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Abstract
The purpose of this study was to compare the effects of two hypocaloric diets supplemented with legume or
cereal on hyperglycemia, dyslipidemia, serum HDL2 and HDL3 composition, lipid peroxidation, and
lecithin-cholesterol acyltransferase (LCAT) and paraoxonase (PON1) activities in obese rats. Obesity was
induced by feeding a high-fat-diet during 3 months. At 400 ± 20 g, the obese rats were divided into three groups
(n = 8): two groups were submitted for 28 days to a caloric restriction (CR) at 0.9 MJ supplemented with lupine
(CR–Lupine group) or oats (CR–Oats group). The third group was fed a caloric restricted diet without
supplementation (CR group). At day 28, glycemia was lower (-21%) in the CR–Oats than the CR group.
CR–Oats diet reduced total cholesterol content (-13%) when compared to lupine supplementation. In contrast,
CR–Lupine diet decreased serum triacylglycerols by 22% and 15% respectively versus CR–Oats and CR diets.
Lipoproteins lipid peroxidation was significantly lower in CR–Lupine and CR–Oats when compared to the CR
diet. Serum PON1 activity was increased in CR–Lupine (+88%) and CR–Oats (+82%) groups compared to CR
group. Furthermore, LCAT activity was enhanced in CR– Lupine (+23% and +26%, respectively) versus CR and
CR–Oats groups. In obese rats, caloric restriction supplemented with lupine compared to oats supplementation
has beneficial effect on hypertriglyceridemia and improves reverse cholesterol transport by enhancing LCAT
activity leading to anti–atherogenic effects. This effect is partially reinforced by the high HDL PON1 activity
which protects it from oxidation.
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1. Introduction
The international association for the study of obesity has determined that approximately 1.5 billion adults are
either overweight or obese, with almost 500 million being obese (International Obesity Taskforce, 2012).
Consequently, obesity is a world problem of public health which associated with much comorbidity, such as
arterial hypertension, type 2 diabetes, dyslipidemia, cardiovascular diseases (CVD) and certain cancers (Hebert,
Allison, Archer, Lavie, & Blair, 2013). Recently, the caloric intakes were designated as a major responsible of
the overweight of the modern populations (Venn et al., 2013).
In rats, the consumption of hypercaloric diets induced obesity by increasing lipids storage (Festuccia, Laplante,
Berthiaume, Gélinas, & Deshaies, 2006) which are essentially directed to the adipose tissue (Bergouignan, Blanc,
& Simon, 2010). Obesity is associated with many deleterious changes of lipid metabolism: increased
low–density lipoprotein cholesterol (LDL–C), very low–density lipoprotein cholesterol (VLDL–C),
triacylglycerols (TG) and reduced high density lipoprotein cholesterol (HDL–C) concentrations (Poirier et al.,
2006).
HDL plays an important protective role against atherosclerosis and CVD. The anti–atherogenic properties of
HDL include the promotion of cellular cholesterol efflux and reverse cholesterol transport (RCT), as well as
antioxidant, anti-inflammatory and anti–coagulant effects (Bergouignan, Blanc, & Simon, 2010).
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Lecithin-cholesterol acyltransferase (LCAT, EC 2.3.1.43) is a 63–kDa glycoprotein produced exclusively in the
liver. This plasma enzyme circulates in association with HDL, in particular HDL3. It esterifies unesterified
cholesterol (UC) to cholesteryl ester (CE) and requires for its activity the apolipoprotein (apo) A–1, cofactor
–activator (Bazzano, Thompson, Tees, Nguyen, & Winham, 2009; Rossmeislová, Mališová, Kračmerová, &
Stich, 2012). Paraoxonase 1 (PON1) is also an enzyme associated with HDL and is implied in the antioxidant
