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Introduction

Metabolic syndrome (MetS) is a continuous growing prob-
lem, characterized by impaired glucose tolerance, insulin 
resistance, hypertension, dyslipidaemia, and abdominal adi-
posity and associated with increased morbidity and mortal-
ity (Alberti et al. 2009).

The epidemic intake of refined carbohydrate such as 
fructose together with saturated fat increased the metabolic 
syndrome pandemic worldwide. There is consistent data 
evidence that exposure to excess fructose intake has detri-
mental effects on multiple cardiometabolic risk factors (Lim 
et al. 2019; Santos et al. 2019; Stahl et al. 2019).

Although MetS is a significant health problem, the 
potential involvement of diet, particularly macronutrients, 
has a major role in the prevention and mitigation of these 

  Laura Pucci
pucci@ibba.cnr.it

1 Department of Biology, Faculty of Sciences of Nature and 
Life, Mohamed Boudiaf University (USTO), Oran, Algeria

2 Department of Biology, Faculty of Sciences of Nature and 
Life, University of Ahmed Ben Bella, Oran1, Algeria

3 Technical Sciences Vacational School, Department of Food 
Technology, Mersin University, TR-33343 Mersin, Turkey

4 Department of Clinical and Experimental Medicine, Section 
of Diabetes and Metabolic Disease, University of Pisa, Pisa, 
Italy

5 National Research Council (CNR), Institute of Agricultural 
Biology and Biotechnology, Pisa, Italy

Abstract
Pumpkin (Cucurbita pepo L.) seeds are enriched in bioactive compounds having functional properties. The aim of this 
study was to analyze the pumpkin seed proteins (PSP) effects on insulin resistance, oxidative stress damage and inflam-
mation in rats with high fructose-induced metabolic syndrome.

Twenty four male Wistar rats, fed isoenergetic diets supplemented with: (1) 20% casein (C); (2) 20% casein and 1 g/
kg/day PSP (P); (3) 20% casein and 64% D-fructose (C-HF); (4) 20% casein, 1 g/kg/day PSP and 64% D-fructose (P-HF). 
After 8 weeks of treatment, fructose supply impaired white adipose tissue (WAT) weight, deteriorated glucose tolerance 
and tAUC, plasma glucose, insulin, insulinogenic index, HOMA-IR and HOMA-β, antioxidant status, lipid and protein 
oxidation, plasma TNF-α and IL-6 as compared to control diets. Interestingly, rats assigned to the PSPs diet with or 
without fructose displayed lower plasma glucose, insulin and fructose, improved tolerance of glucose, tAUC, HOMA-IR 
and HOMA-β and increased insulinogenic index as compared to C diets. PSPs consumption lowered thiobarbituric acid 
reactive substances, hydroperoxides and carbonyls in WAT and carbonyls in muscle. Superoxide dismutase and glutathione 
peroxidase in WAT were significantly diminished in P-HF but increased in P as compared to C-HF and C. Rats fed P-HF 
diet had low catalase in WAT and high in muscle than those fed C-HF. Moreover, catalase activity increased in muscle but 
decreased in WAT in P group than in C group. In conclusion, pumpkin seed proteins exhibit favorable effects on metabolic 
disorders of fructose-induced metabolic syndrome, suggesting a key role in disease therapy.
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seeds were powdered and the dry powder was stored at 
40 °C for further use during experimental study.

The pumpkin seeds powder was diluted with 10 mmol/L 
of sodium sulfite solution, and homogenizated, and pH was 
brought to 10 with 1 mmol/L of NaOH. After overnight 
incubation at 4 °C and under agitation, the homogenate 
was centrifuged at 3000 g for 20 min at 4 °C. The superna-
tant was removed and brought to pH 4.5 with 5 mmol/L of 
H2SO4. After centrifugation, the pellet was dried at 37 °C. 
The nutrients composition of the purified pumpkin protein 
was 80 g crude proteins, 8.92 g crude lipids, 1.33 g ashes, 
3.36 g moisture, 4.52 g fibers per 100 g protein, with high 
amounts of arginine, aspartate and glutamic acid, but defi-
cient in lysine and methionine (Table 1).

