Fish oil was kept under a nitrogen

atmosphere during storage. The weight of each rat was

assessed twice each week during the experimental period.

At the end of the 8 months dietary period, except as

otherwise indicated, the food was removed and experi-

ments were performed between 09:00 and 12:00 h. The

Human and Animal Research Committee of the School of

Biochemistry, University of Litoral, Santa Fe, Argentina,

approved the experimental protocol.

Analytical Methods

Rats were anesthetized with intraperitoneal pentobarbital

sodium (60 mg/kg body weight). Blood samples were

obtained from the jugular vein, rapidly centrifuged,

and plasma was either immediately assayed or stored at

–20 �C. Plasma triglyceride, FFA, glucose, leptin and

adiponectine as well as immunoreactive insulin levels were

determined as previously described [23]. Liver, pancreas,

gastrocnemius muscle and white adipose tissue (epididy-

mal and retroperitoneal) were rapidly removed from the
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anesthetized rats, and except otherwise indicated they were

frozen, clamped in liquid nitrogen and stored at –80 �C.

The weight of the epididymal and retroperitoneal adipose

tissue was recorded.

Liver Tissue Assays

Homogenates of frozen liver were used for the determi-

nation of triglyceride content [23]. A cytosolic fraction of

liver homogenates samples was obtained by centrifugation

at 100,000·g, and the fatty acid synthase (FAS) activity

was assayed immediately as described by Halestrap [24].

Carnitine palmitoyltransferase I (CPT-I) activity was

determined spectrophotometrically following the release

of CoA-SH from palmitoyl-CoA in liver homogenates in

the presence and absence of L-carnitine [25]. The fatty

acid oxidase activity (FAO) was measured by a modifi-

cation of the procedure reported by Vamecq [26] and the

H2O2 release was determined spectrophotometrically from

a coupled peroxidative reaction [27]. The malic enzyme

(ME) activity was assayed by the method proposed by

Ochoa with a minor modification according to Hsu et al.

[28]. Pyruvate dehydrogenase complex (PDHc), and glu-

cose-6-P-dehydrogenase (G-6-PDH) activities were ana-

lyzed as previously described [21]. The triglyceride

secretion rate (VLDL-Tg secretion) was evaluated in 12-h

fasting rats following the procedure described by Lom-

bardo et al. [20].

Gastrocnemius Muscle Assays

Triglyceride, long-chain acyl-CoA (LC ACoA), diacyl-

glycerol (DAG), malonyl-CoA, glycogen, and glucose-6-

phosphate content as well as the activities of glycogen

synthase (GSa), PDHc and PDH kinase were analyzed in

muscle homogenate as previously described [29]. Gas-

trocnemius lipids were extracted, total phospholipids sep-

arated by TLC and their fatty acid analyzed by a procedure

described in detail by Brenner et al. [14]. The protein mass

expression of nPKCh in the cytosol and membrane fraction

of the gastrocnemius muscle were measured as described

by D’Alessandro et al. [29].

Euglycemic Hyperinsulinemic Clamp Studies

Whole body peripheral insulin sensitivity was measured

using the euglycemic hyperinsulinemic clamp technique as

described in detail elsewhere [12]. At the end of the second

hour of the clamp studies, gactrocnemius muscles were

quickly removed, frozen and stored at –80 �C for the assay

of both glycogen and glucose-6-phosphate concentration

and GSa activity [12].

Adipose Tissue Assays

Preparation of Isolated Adipocytes

The adipocytes were isolated from the epididymal fat pad

according to the method described by Robdell [30]. Fat cell

size, number and triglyceride content were determined in

the isolated adipocytes [31]. Aliquots of isolated epididy-

mal fat cells were incubated in a shaking Dubnoff water

bath at 37 �C for 1 h; glycerol release was measured under

these experimental conditions as an index of basal lipoly-

sis. More details of the methodology employed have been

previously described [31]. Lipoprotein lipase (LPL) and

G-6-PDH activities in epididymal fat pads were also

measured as previously described [31].

