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ABSTRACT

The aim of the present work was to study how diatéive and linseed oils modulate the rat metabmdigponses to
cafeteria diet during aging. Male older rats (teromths aged) weighing 350 to 400g were fed a stahdhow or a
cafeteria diet containing either olive oil (5%) ative-linseed oils (2.5% olive, 2.5% linseed) farot months.
Changes in serum glucose, cholesterol and trigigeetevels, liver and adipose tissue lipids andyfacid
composition, hepatic triglyceride lipase (HTGL),igake tissue lipoprotein lipase (LPL) and hormoeesitive
lipase (HSL) activities and intracellular redox &ta (glutathione, malondialdehyde and carbonyl eiod) were
determined at the end of the experiment. The céetiet intake led to higher energy intake wittgihér body
weight, hyperglycemia, hyperinsulinemia, hyperlegtiia and hyperlipidemia, liver and adipose lipid
accumulation, alterations in lipolytic enzyme aitids (high HSL and low HTGL activities) and intedlalar
oxidative stress (high malondialdehyde and carbgmgkein levels) in older rats. Olive oil and oliieseed oils
supplementation modulated liver and adipose tigzwtein, cholesterol and triglyceride contents iotlo control
and obese older rats, with beneficial effects rsglin lower energy intake and lower body weidbtyer adipose
fat deposition, decreased lipids, upregulated liol enzyme activities and reduced intracellulaidative stress.
The combination olive-linseed oils appeared to lmereffective in metabolic improvements especiallpbese
older rats. In conclusion, olive-linseed oils sumpentation induced lower energy intake associatedar
improvement of metabolic alterations observed iasity during aging in rats.

Key words: aging, cafeteria diet, linseed oil, metabolismgsity, olive oil.
Abbreviations

ALA: o-linolenic acid

C: control rats fed standard chow

CO: control rats fed the olive supplemented corttret

COL: control rats fed the olive-linseed supplemdraentrol diet
DTNB: 5,5-dithiobis-2-nitrobenzoic acid

GSH: reduced glutathione

HSL: hormone sensitive lipase

HTGL: hepatic triglyceride lipase

LPL: lipoprotein lipase

MDA: malondialdehyde

MUFA: monounsaturated fatty acid

O: obese rats fed cafeteria diet

OL: obese rats fed the olive supplemented cafetieia

OOL: obese rats fed the olive-linseed supplemecaéeteria diet
PNPB:p-nitrophenylbutyrate
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PUFA: polyunsaturated fatty acid
SFA: saturated fatty acid

TBA: thiobarbituric acid

VLDL: very low density lipoprotein

INTRODUCTION

Obesity is an important metabolic disorder charamtd by reduced insulin sensitivity and lipid misibsm
abnormalities, in both animal models and humans $&veral lipid abnormalities have been observetluding
plasma and tissue cholesterol and triglyceride metation with altered fatty acid metabolism. Additally, lipid
alterations have been considered as a contribdmtpr to oxidative stress in obesity [2]. In fachesity is
associated with increased production of reactiwgger species as well as reduced antioxidant defeeshanisms
[3]. In obese patients, the increase in oxidatimendge may be a consequence of hyperglycemia, ipgigerhia,
increased tissue lipid levels, inadequate antiottidiefenses, increased rates of free radical féomand chronic
inflammation [3]. Aging is also associated with atmal lipid metabolism and increased systemic diidastress
[4]. Elevations in oxidative products with agingeanormally associated with increased levels of gadous
antioxidants [5]. However, the free radical forratihas been shown to increase within aging skelztal
myocardial muscle and liver at a rate that excébdsncreased antioxidant capacity of the tissy@][®xidative
stress is associated with increased susceptibilithe onset of age-related diseases [5]. Sincer @ldults are at risk
for lipid alterations and oxidant stress, the dddal presence of obesity could enhance these wiatab
abnormalities. We have previously shown that obatsehad increased oxidative stress which was prargounced
with advancing age [7].

On the other hand, modification of dietary fat casifion may influence metabolic disorders assodiatéth
obesity [8]. Saturated fat- rich diets resultedireduction in insulin sensitivity and an increaseerum cholesterol
and triglyceride levels and in body weight [9]. Hower, diets containing unsaturated fatty acids cedhe risk of
developing metabolic diseases [10]. Olive oil, th&in source of fat in the Mediterranean diet, ¢h in oleic acid, a
monounsaturated fatty acid (MUFA), and may havdthdeenefits [11]. Recent studies have shown tietsdich in
MUFAs have favorable effects on the coagulationcess, inflammation, reduce fasting plasma glucose
concentrations and improve insulin sensitivity [11]

In the same way, considerable interest has beeprggen over the last decade on the potential rble-®
polyunsaturated fatty acids (PUFAS) in the preventf metabolic diseases. The modulation of thaettg cids in
the diets plays an important role in the preventém treatment of coronary heart diseases, hymeoi@nauto-
immune disorders and cancer [12,13].