Experimental design

Twenty four (N = 24) male Wistar rats weighing 190–200 g 
at the beginning of the study, were purchased from the Ani-
mal Research Center, Pasteur Institute Algiers, Algeria, and 
kept under standard laboratory conditions (temperature of 
23 °C, relative humidity of 60% and 12 h of light cycle). 
Thereafter, animals were randomly divided into four groups 
of six rats each and, for 8 weeks, were fed isoenergetic diets 
supplemented with 20% casein (C group) or 20% casein 
and purified pumpkin seed proteins, administered by oral 
gavage, at the dose of 1 g/kg/day (P group), or 20% casein 
enriched with 64% fructose (C-HF group) (Prolabo, Paris, 
France, 67.19% of total energy), or 20% casein, purified 
pumpkin seed proteins, administered by oral gavage, at the 
dose of 1 g/kg/day and enriched with 64% fructose (P-HF 

conditions. In fact, as we have reported in our previous stud-
ies, the inclusion of fish protein, omega-3 fatty acids and 
conjugated linoleic acid into high-fructose diet effectively 
protects against the development of cardiovascular risk fac-
tors in fructose-induced metabolic syndrome rats (Madani 
et al. 2012, 2015; Mellouk et al. 2012a).

Recently, researchers have paid attention to scientific 
investigation of dietary plants and herbal preparations as 
alternative clinical therapies. Among these, Pumpkin plant 
commonly used as food or medicine (Caili et al. 2006) is an 
angiosperm belonging to the Cucurbitaceae family. Pump-
kin fruit has many nutritional components including pump-
kin polysaccharides, active proteins, essential amino acids, 
carotenoids, and minerals and has been received consider-
able attentions in recent years because of the nutritional and 
health protective value of these components (Fokou et al. 
2004; Kim et al. 2012). Seeds contain high amount of pro-
teins and fats, ranging from 14.3 to 38.0% and 21.9–54.9%, 
respectively. In contrast, fruit seems to have relatively low 
and variable levels of proteins (0.20–23.95%), and a very 
low content of lipids (0.04–6.57%). Cucurbita, especially 
the seed parts, can also be a good source of amino acids 
(Kim et al. 2012). Indeed, among the 20 amino acids which 
constitute the human proteins, 17 are present in Cucurbita, 
including the 8 + 1 essential amino acids (Badr et al. 2011; 
Kim et al. 2012).

To our knowledge, this is the first investigation to 
explore whether the pumpkin (Cucurbita pepo L.) seeds 
proteins might be considered for the treatment of metabolic 
disorders. Cucurbita pepo L. is an interesting target as a 
compound with prominent pharmacological properties to 
possible wound healing treatments. Moreover, it has antiox-
idant and anti-inflammatory effects, antidiabetic, antibacte-
rial and hepato- and chemoprotective properties (Dotto and 
Chaca 2020). Therefore, the aim of the present study was 
to further discuss the use and potential benefits of purified 
pumpkin seed proteins to improve both the metabolic risk 
factors, such as insulin resistance, glucose tolerance, oxida-
tive stress in tissues, and the inflammation status in rats with 
high fructose-induced metabolic syndrome.

Materials and methods

Preparation of highly purified pumpkin seed 
proteins

The proteins, prepared in the laboratory and used in this 
experiment, was isolated from pumpkin seeds. The seeds of 
pumpkin (Cucurbita pepo L.) were procured from the local 
market of Nedroma, Tlemcen, West Algeria. The seeds were 
well washed with water and dried in the shade. The dried 