Total RNA Preparation and Relative Quantitative RT-PCR

Analysis

Adipose tissue total RNA was prepared from fat pad tissue

(epididymal and retroperitoneal) of each dietary group.

Total RNA samples were stored at –80 �C until quantifi-

cation of the target mRNAs (ob mRNA and adiponectin

mRNA). A real time, two-step RT-PCR assay was devel-

oped for mRNA relative quantification as previously de-

scribed [23]. The relative-quantitative data were expressed

as the ratio of the level of adiponectin or leptin mRNA to

that of 18S rRNA in arbitrary units.

Pancreas Tissue Assays

Perifusion of Isolated Islets

Islets were isolated by collagenase digestion and collected

under a stereoscopic microscope. After a 30 min prewash

period, a group of 30–40 islets were perifused with a Krebs

Ringer buffer pH 7.4 at 37 �C (O2 95:CO2 5) containing

high glucose concentration (16.5 mM) or glucose 16.5 mM

plus palmitate 0.5 mM until the end of the perifusion

(40 min). In all the experiments, aliquots from the effluent

for insulin assays were collected after different periods of

time and stored at –20 �C until insulin analysis. More de-

tails of the methodology employed have been previously

described [22]. Islet triglyceride content and PDHc activity

were assayed in isolated islets as previously described [22].

Statistical Analysis

Results were expressed as mean ± SEM. The statistical

significant between groups was determined by one way

analysis of variance followed by the inspection of all dif-

ferences between pairs of means by the Newman Keul’s
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test. P values lower than 0.05 were considered to be sta-

tistically significant.

Results

Blood Variables

At the end of the dark period (7 AM), plasma triglyceride,

FFA and glucose concentration were higher (p < 0.05) in rats

fed a SRD compared with age-matched controls fed a CD

(Table 1). A complete normalization of all of these variables

occurred in rats fed a SRD + FO during the last 2 months of

the experimental period. Moreover plasma insulin levels did

not differ between the groups (data not shown).

Liver Tissue

Main Effects of FO (n-3 PUFAs) on the Hepatic Liver

Metabolism of SRD-fed Rats

Both triglyceride content and VLDL-triglyceride secretion

were significantly higher in the liver of rats fed a SRD

compared to those fed a CD (Table 2). The activities of the

enzymes related to the ‘‘novo lipogenesis’’ were signifi-

cantly increased in the SRD-fed rats, whereas the fatty acid

oxidase (FAO) activity was similar and CPT-1 activity was

significantly decrease compared to that in the control group

fed a CD. The presence of FO in the SRD collectively

acted to normalize or improve liver triglyceride contents

and the VLDL-Tg secretion rate as well as the lipogenic

enzyme activities, while increasing the mitochondrial and

peroxisomal fatty acid oxidation (CPT-1 and FAO activi-

ties).

Skeletal Muscle

Effects of FO on Metabolite Concentrations, Enzyme

Activities and PKCh Mass Expression in Gastrocnemius

Muscle of SRD-fed Rats

Compared to CD-fed rats, the gastrocnemius muscle of

dyslipemic insulin-resistant, SRD-fed rats at the basal state

(ex vivo) shows a significant increase (p < 0.05) of tri-

glyceride, LC ACoA and DAG contents without changing

malonyl-CoA levels (Table 3). Qualitative and quantitative

analyses of Western blots showed that the relative abun-

dance of nPKCh isozyme was also significantly increased

in the membrane fraction of the gastrocnemius muscle of

the SRD, whereas the cytosol fraction was slightly but not

significantly decreased. Moreover, both a reduced active

form of PDHc and an increase in PDH kinase activities

were observed in SRD-fed animals, suggesting an impaired

glucose oxidation. Table 3 also shows that FO reduced the

increased triglyceride contents to basal levels within the

skeletal muscle cells, and restored the PDHc activity. Be-

sides, FO improved long-chain acyl CoA and DAG con-

centration and the nPKCh mass expression in the

membrane fraction of the skeletal muscle of SRD-fed rats.