An important source of dietary n-3 PUFAdisinolenic acid (ALA, 18:3 n-3), supplied by vegbta sources such as
linseed oil. Evidence has shown thad fatty acids lower both plasma cholesterol aiglytterides and are useful in
treating dyslipidemia in diabetes [13,14]. The effef PUFAs on insulin sensitivity is well knowngJL There is
some experimental evidence timB8 PUFA-enriched diets lead to changes in enerdgnica and in body weight,
with beneficial effects on insulin resistance [H,1The administration of-3 PUFAs -rich diets increased lipid
peroxidation [17] while the olive-rich diet resudtén less oxidative stress in rat tissues compuaigd a diet based
on sunflower oil [18].

The liver and adipose tissue play an important iliatty acid metabolism. Most of oleic acid antdAAare stored
in adipose tissue [19]. These fatty acids are assal in the carbon recycling pathway for tleenovdipid synthesis
or in beta-oxidation or converted to long-chain RlFn numerous mammalian tissues, including li\20]] The
impact of dietary fatty acid composition on livardaadipose tissue lipid metabolism has been exahtiyesome
authors [20,21,22]. However, although it is welcdmented that the consumption of diets high in MUifAn n-3
PUFA can improve metabolic alterations, their biaf effects on obesity during aging have not bekmidated.
Indeed, most studies have employed only one higfefanula in contrast with standard chow and did aoalyze
the influence of the combination of different fa#tgids in the model.

This paper is the first attempt to understand hbe ¢combination of dietary n-3 PUFA and MUFA affette

metabolic responses of aged rat to cafeteria @i#h, special attention to liver and adipose tiskpigl profiles and
oxidant / antioxidant status. To mimic human diets,used the combination of two oils, olive anddiad oils. The
cafeteria feeding is believed to be a reliable rhofidietary obesity in humans and we have previpsksown that
offering rats a variety of snack-type foods induadxbsity, oxidative stress and several liver aniggcess tissue
metabolic alterations [23,24]. Our hypothesis &t the type of dietary fat is an important factaydulating obesity-
related changes in aging.
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MATERIALS AND METHODS

Animals and experimental protocol

Older male wistar rats (aged 10 months, n = 48)ghieg 350 to 400g, were obtained from Animal Reseu
Centre (Algeria). Animals were housed at 20 + 2°ighW - 3 in each cage, and maintained on a 12:lightYdark

cycle. Rats were randomly assigned to one of 6 raxeatal diets. The control group (control, C, n¥®s fed
standard laboratory chow (ONAB, Algeria). In gro@p(control olive, CO, n=8), rats were on standahdve

supplemented with olive oil (5%). In group 3 (camtolive linseed, COL, n=8), rats were on standahdw

supplemented with the combination of olive-linsedd (2.5% olive oil and 2.5% linseed oil). The et&fria group 4
(diet induced obese, DIO, n=8) was fed a palatdblefat diet. In group 5 (diet induced obese qli¢O0, n=8),

rats were on cafeteria diet supplemented with otiile(5%), and in group 6 (diet induced obese olivsseed,
DIOOL, n=8), rats were on cafeteria diet suppleraéntith the combination of olive-linseed oils (2.5%ve oil

and 2.5% linseed oil). The control diet (386 kddld) was composed of 20% of energy as protein, @beénergy
as lipids and 60 % of energy as carbohydrates. cBmeponents of the cafeteria diet were grinded petiéese,
bacon, chips, cookies and chocolate (in a propomi2:2:2:1:1:1, by weight) and control diet (ngahtrol diet).
The composition of the cafeteria diet (523 kcal/l§)0 was 16% of energy as protein, 24% of energy
carbohydrates and 60% of energy as lipids. The¢ fadtd composition of the six diets is listed inble&l. Pure
linseed and olive oils were obtained from INRA (INRAlgeria). Fresh food was given daily and foothke and
body weights were recorded. Rats were killed &fteeeks of feeding.

The study was conducted in accordance with themnaltiguidelines for the care and use of laboraémiynals. All
the experimental protocols were approved by théd®ed Ethical Committee.

Blood and tissue samples

At the end of the experimental period (two monthkg animals were kept for overnight fasting. Thvegre
anaesthetized with intraperitoneal injection of isod pentobarbital (60 mg/kg of body weight). Thedd was
drawn from the abdominal aorta, and serum was f@eglucose and lipid determinations. The liver atdlominal
(perirenal and epididymal) white adipose tissueememoved, washed with ice-cold saline, quicklytteld and
weighed. An aliquot of each tissue was homogenizegh Ultraturrax homogenizer (Bioblock Scientiflitkirch,
France) for lipid extraction. A second aliquot e&fsties was homogenized in 10 volumes of ice-colanih@ol/I
phosphate-buffered saline (pH 7.4) containing 1.1B%Il. The homogenate was subjected to a 6000
centrifugation at 4°C for 15 min. The supernataatctions were collected and used for biochemical wedox
markers determinations. For lipoprotein lipase (LRLtivity, tissue homogenates in 0.9% (w/v) NaGht&aining
heparin (Sigma, St. Louis, MO, U.S.A.) were prepaae described by Mathe et al. [25]. Another altgpfaadipose
tissue portion was homogenized in ice cold buffertaining 0.25M sucrose, 1 mM dithiothreitol anch EDTA,
pH 7.4, supplemented with 20 mg/ml leupeptin, 2 migdntipain and 1 mg/ml pepstatin, and was usedler
adipose hormone-sensitive lipase (HSL) assay asided by Kabbaj et al. [26].