capacity of this lipoprotein (Baudet, Daugareil, & Ferrieres, 2011).
The US Department of Agriculture recommends strategies that include both overall caloric restriction and
increased physical activity for weight loss (Wells, & Buzby, 2005). Hypocaloric diet is a basic tool of the weight
reducing treatment of obesity and its related disorders (Martínez-Villaluenga, Frías, & Vidal-Valverde, 2011).
Low caloric diets are often balanced with legumes supplementation because of their high protein content (ranged
from 18%–45%), soluble fiber and other bioactive compounds (Maki et al., 2011) or with cereals for their richness
in several nutrients and phytochemicals (Archer, Johnson, Devereux, & Baxter, 2004). Legumes and cereals
incorporation into a weight loss program diet can be strategically effective in improving lipid profile (Podrez,
2010). Lupine proteins compared to casein slightly lowered the concentration of LDL–C in hypercholesterolemic
subjects, without altering HDL–C (Dullaart et al., 2010). The incorporation of lupine in the diet increases
postprandial satiety 4 to 5 hours and lowers energy intake by 15% on the day of nutritional intervention (Archer,
Johnson, Devereux, & Baxter, 2004). The choice of lupine is because this legume been little studied compared to
other legumes such as soybeans and chickpeas. Similarly, oats, a whole grain cereal, has been little investigated
compared to other cereals (wheat bran). In this context, the aim of this study was to determine the effects of two
hypocaloric diets supplemented with white lupine or oats on hyperglycemia, dyslipidemia, lipid peroxidation,
serum HDL2 and HDL3 compositions and lecithin-cholesterol acyltransferase (LCAT) and paraoxonase (PON1)
activities in Wistar rats fed a high–fat diet.
2. Materials and Methods
2.1 Animals and Diets
Male Wistar rats (Iffa Credo, l’Arbresle, Lyon, France) (n = 24), weighing 120 ± 10 g were housed in stainless
steel cages at 23 ± 1 °C and 55 ± 5% RH with a 12–hour light/dark cycle. Obesity was induced by a
high–fat–diet (20% mutton fat) during three months. After this period, obese rats (body weight (BW) = 400 ± 20
g, serum glucose concentrations = 11 ± 0.6 mmol L-1, total cholesterol (TC) = 2.8 ± 0.6 mmol L-1 and
triacylglycerols (TG) = 1.34 ± 0.05 mmol L-1) were divided into three experimental groups (n = 8): two groups
were submitted for 4 weeks to a caloric restriction (CR) at 0.9 MJ (40% of a standard diet) supplemented with
legumes (22% w/w white lupine) (CR–Lupine group) or cereals (20% w/w oats) (CR–Oats group). The third
group was submitted to a CR without supplementation (CR group). Food and tap water were provided ad libitum.
BW was recorded weekly. The general guidelines for the care and use of laboratory animals recommended by the
Council of European Communities (1986) were followed and the protocol and use of rats were approved by our
institutional committee on animal care and use.
2.2 Blood Samples
At day 28, eight rats from each group were anesthetized with sodium pentobarbital (60 mg/kg BW). Blood was
collected from the abdominal aorta into dried tubes and serum was prepared by low–speed centrifugation at
1,000 g for 20 min at 4 °C. A serum aliquot was preserved in tubes containing 0.1% w/v Na2EDTA and 0.02%
w/v sodium azide for biological parameters and lipoproteins assays and another aliquot was used to measure
LCAT and PON1 activities.
2.3 Glycemia and Serum Lipids Concentrations Analysis
Glycemia was measured by strips test (ACCU–CHEK Active, Germany). Serum TC and TG concentrations were
estimated by enzymatic colorimetric methods (kits GPO–POD Sprinreact, Spain).
2.4 Isolation of Serum Lipoproteins Fractions