Table 1 Blood variables in rats fed a control (CD), sucrose-rich

(SRD) or SRD + fish oil (SRD + FO) diets

Triglycerides

(mmol/L)

Free fatty acids

(lmol/L)

Glucose

(mmol/L)

CD 0.64 ± 0.04b 287.2 ± 18.0b 6.40 ± 0.12b

SRD 2.23 ± 0.10a 794.0 ± 30.0a 8.18 ± 0.10a

SRD + FO 0.60 ± 0.06b 295.1 ± 38.0b 6.52 ± 0.20b

Values are expressed as mean ± SEM, n = 6. Values in a column that

do not share the same superscript letter are significantly different

(p < 0.05) when one variable at a time was compared by the Newman

Keul’s test

SRD + FO group consumed the sucrose-rich diet for 6 months and

the SRD diet containing FO for the last 2 months of the experiment

Table 2 Liver triglyceride content, triglyceride secretion rate (VLDL-Tg) and enzyme activities in rats fed a control (CD), sucrose-rich (SRD)

or SRD + fish oil (SRD + FO) diets

Diets CD SRD SRD + FO

Triglyceride (lmol/g wet tissue) 12.60 ± 0.28b 23.83 ± 2.35a 11.20 ± 0.52b

VLDL-Tg [nmol/(min · g body weight)] 161.5 ± 3.0b 194.6 ± 8.5a 120.3 ± 9.5c

Fatty acid synthase (mU/mg protein) 1.21 ± 0.02c 5.78 ± 0.49a 2.41 ± 0.08b

Malic enzyme (mU/mg protein) 1.14 ± 0.01c 2.15 ± 0.15a 1.68 ± 0.06b

Glucose-6-phosphate dehydrogenase (mU/mg protein) 26.06 ± 2.19b 36.00 ± 0.95a 23.10 ± 2.00b

PDHa (% PDHt) 35.02 ± 1.61b 50.55 ± 3.04a 36.33 ± 1.54b

Carnitine palmitoyltransferase I (mU/mg protein) 1.20 ± 0.13b 0.70 ± 0.03c 1.92 ± 0.15a

Fatty acid oxidase (mU/mg protein) 2.40 ± 0.17b 2.45 ± 0.13b 5.33 ± 0.35a

Values are expressed as mean ± SEM, n = 6. Values in a line that do not share the same superscript letter are significantly different (p < 0.05)

when one variable at a time was compared by the Newman Keul’s test

PDHa active form of PDH complex, expressed as percentage of total PDHc activity (PDHa basal activity · 100/total activity). Total PDH

activity (mU/mg protein) 8.01 ± 0.99 for CD, 7.46 ± 0.87 for SRD and 8.00 ± 1.00 for SRD + FO
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Values were still higher than those observed in the CD-fed

rats.

On the other hand, dietary FO reversed the impaired

insulin-stimulated glucose-6-phosphate concentration,

glycogen storage and glycogen synthase activity during the

euglycemic hyperinsulinemic clamp (Fig. 1). Moreover,

the glucose infusion rate (GIR), which measures whole

body peripheral insulin action ‘‘in vivo’’, was lower

(p < 0.01) in the SRD-fed group [24.17 ± 4.34 lmol/

(kg min), n = 6] compared to CD-fed rats [64.45 ±

5.00 lmol/(kg min), n = 6]. However, in the SRD + FO

group, the GIR did not differ from the controls

[68.10 ± 6.30 lmol/(kg min), n = 6].

The normalization of peripheral insulin sensitivity in the

SRD + FO fed rats was accompanied by a significant in-

crease in the n-3 PUFAs, specially EPA and DHA, in the

phospholipids of the gastrocnemius muscle. The n-3/n-6

ratio was significantly higher (p < 0.05). Values were as

follows: % fatty acids; n-3PUFAs (mean ± SEM n = 6):

13.61 ± 0.44 in CD, 5.58 ± 0.58 in SRD and 22.23 ± 0.61

in SRD + FO. The ratio n-3/n-6 was 0.35 in CD, 0.14 in

SRD and 0.81 in SRD + FO, respectively.