Chemical analysis

Serum glucose was measured using the Trinder ghukib§Sigma). Serum and tissue triglyceride andlesterol
were measured using colorimetric enzymatic kitscfigoDiagnostics). For these enzymatic methodsinteeassay
CV (coefficient of variance) was in the range of7 1o 3%. Serum HDL- and LDL/VLDL-Cholesterol
concentrations were determined by an enzymaticrioadric test provided by Bioassay Systems Kitsthvwan
interassay CV of 2 to 3.5%. Plasma creatinine, @ uric acid were measured using enzymatic cuokdric
methods (Kits from BioAssay Systems, CA), with aterassay CV of 1.3 to 2.5%. Serum insulin, adigtineand
leptin concentrations were analysed using RIA witth antibodies to authentic rat insulin, adipoireend leptin
respectively (Linco Research), with an interass&/ & 3 to 5%. Total lipids of liver and adiposestie were
extracted by chloroform/methanol (2:1, v/v). Lipidere transmethylated and fatty acids were analymedas—
liquid chromatography as previously described [B3btein contents of tissue homogenates were digtednoy the
method of Lowry et al. [27], with BSA as the stardla

Determination of lipolytic activities

To estimate adipose hormone sensitive lipase (HE€L.3.1.1.3) activity, a spectrophotometric esterssmy based
on the hydrolysis of PNPBo{nitrophenylbutyrate) was used as described by Hpbbal. [26], with an interassay
CV of 4.5%. Hepatic triglyceride lipase (HTGL) aadipose tissue lipoprotein lipase (LPL) activitiesre assayed
in the supernatants containing heparin-releasapkesds described by Nilsson-Ehle and Ekman [28{h van
interassay CV of 4%. We have previously reporteditieon these enzymatic methods [24,29].
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Determination of tissue oxidant / antioxidant status
The tissue malondialdehyde (MDA) levels, a markdipid peroxidation, were determined in tissue euyatants by

the method of Draper and Hadley [30] based on #aetion of MDA with thiobarbituric acid (TBA) at 9053.
Carbonyl proteins (markers of protein oxidation)revessayed by the 2,4-dinitrophenyl hydrazine reacas
described previously [31]. Tissue reduced glutathi¢GSH) levels were measured using a Bioxytech -@3Hkit
(OXIS International, Inc., Portland, OR, USA).

Statistical analysis

Results are expressed as means * standard deVi&fignThe results were tested for normal distidouusing the
Shapiro—Wilk test. Data not normally distributedrevéogarithmically transformed. Significant diffeiees among
the groups were analyzed statistically by a one-aralysis of variance (ANOVA). When significant olgas were
observed in ANOVA tests, Fisher least significaiffedence tests were applied to locate the soufcggmificant
difference. The individual effects of the diets dhd oil supplementations were distinguished by-tvey ANOVA.
The significance level was set Bt< 0.05. These calculations were performed usingTB$TICA version 4.1
(STATSOFT, Tulsa, OK).

RESULTS

Body and organ weights, food and energy intakesin study rats

The cafeteria diet was associated with increasetly heeight and weight gain compared to standard ¢chow
regardless of oil supplementation (Table 2). Supplatation with olive oil or with the combination olive—linseed
oils induced a reduction in body weight and in vaigain in both control and obese aged rats. Bahidduced
obese (DIOO) and control (CO) rats from groups dedolive diets showed the lowest body weight coregan
those fed on the standard basal diets (C, DIOhermtive-linseed supplemented diets (COL, DIOORX{.0001).

As expected, diet induced obese rats in the cadefent groups had a higher food and energy intakespared with
control animals. Food and energy intakes in thetrobmnd diet induced obese rats fed with the olle(CO,
DIOO) or the olive-linseed oil (COL, DIOOL) supplented diets were significantly lower than thosthimrats fed

on the standard diets (C, DI<0.001).

Compared with the controls, aged diet induced obatsehad a significantly higher adipose tissue lamt weight
(Table 2). Oil supplementation significantly reddaedipose and liver weights in diet induced obase £<0.001).
Diet induced obese rats fed on the olive -linseet (10OO0L) had significantly decreased adipossuesthan those
fed on the olive diet (DIOO). Liver weight did ndiffer between control rats in the three diets @ &nd COL.
However olive-linseed diets exerted an adiposeigisseight-decreasing action in control and dieugetl obese
groups. Two-way ANOVA indicated significant effea&diet and oil supplementation for all these pagters P<
0.01).