Serum VLDL and LDL-HDL1 were isolated by precipitation (Burstein, Scholnick, & Morfin, 1970) using MgCl2
and phosphotungstate (Sigma Chemical Company, France). HDL2 and HDL3 were separated by precipitation
(Burstein, Fine, Atger, Wirbel, & Girard-Globa, 1989) using MgCl2 and dextran sulfate weight 500,000 (Sigma
Chemical Company, France).
2.5 Serum and Lipoproteins Lipid Peroxidation Measurement
Lipid peroxidation in serum and lipoproteins was estimated by measuring thiobarbituric acid reactive substances
(TBARS) concentrations (Quintanilha, Packer, Szyszlo, Racanelly, & Davies, 1982) using tetraethoxypropane
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(Prolabo, Fontenay sous bois, France) as a precursor of malondialdehyde (MDA), the principal marker of free
radicals determination, which reacts in acid medium and hot with two molecules of thiobarbituric acid (TBA) to
give a pink colored complex which absorbs at 532 nm.
2.6 Characterization of Serum HDL2 and HDL3 Fractions
In HDL3 fraction TC was determined as described previously. Unesterified cholesterol (UC) was evaluated by
enzymatic method (kit CHOD–PAP Biolabo, France). Esterified cholesterol (EC) levels were calculated from the
difference between TC and UC. Cholesteryl esters (CE) amounts were estimated as 1.67 times the EC amounts.
Phospholipids (PL) were evaluated by enzymatic method (kit CHO-POD Cypress, Belgium). Protein contents
were estimated using bovine serum albumin as a standard (Lowry, Rosebrough, Farr, & Randall, 1951).
HDL2–CE were estimated as described previously.
2.7 Assay for LCAT Activity
LCAT activity was determined on fresh serum by an endogenous method (Albers, Chen, & Lacko, 1986). This
procedure was based on the disappearance of the molecules of UC which are transformed into EC after 4 hours
of incubation at 37 °C, starting from a fatty acid and lecithin. UC was evaluated by the method described
previously. The cholesterol esterifying activity was expressed as nanomoles of esterified cholesterol h-1mL-1 of
serum.
2.8 Assay for PON1 Activity
Paraoxonase activity measurement was performed in the absence (basal activity) and presence of NaCl
(salt-stimulated activity). The rate of paraoxon hydrolysis (diethyl–p–nitrophenylphosphate) was measured by
monitoring the increase of absorbance at 270 nm and 25 °C. For this assay, 10 µL of sample was added to 1 mL
of a solution containing 10 mM of phenyl acetate in 20 mM Tris/HCl pH 8.0 and 1 mM CaCl2. The activity was
calculated relative to the molecular extinction coefficient of the phenyl (1310 M-1 cm-1) (Kuo, & La Du, 1995).
2.9 Statistical Analysis
Values are given as means ± S.E.M. of eight rats per group. Statistical evaluation of the data was carried out by
STATISTICA (Version 5, 1, Statsoft, Tulsa, OK, USA). After analysis of variance (ANOVA), the classification of
the means was performed using Duncan’s new multiple range test (Duncan, 2007). The means with different
superscript letters (a, b, c) were considered significantly different (P < 0.05).
3. Results
3.1 Body Weight, Glycemia and Serum Lipids
At day 28, CR, CR–Lupine and CR–Oats diets induced a reduction in body weight (BW) (-10%, -13% and -9%,
respectively), serum glucose concentration (-43%, -50%, -55%, respectively), TC levels (-56%, -46%, -54%,
respectively) and TG concentrations (-39%, -48%, -33%, respectively) when compared with baseline values (day
0).
At day 28, BW was similar in the three groups (Table 1). Glycemia showed no significant difference in
CR–Lupine compared to the CR–Oats and CR group. However, serum glucose concentration was lower (-21%)
in the CR–Oats group than the CR group.
Table 1. Body weight (BW), glycemia and serum total cholesterol (TC) and triacylglycerols (TG) concentrations
of rats fed experimental diets for 28 days
CR
BW(g)