Adipose Tissue

Effects of Dietary FO on Body Weight, Fat Pad

Morphology, Triglyceride Content and Enzyme Activities

Rats fed a SRD developed visceral adiposity (increase in

epididymal and retroperitoneal fat tissues) and a moderate

increase in body weight (Table 4). Isolated adipocyte from

epididymal fat tissue showed a significant increase in

Table 3 Gastrocnemius muscle metabolites, protein mass expression of nPKCh and PDHc and PDH kinase activities of rats fed control (CD),

sucrose-rich (SRD) or SRD + fish oil (SRD + FO) diets

Diets CD SRD SRD + FO

Triglyceride (lmol/g wet tissue) 3.34 ± 0.44b 8.01 ± 0.40a 3.44 ± 0.51b

LC ACoA (lmol/l) 8.72 ± 0.23b 15.08 ± 1.44a 10.14 ± 0.33c

DAG (nmol/g wet tissue) 116.1 ± 10.0c 177.2 ± 9.1a 143.5 ± 7.2b

Malonyl-CoA (nmol/g wet tissue) 1.36 ± 0.43 1.30 ± 0.58 1.05 ± 0.19

nPKCh (densitometric units relative to control diet) Cytosol 100.0 ± 4.1 84.2 ± 6.2 88.3 ± 5.0

Membrane 100.0 ± 3.1c 174.1 ± 8.0a 143.2 ± 7.0b

PDHa (% PDHt) 34.51 ± 1.20a 18.70 ± 1.81b 32.52 ± 1.60a

PDH kinase (K/min–1) 1.55 ± 0.12b 3.30 ± 0.24a 1.60 ± 0.14b

Values are expressed as mean ± SEM, n = 6. Values in a line that do not share the same superscript letter are significantly different (p < 0.05)

when one variable at a time was compared by the Newman Keul’s test

Long-chain acyl-CoA is expressed as lmol/L assuming that 80% of the tissue was water, PDHa active form of PDH complex (see Table 2), PDH

kinase activity was assayed as determining the adenosine triphosphate-dependent inactivation of PDHc activity as a function of time (K/min–1)

and was calculated from the first order kinetic constant
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Fig. 1 Glucose-6-phosphate

and glycogen concentration and

glycogen synthase (GSa)

activity in gastrocnemius

muscle at the start (open bars
0 min) and at the end (closed
bars 120 min) of the clamp

studies in rats fed control (CD),

sucrose-rich (SRD) or

SRD + fish oil (SRD + FO).

Values are expressed as

mean ± SEM, n = 6. *p < 0.05

120 versus 0 min in CD, SRD or

SRD + FO; (open circles)

p < 0.05 SRD 120 versus CD

and SRD + FO 120 min
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triglyceride contents, and cell volume without changes in

total cell number compared to CD-fed rats. Lipoprotein

lipase and glucose-6-phosphate dehydrogenase activities

were significantly increased (p < 0.05) in the SRD. Dietary

FO markedly reduced the fat pad mass and the hypertrophy

of fat cells (decreased cell volume and triglyceride con-

tents). However, only a slight but not significant decrease

of total body weight was observed. In addition, we previ-

ously reported [31] that the histograms of adipose size

distribution that showed a significant increase (37%) of the

mean cell diameters in the SRD-fed rats compared to CD-

fed animals were significantly improved in the group of

rats fed the SRD + FO. The presence of FO in the SRD

reduced the high levels of lipoprotein lipase and glucose-6-

phosphate dehydrogenase activities. Basal lipolysis, which

was significantly increased in isolated adipocytes of SRD-

fed rats, was improved when FO replaced corn oil as a

source of fat in the diet. Values were as follows

(mean ± SEM n = 6) lmol glycerol/(106 cells · h);

0.7 ± 0.1 in CD; 3.4 ± 0.3 in SRD and 1.3 ± 0.2 in

SRD + FO, p < 0.05 SRD versus CD and SRD + FO;

p < 0.05 SRD + FO versus CD.