Serum glucose, lipid and hormone levelsin study rats

Serum glucose levels were significantly highergeddiet induced obese rats fed on basal cafateigDIO) than
control groups (C, CO, COLPEO0.001). Oil supplementation induced a significeeduction in glycemia in both
control and obese rats, with a more distinct faltloe olive oil supplemented diets compared toothee-linseed oil
diets especially in the diet induced obese ratbléra). Two-way ANOVA revealed an effect for botretdiet
(P=0.002) and the oil supplementatid?=0.006) on serum glucose concentrations.

Serum cholesterol, triglyceride and LDL/VLDL-C ldgewere increased in diet induced obese rats caedptar
controls (Table 2). These values were significadigreased with oil supplementation of the basetisdin both
control and diet induced obese ra#s(.001). A comparable reduction was obtained wiitheail and olive-linseed
oil combination with respect to serum cholesterwd &DL/VLDL-C. However, the fall in serum triglyciele was
most pronounced on the olive-linseed oil diet coragato olive oil diet. There was no difference ierwsn
triglyceride levels among control and diet induokese groups fed on olive-linseed supplemented.diiere were
significant effects (two-way ANOVA) of the diet armll supplementation on cholesteré=0.006 and®= 0.007
respectively), triglycerideR= 0.004 andP= 0.002 respectively) and VLDL/LDL-C BE 0.007 andP= 0.008
respectively) concentrations. Neither the diet tieg oil supplementation affected HDL-C levels ire thats, as
revealed by two-way ANOVA.

Serum insulin, adiponectin and leptin levels wemner@ased in diet induced obese rats compared ttroton
(P=0.001) (Table 2). These values were significadtgreased with oil supplementation in diet induckdse rats
but not in controls. Hormone variations were mqupaaent in the olive-linseed oil diet than in olio# diet. Two-

way ANOVA revealed that the oil supplementation dat influence insulin, leptin and adiponectin cemtations
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(P=0.320); however, these hormone concentrations \wffexted by the dietP<0.005) and by the interaction
between the diet and oil supplementatiBr@.002).

Table 1. Fatty acid composition of experimental dies

Control diet Control olive Control olive linseed  Cafeteria diet  Cafeteria olive diet  Cafeteria olive linseed

(C) diet (CO) diet (COL) (DIO) (DIOO) diet (DIOOL)
(% fatty acids)

SFA 29 22 20 44 39.50 34
C18:1 n-9 20 30 28 28 33 31
C18:2 n-6 46 44 36 27 26.50 23
C18:3n-3 3 3 15 1 1 12
C20:4 n-6 2 1 1 0 0 0
n-9/n-3 7 7 1.87 28 33 2.58

SFA: saturated fatty acids. Fatty acid compositicas analyzed by gas liquid chromatography as meetion material and method section.

Table 2. Characteristics of the study rats

Control rats Diet induced obese rats P
C CO COL DIO DIOO DIOOL (ANOVA)
Body weight (g) 541.66+6.78 463.33+5.47 501.43+6.78 616.67+8.13 530.00+7.31 565.71+6.%  0.0001
Weight gain (g) 166+9.77 97.42+7.9%  131+6.3L 250.25+9.11 170.36+8.08 185+14.22 0.001
Food intake (g/day/rat) 44.38+1.67 28.13+1.38  31.88+1.04 48.88+2.07 31.88+2.12 33.75#1.77 0.001
Energy Intake (Kcal/day/rat) 171.66+8.89 108.58+7.18 123.05+6.01 277.51+13.08 180.73+9.3 191.52+8.9 0.001
Liver weight (g) 20.90+1.48 19.63+1.28 20.61+1.3% 26.01+1.20 23.21+1.09 23.30+1.18 0.001

Adipose tissue weight (g) 8.57+0.67 7.45+0.31 6.39+0.58 18.78+1.20 13.22+1.09 9.06x0.64 0.0001
Serum characteristics

Glucose (g/L) 1.02£0.08  0.790.07 0.81%0.06 1.45+0.04  0.900.05 1.14+0.06  0.001
Cholesterol (g/L) 1.2920.03  0.81+0.02 0.80+0.03 1.86+0.03 1.23#0.09  1.22#0.04  0.001
Triglycerides (g/L) 1.14+0.08  0.730.01 0.57+0.0% 1.97+0.08 1.15+0.08 0.57#0.0f  0.0001
HDL-C (g/L) 0.630.08 0.51%0.06 0.50%0.07 0.54+0.06 0.600.05 .63£0.06 0.124
LDL/VLDL-C (g/L) 0.64+0.08  0.300.04 0.31+0.05 1.30+0.06 0.62+0.04  0.57+0.08  0.001
Insulin (ng/mL) 1.3620.1F  1.34%0.06  1.32+0.09 2.330.16 1.86+0.14  1.52#0.15  0.001
Adiponectin(ug/mL) 3.68+0.39  3.12#0.43  3.10+0.37 6.56+0.24 5.37+0.28  4.79x0.2f  0.001
Leptin (ng/mL) 4.67+0.36  4.22+0.4% 4.38£0.37 8.45+0.48 6.63+0.38  522+0.28  0.001