CR–Lupine

360±20
-1

350±1
a

5.50±0.60

CR–Oats
366±10

ab

5.00±0.03b

Glycemia (mmol L )

6.32±0.90

TC (mmol L-1 )

1.22±0.05b

1.50±0.10a

1.30±0.12b

TG (mmol L-1 )

0.82±0.02a

0.70±0.02b

0.90±0.05a

Data are shown as the mean ± S.E.M. for eight values per group. Two groups were fed a hypocaloric diet
supplemented with lupine (CR–Lupine) or Oats (CR–Oats). The third group was fed a CR diet without
supplementation. The means with different superscripts (a and b) were considered significantly different (P <
0.05)
3
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The CR–Oats and CR groups reduced more efficiently hypercholesterolemia (-13% and -19%, respectively) than
the CR–Lupine. Inversely, CR–Lupine acts considerably on hypertriglyceridemia (-22% and -15%, respectively)
compared to CR–Oats and CR groups.
3.2 Serum and Lipoproteins Lipid Peroxidation
In serum, TBARS concentrations were comparable in CR, CR–Lupine and CR–Oats groups (Table 2). In VLDL
and HDL2 fractions, TBARS values showed no significant difference in the CR–Lupine group compared with the
CR–Oats group. However, TBARS levels were respectively reduced by 26% and 49% in VLDL, 22% and 81%
in LDL–HDL1 and 65% and 58% in HDL2 in CR–Lupine and CR–Oats groups than the CR group.
Table 2. Thiobarbituric acid reactive substances (TBARS) contents in serum and lipoproteins in rats fed
experimental diets for 28 days
TBARS (µmol mL-1)

CR

CR–Lupine

CR–Oats

Serum

24.84±4.17

19.96±3.60

17.84±3.50

VLDL

76.20±0.50a

56.34±9.66b

39.00±7.50b

LDL–HDL1

24.01±0.70a

18.60±1.61b

4.55±1.18c

HDL2

18.02±1.50a

6.21±0.30b

7.49±0.78b

HDL3

20.62±0.40a

14.64 ± 0.47b

23.90±3.16a

Lipoproteins

Data are shown as the mean ± S.E.M. for eight values per group. Two groups fed a hypocaloric diet
supplemented with lupine (CR–Lupine) or Oats (CR–Oats). The third group was fed a CR diet without
supplementation. The means with different superscripts (a, b, c) were considered significantly different (P <
0.05).
HDL3–TBARS contents were respectively reduced by 39% and 29% in CR–Lupine compared to CR–Oats and
CR groups.
3.3 HDL3-UC, HDL3-PL, HDL3-apo and HDL2-CE Contents
In CR–Lupine group compared with CR–Oats and CR groups, HDL3–UC contents (acceptor of lecithin acyl
group) had a tendency to decrease but not significantly (Table 3). Moreover, in CR–Lupine and CR–Oats groups,
HDL3–PL levels (preferential substrate of LCAT) were respectively 2.1- and 1.8- fold lower compared to CR
group. However, HDL3–apos concentrations were similar in the three groups. HDL2–CE concentrations (product
of enzymatic reaction) were 1.8-fold elevated in CR–Lupine compared to CR–Oats and CR groups.
Table 3. LCAT and PON1 activities and HDL3-UC, HDL3-PL, HDL3-apo and HDL2-CE in rats fed experimental
diets for 28 days
CR
-1

-1

-1

CR–Lupine
b

103.60±1.54b

LCAT activity (nmoL h mL serum)

106.93±8.05

HDL3–UC (mmol L-1)

0.15±0.07

0.10±0.01

0.16±0.08

a

c

0.60±0.02b

4.10±0.20

3.60±0.30

-1

HDL3–PL (mmol L )

1.09±0.16

HDL3–Apos (g L-1)

3.60±0.50

-1

HDL2–CE (mmol L )