Plasma Leptin and Adiponectin Levels and Gene

Expression in White Adipose Tissue

Both plasma leptin and adiponectin levels were signifi-

cantly decreased in the SRD-fed rats. By shifting the source

of fat in the diet to FO, the plasma levels of both adipo-

kines reached values similar to those found in the rats fed a

CD (Fig. 2a). Figure 2b shows obmRNA in adipose tissue

(epididymal and retroperitoneal) of various dietary groups.

Ob mRNA in both adipose tissues did not change between

the different groups. Adiponectin mRNA showed a similar

profile in both white adipose tissues. The presence of FO

after the installation of insulin resistance induced by the

SRD (Fig. 2b) had not additional effects. Therefore,

Fig. 2b represents the obmRNA and adiponectin mRNA

levels of both adipose tissues.

Pancreas

Insulin Secretion from Perifused Isolated Islets. Effect

of Dietary Fish Oil

Perifused islets from SRD-fed rats showed an alteration

in the biphasic patterns of glucose stimulated insulin

secretion with an absence of the first peak and an in-

crease in the second phase of hormone secretion com-

pared to CD-fed rats. Dietary FO completely normalized

glucose induced insulin secretion in the SRD-fed rats

(Fig. 3a). Furthermore, as expected, a short-term expo-

sure of b cell to 0.5 mmol/L of palmitate in the peri-

fused fluid enhanced glucose stimulated insulin secretion

in rats fed a CD. In the SRD-fed group, the presence of

palmitate diminished both the first peak and the second

phase of insulin secretion when compared to the CD

group. Dietary FO enhanced the first and second phase

of hormone secretion, which was greater (p < 0.05) than

those in the SRD group and comparable to the control

group fed a CD (Fig. 3b).

Triglyceride Concentration and PDHc Activity in Isolated

Islets

Figure 4a shows an increase (p < 0.05) in thetriglyceride

content in SRD-fed rats that was accompanied by a de-

crease (p < 0.05) in the PDHc activity (Fig. 4b). However,

in the SRD + FO fed group neither variable differed from

the CD group.

Table 4 Body weight, adipose tissue weight, cell volume and number, triglyceride content and LPL and G-6-PDH activities in rats fed a control

(CD), sucrose-rich (SRD) or SRD + fish oil (SRD + FO) diets

Diets CD SRD SRD + FO

Body weight (g) 442.5 ± 10.0b 513.1 ± 19.0a 487.3 ± 6.4a

Epididymal fat (g) 7.29 ± 0.63c 14.00 ± 0.89a 10.40 ± 0.50b

Epididymal relative weight (g/100 g body weight) 1.58 ± 0.10c 2.80 ± 0.13a 2.09 ± 0.06b

Cell volume (pl) 264.1 ± 15.4c 488.9 ± 10.5a 360.0 ± 20.5b

Cell number · 106/g tissue 4.03 ± 0.18a 2.30 ± 0.15c 3.10 ± 0.14b

Triglyceride (nmol/cell) 0.31 ± 0.03c 0.61 ± 0.04a 0.42 ± 0.03b

LPL (pktal/cell number · 106) 660.0 ± 95.1b 1360.2 ± 170.4a 820.2 ± 110.2b

G-6-PDH (mU/cell number · 106) 43.50 ± 1.91b 80.42 ± 3.71a 30.60 ± 2.60c

Retroperitoneal fat (g) 6.05 ± 0.40c 12.98 ± 0.94a 9.94 ± 0.49b

Retroperitoneal relative weight (g/100 g body weight) 1.23 ± 0.16c 2.65 ± 0.18a 2.07 ± 0.08b