Values are presented as means + standard devia{®D3. C: aged rats fed control diet. CO: aged ri@d control olive diet. COL: aged rats fed
control olive-linseed diet. DIO: aged diet inducattese rats fed cafeteria diet. DIOO: aged diet oatliobese rats fed cafeteria olive diet.
DIOOL: aged diet induced obese rats fed cafeteliigedinseed diet. Values with different supersthgtters (a, b, c, d, e) are significantly

different ( P < 0.05).

Table 3. Liver and adipose tissue lipid and proteircontents of the study rats

Control rats Diet induced obese rats
C CO COL DIO DIOO DIOOL P (ANOVA)
Liver
Lipids (mg/g) 101.50+13.80 50.72+6.57 100.62+15.38 188.39+14.33 142.19+15.43 132.23+18.72 0.001
Proteins (mg/g) 149.41+12.6039.00+6.46 57.36+6.57 152.12+11.86 121.29+11.17 88.14+12.15 0.0001

Cholesterol (mglg) ~ 21.40+2.22 10.53+1.68  9.24+1.18  36.93+2.86  13.40+1.48  14.94+1.62 0.0001
Triglycerides (mg/g)  39.60+2.83 20.60+1.84  19.24+1.38  59.00+1.60  28.20+2.28  20.03+1.08 0.001

Adipose tissue

Lipids (mg/g) 225.00+16.85123.61+17.88 143.38+13.01 345.05+14.24 226.95+12.36 178.14+15.43  0.001
Proteins (mg/g) 54.25+3.85 34.75+1.28  35.0#1.08 61.53+3.59  56.71+3.58  50.86+4.73 0.01

Cholesterol (mg/g) 6.70 +0.88  4.78+0.46 2.23+0.27 9.87+0.82 6.36+0.48 3.08+0.70 0.0001
Triglycerides (mg/g)  83.5045.16 51.59+3.28  49.2+¢518  167.60x7.07 95.10+4.05  76.36%3.63 0.001

Values are presented as means +standard devia(®D3. C: aged rats fed control diet. CO: aged ri&d control olive diet. COL: aged rats fed
control olive-linseed diet. DIO: aged diet inducattese rats fed cafeteria diet. DIOO: aged diet atliobese rats fed cafeteria olive diet.
DIOOL: aged diet induced obese rats fed cafeteliigedinseed diet. Values with different supersthgtters (a, b, c, d, e) are significantly

different ( P < 0.05).

Liver and adipose tissue lipid and protein contents and fatty acid composition

Older diet induced obese rats (DIO) had signifigahigher liver and adipose tissue lipid conteihtart control rats
(C) (P=0.001) (Table 3). The olive oil supplemented digmnificantly decrease liver lipid levels while tiodve-
linseed oil diet did not affect these levels in ttohrats. Adipose tissue lipid contents were daseel by olil
supplementation with a more distinct fall on th®loil supplemented diet in control rats (CO).
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Liver lipid contents were decreased in diet induobdse rats by oil supplementation. Adipose tidipig contents
were also reduced by oil supplementation with agmlistinct fall on the olive-linseed oil diet inediinduced obese
rats (DIOOL). Two-way ANOVA showed significant effs of the diet and the oil supplementation onrlised
adipose tissue lipid content3<0.006).

Table 4. Fatty acid composition of liver and adipos tissue of the study rats

Control rats Diet induced bese rats
C co COoL DIO DIOO DIOOL P
(ANOVA)
Liver
SFA 42.23+1.3% 29.67+1.41 25.94+1.38 47.97+1.48 39.67+1.22 31.06+1.58  0.0001
C18:1 n-9 17.68+1.01 28.23+1.08 25.26+1.1% 18.02+1.02 22.02+1.48 20.51+1.66  0.0001
C18:2n-6 19.22+41.71 19.92+1.20 17.96+1.04 22.39+1.1% 20.67+1.35 19.12+1.08 0.001
C18:3n-3 0.50+0.06 0.44+0.089  7.88+1.0F 0.46x0.07 0.67+0.14  7.73+0.9% 0.001
C20:4 n-6 17.31+1.73 18.51+2.55 16.92+1.38 9.15+1.04 14.26x1.1% 17.02+1.28 0.001
C20:5n-3 3.46+0.54 2.98+058 5.85+0.56 1.63+0.39 1.54+0.4Z7 4.53+0.77 0.001
Adipose tissue
SFA 31.74+1.22 22.54+1.15 23.17+1.28 36.62+1.11 34.13+1.04 28.70+1.28  0.0001
C18:1 n-9 28.73+1.06 40.19+1.44 35.66+1.67 33.84+1.24 37.87+1.5% 36.14+1.683  0.0001
C18:2n-6 26.99+1.41 26.30+1.67 25.08+1.84 29.82+1.38 18.22+1.28 22.07+1.2% 0.001
C18:3n-3 0.85+0.10 0.64+0.06 5.48+0.88 0.58+0.07 0.52+0.08  3.09+0.54 0.001
C20:4 n-6 10.74+1.72 9.33+1.3F 8.22#1.8% 3.14+0.58 8.38+1.77 8.23+1.67 0.01
C20:5n-3 0.60+0.05 0.50+0.07 1.88+0.26 0.53x0.04 0.50+0.06  1.60+0.4F 0.01