0.070±0.004

139.07±5.70

CR–Oats
a

0.50±0.02
b

0.13±0.05

a

0.070±0.001b

PON1 (U mL-1)
Serum

56.23±0.88c

450±3a

310±2b

HDL2

19.34±1.59c

200.0±0.8a

100.0±0.1b

HDL3

24.43±0.76c

270.0±0.1a

60.0±0.4b
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Data are shown as the mean ± S.E.M. for eight values per group. Two groups fed a hypocaloric diet
supplemented with lupine (CR–Lupine) or Oats (CR–Oats). The third group was fed a CR diet without
supplementation. The means with different superscripts (a, b, c) were considered significantly different (P <
0.05).
3.4 LCAT and PON1 Activities
In CR–Lupine group compared to CR–Oats and CR groups, LCAT activity was 1.3-fold higher (Table 3).
Furthermore, PON1 activity was higher respectively 1.4- and 8-fold in serum, 2- and 10.3-fold in HDL2 and 4.5and 11-fold in HDL3.
Also, in CR–Oats group compared with the CR group, PON1 activity was enhanced in serum (5.5-fold), HDL2
(5-fold) and HDL3 (2.4-fold).
4. Discussion
Obesity has been developed in animals using different types of diets rich in carbohydrates, fats and calories. Rat
models are therefore useful tools for inducing obesity as they will readily gain weight when fed high–fat diets
(Noeman, Hamooda, & Baalash, 2011). These models elucidate some underlying mechanisms contributing to the
development of cardiovascular complications.
In the present study, obesity was induced in albino rats by feeding a high–fat diet. Obesity was induced within 12
weeks. The weight gained by rats fed a high–fat diet was significantly more important than that gained by those
fed the normal diet (Louala, Hamza-Reguig, Benyahia-Mostefaoui, Boualga, & Lamri-Senhadji, 2011).
Indeed, the obesity induced by feeding hypercaloric diets was accompanied by dyslipidemia which was
characterized by increased TC and TG levels as compared with control values (Louala, Hamza-Reguig,
Benyahia-Mostefaoui, Boualga, & Lamri-Senhadji, 2011).
Some studies have indicated that feeding a high–fat diet is associated with hyperlipidemia, hyperinsulinemia, and
glucose intolerance (Toshiharu, Issei, Hisashi, Nobuaki, & Makoto, 1996; Festuccia, Laplante, Berthiaume,
Gélinas, & Deshaies, 2006).
Our results are in agreement with those of some studies which showed that a high–fat diet induced dyslipidemia
characterized by an increase in serum levels of triacylglycerols, total cholesterol, LDL-C and VLDL-C and low
levels of HDL-C as compared with control (Noeman, Hamooda, & Baalash, 2011). Dyslipidemia in obesity may
be due to the increased triacylglycerols content of the liver due to increased influx of excess non-essential fatty
acids into the liver (Grundy, 2004).
Compared with the beginning of the experimentation, the three diets induced a reduction of the body weight. The
proteins and the insoluble fibers of lupine and oats, by their satiating capacity, involved a weight loss (Lee et al.,
2006).
At day 28, the three experimental diets induced a comparable effect on body weight reduction, which is in
agreement with previous studies carried out in obese men under dietetic program based on leguminous plants
and cereals with complete grains (Crujeiras, Parra, Abete, & Martinez, 2007; Venn et al., 2013). In the same way,
the incorporation of leguminous plants in a hypocaloric mode induced a significant weight loss compared to a
hypocaloric mode without supplementation.
At the end of the experiment, oats supplementation in the hypocaloric diet showed a beneficial effect on
glycemia compared with lupine supplementation. Nevertheless, the three diets reduced the hyperglycemia found
at day 0.
Caloric restriction improves glucose level and β cell function in obese patients with type 2 diabetes
(Malandrucco et al., 2012). However, experimental studies have shown that the products containing oats have a
hypoglycemic effect by regulating the level of glucose in blood (Shen, Cai, Dong, & Hu, 2011).
In a previous clinical study, data suggest that diet with legumes and/or whole grains has a hypocholesterolemic
effect (Venn et al., 2013). After 28 days of experimentation, our results showed that the three restricted diets
decreased hypercholesterolemia noted at day 0 and this reduction was noticeable in CR–Oats diet compared to
CR–Lupine. Oats are rich in soluble fiber, especially β–glucan. These fibers promote the fecal excretion of
cholesterol by decreasing its synthesis by the liver, resulting in a reduction of blood cholesterol.
The mechanism of action suggested is in relation to the viscosity of β–glucan, which interferes with the
reabsorption of bile acids, resulting in a decrease in plasma cholesterol. Moreover, whole grains high in viscous
fiber (oats) decrease serum LDL–C (Harris & Kris-Etherton, 2010). On the other hand, the three experimental