LPL: Lipoprotein lipase, G-6-PDH: glucose-6-phosphate dehydrogenase

Values are expressed as mean ± SEM, n = 6. Values in a line that do not share the same superscript letter are significantly different (p < 0.05)

when one variable at a time was compared by the Newman Keul’s test

432 Lipids (2007) 42:427–437

123



Leptin

0

5

10

15

20

25

n
g

/m
L

Adiponectin

0

0.5

1

1.5

2

2.5

3

3.5

4

* *

CD

SRD

SRD+FO

A

White adipose tissue ob mRNA

0

0.2

0.4

0.6

0.8

1

1.2

1.4
A

rb
it

ra
ry

 u
n

it
s 

(o
b

/1
8S

)

White adipose tissue adiponectin
mRNA

0

0.2

0.4

0.6

0.8

1

1.2

1.4

A
rb

it
ra

ry
 u

n
it

s 
(a

d
ip

o
n

ec
ti

n
 /1

8S
)B

m 
g

/m
L

Fig. 2 Plasma leptin and

adiponectin levels (a) and white

adipose tissue (WAT)

(retroperitoneal and epididymal)

ob and adiponectin mRNAs

expression (b) of rats fed a

control (CD), sucrose-rich

(SRD) or SRD + fish oil

(SRD + FO). Levels of mRNA

were determined by real-time

quantitative RT-PCR. The

values are expressed as

mean ± SEM, n = 6. *p < 0.05

SRD versus CD and SRD + FO

0

10

20

30

40

50

60

70

80

0 10 20 30 40 50

time (min)

In
su

lin
 (f

m
o

l/m
in

.is
le

t)

Glucose 16.5 mmol/L
A

***

*

*

**

*

*

*

*

*

Control Diet (CD)

Sucrose-Rich Diet
 (SRD)

SRD + FO

0

10

20

30

40

50

60

70

80

0 10 20 30 40 50

time (min)

In
su

lin
 (f

m
o

l/m
in

.is
le

t)

* *

*
**

#

#

#

#

#

#

# 

*

B
Glucose 16.5 mmol/L +
Palmitate 0.5 mmol/L

*

Fig. 3 Insulin secretion in

perifused pancreatic islets from

rats fed control (CD), sucrose-

rich (SRD) or SRD + fish oil

(SRD + FO) diets under the

stimulus of glucose a or

glucose + palmitate b. Values

are expressed as mean ± SEM,

n = 6; *p < 0.05 SRD versus

CD and SRD + FO at each time

point in a and b; #p < 0.05

SRD + FO versus CD at each

time point in b

Lipids (2007) 42:427–437 433

123



Discussion

This work focused on the analyses of several metabolic and

molecular mechanisms concerning the effect of fish oil

(FO) on the reversion or improvement of dyslipidemia and

insulin resistance ensuing a long-term feeding of a sucrose-

rich diet to normal rats. The study shows that in this

experimental model dietary FO is associated with a number

of effects that collectively act to reduce dyslipidemia and

improve insulin action.

Effects on the Liver

The liver plays a central role in whole body carbohydrate

and lipid metabolism and several metabolic pathways may

be regulated by PUFAs through changes in the activity or

abundance of different transcription factor families, among

them, PPARs, SREBPs, and LXR a and b. FO decreases

plasma and liver triglyceride levels, VLDL-Tg secretion,

and return plasma triglyceride to basal levels in SRD fed

rats. Moreover, by shifting the source of fat in the SRD

from corn oil to FO, the enzymatic activities of FAS, G-6-

PDH, ME and PDHc, all of them involved with ‘‘the novo’’

lipogenesis, decreased to values similar to those recorded in

the control fed rats while FAO and CPT1 activities were

enhanced. Neschen et al. [32] have recently demonstrated

that dietary n-3 PUFAs administered to rats increases the

fatty acid oxidation capacity of tissues through their ability

to function as ligand activators of transcription factor

PPARa and thereby induces the transcription of several

gene-encoding proteins affiliated with fatty acid oxidation.

Besides, the suppression of ‘‘the novo’’ lipogenesis

and MUFA synthesis by n-3 PUFAs requires that the

transcription factor SREBP-1c [4]. Thus, in the SRD-fed

rats, the normalization of plasma and liver triglyceride

levels suggests that the principal action of FO on hepatic

lipid metabolism involves a shift from lipid synthesis and

storage to lipid oxidation and therefore, both mechanisms,

thus contributing to the hypolipemic effect of FO.