Values are presented as means *standard devia(®D3. C: aged rats fed control diet; CO: aged rid control olive diet; COL: aged rats
fed control olive-linseed diet; DIO: aged diet irvdd obese rats fed cafeteria diet; DIOO: aged ulidticed obese rats fed cafeteria olive diet;
DIOOL: aged diet induced obese rats fed cafeteliiedinseed diet; SFA: saturated fatty acids. \&dwvith different superscript letters (a, b, c,

d, e, f) are significantly different ( P < 0.05).

Liver protein contents in diet induced obese ratsansimilar to those in controls (Table 3). Howewslipose tissue
protein contents were high in diet induced obete(®x0.01). Oil supplementation significantly decreabeer and
adipose protein levels in aged control rats (CO @@ad versus C), and in aged diet induced obesg([(A60 and
DIOOL versus DIO), with a pronounced effect of eliinseed combination in obese group. Although way
ANOVA showed significant diet effects on adipossstie protein content®£0.02) and no effect on liver protein
contents, oil supplementation and the interactitiace between diet and oil were significant on dissprotein
contents P<0.005).

The obese rats had a higher accumulation of clestdsand triglycerides in both liver and adiposgstie than
controls whatever the diet feB<0.001) (Table 3). The olive and olive-linseed diettuced a similar reduction of
the concentrations of liver cholesterol and trighjdes, and adipose triglycerides in control rasd liver
cholesterol in obese rats. However, adipose ctel@scontents in control rats, liver triglyceridasd adipose
cholesterol and triglycerides in diet induced obrede were more decreased with the olive-linseetttian the olive
diet. Two-way ANOVA indicated significant effectsf aiet and oil supplementation for liver and adipos
cholesterol and triglyceride contenB<Q.01).

As expected, liver and adipose tissue fatty acidceatrations reflected dietary fatty acid composit{Table 4).
The proportions of hepatic and adipose saturatitd daids (SFA) and monounsaturated fatty acids EdlJwere
significantly increased, whereas polyunsaturatély fcids (PUFA) were decreased in diet inducedselaed rats
(DIO) compared with controls (C), except for high82 n-6 proportions in diet induced obese ratO(@01). The
olive oil supplementation induced a significant@@&se in SFA and an increase in MUFA in liver adigp@se tissue
lipids of both aged control and diet induced obede (CO versus C and DIOO versus DIO). The olimeded oils
supplementation exerted a significant decrease RA @nd an increase in MUFA, C18:3n-3 and C20:5n-3
proportions in control and obese liver and adiplgsids (COL versus C and DIOOL versus DIO). In & to
these modifications, both DIOO and DIOOL rats shovwedso significant lower C18:2n-6 proportion andHgr
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C20:4n-6 proportionthan in DIO rats. Tw-way ANOVA indicated significant effects of diet andil
supplementation for fatty acid compositicP<0.005).

Control olive rats

{ Control olive- linseed rats

Diet induced obese rats
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Figure 1. Hepatic triglyceride lipase ‘HTGL), adipose lipopratein lipase (LPL) and hormone sensitive lipase (HSLactivities in the study
rats.
Values are presented as means + standard deviaf®b3$. Values with different superscript lettersk{ac) are significarly different (P <
0.05).

Liver and adipose tissue lipolytic activities

The aged DIO rats had lowTKsL activity and high adipose tissue HSL activitgngpared to control value
whatever the diet fed (P=0.001) (Figure 1). Olivleand olive-linseed oils supplementation of the diets induc:
significant enhancement of liver lipase activityansignifi@nt fall of adipose HSL activity in both controlchdiet
induced obese rats. The values obtained after dlivaddition were comparable to those with c-linseed oils
supplementation in both control and obese r

Adipose tissue LPL activity didot vary significantly between DIO and C rats (Figd). Olive oil diets enhanct
adipose LPL activity in both aged obese (DIOO verBlO) and control (CO versus C) rats. O-linseed diets
induced an increase in adipose LPL in control f@sSL versus<C) but not in obese rats (DIOOL versus DIO). -

way ANOVA showed significant effects of diet andl ipplementation for lipolytic activitieP<0.003).