5
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diets induced a hypotriglyceridemic effect. This reduction is more marked with white lupine supplementation and
is probably due to the soluble fibers present in larger quantity in lupine than in oats.
The metabolic disturbances (dyslipidemia and hyperglycemia) observed in obese rats at the beginning of the
study were probably linked with an oxidative stress which is consequent to inadequate antioxidant defenses. This
may possibly contribute to the additional progression of obesity related problems. Indeed, oxidative stress is
highly correlated with a wide variety of inflammatory and metabolic disease states, including obesity (Reaven,
Abbasi, & McLaughlin, 2004). Moreover, it is highly correlated with cumulative damage in the body done by
free radicals inadequately neutralized by antioxidants (Valdecantos, Pérez-Matute, & Martínez, 2009).
Lipid peroxidation such as thiobarbituric acid reactive substances and hydroperoxides levels as well as markers
of protein oxidation such as carbonyl proteins are markers of reactive oxygen species (ROS) oxidative damage
(Olusi, 2002; Uzun, Konukoglu, Gelisgen, Zengin, & Taskin, 2007).
Our results showed that TBARS concentration in VLDL, LDL-HDL1 and HDL2 was significantly lower in both
groups consuming the diets supplemented with legumes or cereals when compared to the CR diet without
supplementation. This reduction may probably result from the presence of bioactive components in whole–grain
cereal and legumes such as polyphenols and vitamin E (Oomah, Tiger, Olson & Balasubramanian, 2006; Baudet,
Daugareil, & Ferrieres, 2009).
The hypotriglyceridemia found in the obese rats fed the CR diet supplemented with lupine may contribute to the
improvement in the oxidant-antioxidant balance, suggesting that a decrease in the bioavailability of free fatty
acids can decrease lipid peroxidation. Furthermore, the oxidative damage could be attenuated by an increase in
antioxidant enzymes activities such as superoxide dismutase, catalase, glutathione S-transferase, and glutathione
peroxidase which acts as free radical scavengers in conditions associated with oxidative stress.
LCAT is a major modulator of HDL metabolism. Our results showed that LCAT activity was higher in
CR–Lupine group. Moreover, lupine supplementation in a calorie restricted diet decreased significantly
HDL3–PL (the LCAT substrate) concentrations and increased HDL2–CE levels (product of enzymatic reaction)
in obese rats.
Some reports have mentioned that LCAT enzyme may have a dual role in lipoprotein oxidation, whereby it acts
in a dose–responsive manner as a potent prooxidant during VLDL oxidation, but as an antioxidant during LDL
oxidation (McPherson, & Young, McEneny, 2007). In CR–Lupine group compared with CR–Oats, LDL
oxidation was higher despite enhanced LCAT activity. These findings suggest that lupine supplementation do not
play an important protective role against LDL oxidation but it seems to prevent the antiatherogenic fraction
(HDL) from free radical attacks. However, compared to CR diet without supplementation, lupine
supplementation appears to act favorably on lipoperoxidation.
Paraoxonase (PON1) is another antioxidant enzyme closely associated with HDL. It is a calcium-dependent
esterase which detoxifies lipid peroxides, and is widely distributed in many tissues. In human studies, higher
PON1 activity is associated with a lower incidence of major cardiovascular events (Soran, Younis,
Charlton-Menys, & Durrington, 2009). Moreover, PON1 prevents the oxidation of the lipoproteins of weak
density (LDL) (Podrez, 2010). Under oxidative stress (high–fat diet), PON1 may be inactivated by
Sglutathionylation a redox regulatory mechanism characterized by the formation of mixed disulfide between a
protein thiol and oxidized glutathione (Rozenberg, & Aviram, 2006).
In obese rats, the supplementation of the CR diet with lupine increased PON1 activity in serum, HDL2 and HDL3
protecting thus LDL from oxidation and consequently seemed to reduce CVD. PON1 activity could be increased
as a consequence of an improved synthesis of HDL secondary to enhanced LCAT activity.
5. Conclusion
In obese rats, lupine or oats supplementation in a hypocaloric diet have a positive impact on metabolic risk
markers. Nevertheless, lupine compared to oats has a beneficial effect on hypertriglyceridemia and improves
reverse cholesterol transport from peripheral tissues to the liver by increasing the activity of LCAT, and thus
ensuring a fortification in HDL2 cholesteryl esters. This anti–atherogenic effect is particularly reinforced by the
increased activity of HDL PON1 which protects it from oxidation.
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