Effects on Skeletal Muscle

In the skeletal muscle, the regulation of the glucose

metabolism involves a complex interplay with the other

fuels, especially free fatty acids. Studies in rats and humans

[33] have shown that the degree of insulin resistance is

strongly correlated with the muscle accumulation of tri-

glycerides, and especially with LC ACoA. In the SRD-fed

rats, D’Alessandro et al. [29] have recently demonstrated a

significant increase in both triglyceride and LC ACoA

contents within the gastrocnemius muscle which was

accompanied by a significant increase in DAG and nPKCh
protein mass expression in the cell membrane fraction and

a decrease in PDHc activity. LC ACoA by their esterifi-

cation to DAG stimulate the PKC activity. Indeed, PKC

disrupts the insulin signal via serine or threonine phos-

phorylation of insulin receptors, insulin receptor substrate

1, and potentially, other proteins such as glycogen synthase

[34]. An increase in the LC ACoA concentration could also

affect translocation of the glucose transport Glut 4 by

acylating proteins involved in membrane fusion processes

[35]. In addition, a significant reduction of flux through

PDHc may limit glucose oxidation via the glucose–fatty

acid cycle [29].

Fish oil normalizes and/or improves lipid storage and

glucose oxidation within the skeletal muscle as well as
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nPKCh proteins mass expression in the membrane fraction.

Moreover, FO reversed the impaired insulin stimulated

glycogen storage, glucose-6-phosphate concentrations,

GSa activity and whole body insulin insensitivity, and re-

turned plasma glucose and FFA levels to normal without

changes in insulin levels.

The hypolipidemic effect of FO decreases the avail-

ability of the lipid fuel within the skeletal muscle and

could, in turn, restore glucose oxidation and help to nor-

malize insulin resistance. A recent study in healthy humans

fed a high fat diet (75% fat) for 3 days showed an increase

in PDH kinase and reduced PDHc activities in the skeletal

muscle. In these people, the replacement of 15% of the fat

by n-3 PUFAs decreased triglycerides and improved PDH

kinase without changes in PDHc activities [36]. Moreover,

Aas et al. [37] showed that the chronic exposure of EPA

increased the uptake and oxidation of glucose despite a

marked increase in fatty acid uptake and synthesis of

complex lipids in cultured human skeletal muscle.

Increasing evidence suggests that the fatty acid com-

position of membrane phospholipids in the skeletal muscle

and other target tissues is a critical factor that may induce

changes in the structure and fluidity of cell membranes that

could, in turn, directly affect insulin action. An increase in

n-3 EPA and DHA as well as the n-3/n-6 ratio in the

gactrocnemius muscle was observed after FO administra-

tion to SRD-fed rats, and this could also contribute to

improve muscle insulin insensitivity. Moreover, Simo-

ncikova et al. [38] also demonstrated that substitution of

fish oil into a high fat diet in rats led to an improvement of

‘‘in vivo’’ insulin action. The insulin sensitive effect of FO

was accompanied by a decrease of plasma FFA, triglyc-

eride and glycerol levels and a decrease of lipid content in

liver and skeletal muscle. However, another study by Po-

dolin et al. [18] demonstrated that when the sucrose diet

containing menhaden oil was given to insulin-resistant rats,

insulin action on the glucose metabolism remained im-

paired. Differences in the amount of FO present in the diet

as well as the n-3/saturated ratio between the oils employed

may contribute to the effectiveness of FO in reversing

insulin insensitivity.

Effects on Adipose Tissue

Dietary FO was able to reverse the preexisting metabolic

and morphological changes of visceral fat pad tissue, re-

duce the hypertrophy of fat pad cells and improve their

altered size distribution in the SRD fed rats. We have also

recently observed that both the inhibitory effect of high

sucrose upon the antilipolytic action of insulin and the

impaired insulin stimulated glucose transport were com-

pletely normalized (unpublished results). The changes in-

duced by FO could be possibly via mechanisms that

include FO (specially EPA) binding and activation of the

PPAR-c2 isoform expression in white adipose tissue.