Liver and adipose tissue oxidant/antioxidant status

In liver, carbonyl protein and MDA levels weincreased in diet induced obese compared to camtiml whateve
the diet fed P<0.004) (Figure 2). Olive oil as well as ol-linseed oils induced a similar fall in hepatic aanl
protein and MDA levels in obese and control rathe Wariations in heftic glutathione amounts didn't rea
statistical significance between the different grauThe effects of diet and oil supplementation @medinteractior
effect between diet and oil supplementation wegaiicant on hepatic carbonyl protein and MDAels (Two-way
ANOVA, P<0.001).
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Figure 2. Liver and adipose tissue oxidant/antioxidant statusn the study rats
Values are presented as means + standard devia{D$. MDA: Malondialdehyde. Values with differenperscript letters (i b, c) are
significantly different ( P < 0.05).

In adipose tissue, protein carbonyl and glutathitevels wereunaffected by obéty or by oil supplementation
(Figure 2). However, adipose MDA concentrations evercreased irdiet inducedobese rats versus contn
regardless of the diet fe®£0.001. Although dl supplementation had no significant effect onpadie MDA levels
in controls, itreduced these levels diet inducedobese rats with a most pronounced effect on -linseed oils
supplementationR=0.001).. The interaction effect between diet and oil sepptntation were significant «
adipose MDA levels (Twavay ANOVA, P=0.001).

DISCUSSION

In this study, we aimed to verify whether diet deppertation in olive oil or in olivelinseed oils combination ha
the potential to counteract the effects of a caifetdiet on liver andadipose tissue lipids, lipolytic activities a
redox status during agingVe also aimed to provthat olive-dinseed oils combination has a more beneficialat
than olive oil supplementatiott is well known that during aging, metabolic dysétions tke place, leading to
altered lipid and glucose metabolism, insulin t@sise and organ damage. All these alterationslspeohserved il
obesity, and they would be worsened in the a— obesity association.

In the present study, palatabldetaria diet was given to older rats for 8 weto induce dietary obesit\Cafeteria
diet feeding inducedn increase in total food and energy intakes ttegt @xplain the higher body and adipose d
weights, an increase in serum glucose, insulirtjn, adiponectin andipid concentrations, hepatic cholesterol i
triglyceride accumulation, in agement with previous studies [7,23,24. The oldobese rats presented low hep
lipase activity compared to controls. Knowing tbéerof HTGL in hydrolying lipoprotein lipids and in facilitatin
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the uptake of lipoprotein lipids by cell surfaceeptors [33], reduced HTGL activity could explaigthcholesterol
and triglyceride concentrations observed in obate Low HTGL activity may limit hepatic lipid ugta. However,
despite low HTGL activity, hepatic cholesterol d@ridlyceride levels were increased in these obate fndeed, in
our present study, diet induced obese older rasenmted significant increases in adipose tissutestenol and
triglyceride with alterations in adipose lipolygnzyme activities such as an increase in HSL agtigs previously
shown in younger rats [24]. Normal adipose LPL\atiwas seen in our obese older rats. It can lggested that
high adipose tissue HSL activity and lipolysis witbbrmal LPL activity may be a biological adaptatitm a
metabolic alteration, i.e. saturation of the cafyaf@r triglyceride storage. In our study, pronoadachanges in the
fatty acid composition of liver and adipose lipidgre also observed in older obese rats. Theseietdrdiuced
obese rats presented a significant decrease indive adipose lipid PUFA contents, balanced byeases in SFA
and MUFA. These observations are in agreement with previous data in younger obese rats [23,24]s It
interesting to note that aged rats responded todfeteria diet in a manner similar to that witlugg rats.

These obese older rats presented also an inukretixidative stress. In fact, the elevated lexadlhepatic and
adipose MDA and of hepatic protein carbonyls sutggksn increased lipid peroxidation and proteirdation in
these aged obese rats, in agreement with previoges [2,3,7]. Oxidative stress in cafeteria fatsrmay be
generated by exacerbated nutrient oxidation, asiqusly reported [34]. However, levels of tissuaitgthione
(GSH), one of the most important cellular antioxiddefense mechanisms, remained unchanged betvoa¢mlc
and obese rats. A fall in GSH content of aginguissand also in obesity has been previously eshtauli[35]. In
our study, control rats as well as obese rats wédteand might have low hepatic and adipose GSH erdst
compared to their respective younger rats. It tergsting to note that obesity in the aged ratsnditlinduce a
further fall in tissue GSH levels.

The present study showed that olive oil and olimeded oils supplementation modulated several kel adipose
parameters in both control and obese old rats, béheficial effects including lower energy intakewer body
weight, lower adipose fat deposition, decreaseiddippnd reduced oxidative stress. The combinatime-tinseed
oils appeared to be more effective in metabolicrompments especially in obese old rats. Olive ivedinseed oils
enriched diets resulted in a reduction in food anérgy intakes with a concomitant decrease in baglght in both
control and obese groups. This effect was more qanoced with olive oil supplementation. A satiatieffect of
olive oil intake might explain this weight loss [3&he decrease in body weight was accompaniedriegaction in
adipose tissue weight due to a depletion in trighiges and cholesterol that was more apparent alitie-linseed
combination especially in obese old rats. Oil sap@ntation also induced a fall in adipose HSL #gtiand an
enhancement in adipose LPL activity that couldengilain the lipid depletion in adipose tissue. ©loil and olive-
linseed oils supplementation reduce adiposity thaslimals despite stimulating fatty uptake and cetulipolysis.
Reduced fat mass could be explained mechanistibglincrease@-oxidation and reduced de novo lipogenesis in
white adipose tissue as previously reported [24in& researchers on young rats showed that a dieirrioleic acid
caused either an increase [37] or a decrease posaliLPL activity [38] while PUFAs caused eithetexrease [38]
or an increase in this LPL activity concomitantlittwan increase in lipolysis via HSL activity [3%ur results are
novel in obese old rats and showed that the cortibmalive-linseed oils had no effect on adipose. lRtivity but
reduce lipolysis. These alterations in adiposelyijio activities seemed to be related to improvemeninsulin
sensitivity in obese older rats, and this obseovatiorroborated previous clinical studies [11-18,Reduction of
fatty acid efflux by adipose tissue reduces thelability of fatty acids as a substrate for trigyee synthesis and
VLDL production in hepatocytes. In fact, oil supplentation induced a concomitant improvement in tiepa
parameters, in particular reduce liver lipids swsgigey improving hepatic steatosis in obese oldés, raspecially
with olive-linseed combination. These results aguéh previous findings [22]. Oil supplementatiols@caused an
increase in HTGL activity in both control and obeskl rats. However, despite high HTGL activity, oil
supplementation reduced hepatic lipid accumulaboth by stimulatingB-oxidation, by suppressing fatty acid
synthesis and by enhancing cholesterol secrettorbite, as previously reported [40].

Moreover, olive oil and olive-linseed oils supplertation were also associated to a reduction innsegglucose,
cholesterol, triglyceride and VLDL/LDL-C levels, peially in cafeteria fed obese older rats, in agrent with

previous reports [8,10,12-14]. Indeed, oil suppletaton induced a decrease in serum insulin, leptial

adiponectin concentrations in cafeteria diet fed,raspecially with olive-linseed combination. Livend adipose
tissue fatty acid composition was modified by tlile added to the diets. The increase in MUFA aredréduction
of SFA proportions in olive oil group, as well dgethigh MUFA, C18:3n-3 and its elongated produ@p:6Gn-3

with low SFA proportions in olive-linseed oils gmueflected the difference in fatty acid compogitaf the diets,
as previously reported [17,19,22]. In additionplrese older rats, oil supplementation induced aatésh in tissue
C18:2n-6 proportion and a concomitant increase 20:@n-6 proportion, reflecting an amelioration @sdturase
activities. These fatty acid modifications were@uopanied by a fall in intracellular oxidative sgés both control
and obese rats. In fact, oil supplementation caaseztiuction in hepatic protein carbonyl and MD&ells, and in
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adipose MDA contents, especially in obese old fatsas been demonstrated that olive oil-rich orAAfich diets
decrease the rate of peroxidation and productidineef radicals with a concomitant increase in amdiant enzyme
activities [14,27,18,38,40]. It is known that tlype of dietary fat is an important factor modulgtioxidative stress
in aging [18]. We showed for the first time a posteffect of olive-linseed oils combination ondivand adipose
tissue redox status in the aging obesity.

It is important to note that lower food intake wntrol and obese rats fed on olive or olive-linseisl supplemented
diets implicated lower fatty acid amounts ingedtgdthese rats than those fed on non supplemengtd. diood
restriction could have beneficial effects on metabparameters [41,42]. Howeveanimals were allowed free
access to all diets. Indedtie animals were fed on isocaloric (386 Kcal/10diej for control and 523 Kcal/100 g
for cafeteria) diet containing identical amountsabfdietary constituents, except the quality adtdry fats (different
oil). Reduced food intake in oil supplemented fats was then a consequence of oil supplementatioaritrol and
cafeteria diet group€On the other handsimilar food intake was observed in obese ratsdiedlive and olive-
linseed oil diets, reflecting similar quantity dadtfy acids. Our results demonstrated then the iitapoe of the
MUFA-n-3 PUFA combination in obtaining more favorable beciefi effects in aging obesity rather than simply
reducing the levels of fatty acids ingested.

In conclusion, our results provided evidence tHatedinseed oils supplementation induced lowerrggantake
associated to an improvement of metabolic altematiobserved in obesity during aging in rats. Treeefdietary
interventions such as olive-linseed oils combirmatiould present an opportunity for developing nésategies to
treat obesity during aging.
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