PPAR-c2 results in a coordinated increase in a large

number of genes involved in lipid metabolism [39].

Moreover, PPAR-c remodels the adipose tissue in adult

animals, driving the formation of small insulin sensitive

white adipocytes. Rossi et al. [23] have recently shown that

the adiposity and insulin resistance present in the SRD-fed

rats were accompanied by a decrease of plasma leptin and

adiponectin levels, while no changes in the gene expression

of both adipokines in visceral fats (epididymal and retro-

peritoneal) were observed. Leptin and adiponectin play an

important role in the lipid and glucose metabolism and

their regulation by FO might be implicated in the func-

tional and morphological changes present in the adipose

tissue of SRD-fed rats. Indeed, by shifting the source of fat

to FO, the plasma levels of both adipokines were increased

without changes in their gene expression, while insulin

insensitivity and dyslipidemia were reversed and adiposity

improved. Although the mechanisms by which FO increase

plasma leptin and adiponectin are still unclear, these results

suggest that the normal levels reached by both adipokines

might play an essential role in the normalization of insulin

resistance and adiposity [23]. Recently, Yamauchi et al.

[40] demonstrated that insulin resistance in lipoatrophic

mice was completely reversed by a combination of physi-

ological doses of adiponectin and leptin, but only partially

when either adipokine was given alone, suggesting that

leptin and adiponectin may work hand in hand to sensitize

peripheral tissues to insulin. Although we cannot extrapo-

late these results to humans, Skurnick-Minot et al. [41]

demonstrated a decrease of whole body adiposity and

adipocyte size in type 2 diabetic insulin resistant patients

after 2 months of treatment with FO capsules (1.8 g of n-

3 PUFAs). In these patients, plasma adiponectin tended to

increase without any deterioration or amelioration of

insulin sensitivity at this stage.

Effects on b Cell Function

A chronic exposure to hyperglycemia and high levels of

plasma FFA has been shown to have a deleterious effect on

both insulin secretion and action, a concept termed

glucolipotoxicity. Several mechanisms have been proposed

that could contribute to the dysfunction of the b cell such as

changes in glucose oxidation, increase in triglyceride

content within the islets, down regulation of several genes

including glut 2 and glucokinase, stimulation of SREBP-1c

and PPARc among others (See [42] for a review). In long-

term SRD-fed rats, we have recently demonstrated [22]

highly deteriorated insulin secretion patterns in response to

glucose stimulus. Furthermore, the islets acute exposure to

palmitate in the perifusion medium did not improve insulin
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release [22]. This was accompanied by an increase in the

triglyceride storage within the islets that occurred con-

comitantly with a reduction of the PDHc activity. A de-

creased flux through the PDHc is associated with lower

PDHa levels, and could involve activation of the PDH ki-

nase. The inhibition of PDHc limits the oxidative glucose

metabolism, a signal for insulin secretion and synthesis.

These could play a key role in the abnormal insulin

secretion of rats chronically fed a SRD. Moreover, the

beneficial hypolipidemic effect of dietary FO on b cell

dysfunction becomes evident since after FO administration

all the above alterations were completely normalized.

Interestingly, an improvement by fish oil of both insulin

sensitivity and i.v glucose tolerance has been shown in

patients with primary hypertriglyceridemia [43].

Finally, dietary FO appears to play an important pro-

tecting role against the adverse symptoms of the pluri-

metabolic syndrome. The present work suggests some

possible mechanisms through which FO improve or reverse

dyslipidemia, b cell dysfunction and adiposity in rats fed a

long-term a SRD. However, some effects of n-3 PUFAs on

physiological processes such as the nature of the intracel-

lular signal responsible for regulating the various affected

transcription factors, both in human and experimental

models, still remain unclear. Future research in this area

will contribute to our understanding of how these singular

lipids impact upon human health and disease.
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