Table 1 Amino acid composition of dietary proteins (g/100 g protein)
Amino acids Casein Pumpkin protein
Aspartic acid 6.7 7.49
Glutamic acid 20.2 9.6
Serine 4.9 4.68
Histidine 2.9 1.88
Glycine 1.7 5.89
Threonine 3.9 2.68
Arginine 3.9 12.35
Alanine 2.9 2.94
Tyrosine 5.3 1.68
Cysteine 0.4 3.1
Valine 6.4 5.36
Methionine 2.8 1.93
Tryptophan 1.2 2.7
Phenylaline 4.8 5.75
Isoleucine 5.2 1.27
Leucine 8.9 4.62
Lysine 7.6 1.2
Hydroxyproline ND 0.52
Proline 10.6 17.1
Lysine/arginine 2.17 0.09
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withdrawn from abdominal aorta and collected into tubes 
containing Na2-EDTA (0.1%) (Sigma, St Louis, MO, USA). 
Plasma was separated from blood by low-speed centrifuga-
tion at 3000 × g for 20 min at 4 °C and stored at -70˚C in 
multiple aliquots until analysis. White (WAT) and epididy-
mal (EAT) adipose tissues and muscle were quickly excised, 
rinsed with a cold saline solution, weighed and immediately 
frozen at -70˚C until for analysis. The body composition 
index, considered as an index of adiposity, was calculated as 
the ratio epididymal fat/gastrocnemius muscle (g/g) (Nad-
erali and Williams 2003).

Plasma analysis

Fasting plasma glucose (Biosystem kit, Barcelona, Spain) 
and insulin [insulin (rat) ELISA kit, SPI-BIO, Montigny 
Le Bretonneux, France]were measured at 8 weeks of the 
experiment. The insulinogenic index (IGI), i.e. the ratio 
between plasma insulin concentrations and the difference 
between D-glucose concentration and 4.0 mM (taken as the 
threshold value for stimulation of insulin secretion by hex-
ose), HOMA-IR index for insulin resistance was calculated 
using the formula: glycemia (mmol/L) x insulinemia (µU/
mL)/22.5). HOMA-βwas calculated according the formula: 
[20 x insulin (µU/L)]/[fasting glucose (mmo/L) − 3.5]. 
Plasma fructose levels were quantified enzymatically using 
a BioSentec Glucose/Fructose/Sucrose kit (BioSentec, Tou-
louse, France).

WAT and muscle tissues protein and lipid oxidation

WAT and muscle tissue homogenates were prepared on ice 
in a ratio of 1 g wet tissues to 9 mL of 150 mmol/L KCl 
using ultraturrax homogenizer. Thiobarbituric acid-reac-
tive substances (TBARS) were measured by the method 
of Quintanilha et al. (1982), using malondialdehyde as a 
standard. Tissue lipid hydroperoxide (LHP) levels were 
evaluated according to Eymand and Genot (2003). Car-
bonyl concentrations were determined by using Levine 
et al. (1990) assay. Tissue nitric oxide (NO) was assessed 
using the Griess reagent (sulfanilamide and Nnaphthyl 
ethylenediamine) (Cortas and Wakid 1990). Briefly, tissue 
homogenates were clarified by zinc sulfate solution (Sigma-
Aldrich), NO3 (Sigma-Aldrich) was then reduced to NO2 by 
cadmium (Sigma-Aldrich) overnight at 20˚C under agita-
tion. Samples were added to the Griess reagent and incu-
bated for 20 min at room temperature. The absorbance of 
these solutions was measured at 540 nm using a Beckman 
Coulter DU 640 spectrophotometer. Sodium nitrite (Sigma-
Aldrich), a strong antioxidant, was used for the standard 
curve. The data were expressed as µmol/mg proteins.

group). The composition of the diets is defined in Table 2. 
Diets given in powdered form, were isocaloric (16.28 MJ/
kg) and contained identical amounts of sucrose, lipids, vita-
mins, minerals and fiber. Food and water were provided ad 
libitum and were measured daily. The body weight of each 
animal was recorded once a week. This study was carried 
out in accordance with the general guidelines for the care 
and use of laboratory animals (Council of European Com-
munities, 1986).

Intraperitoneal glucose tolerance test

An intraperitoneal glucose tolerance test (IPGTT) was per-
formed at fiftieth day of the experiment. After overnight 
starvation, the glucose was administered (1.0 g D-glucose/
kg body weight) intraperitoneally in the rats as a 50% (w/w) 
D-glucose solution. Blood samples were collected from the 
tail vein before (time zero) and 15, 30, 60 and 120 min after 
the administration of D-glucose. Blood glucose levels were 
measured by the glucose meter (Accu-Chek Aviva; Roche 
Diagnostics, Basel, Switzerland). These measurements 
allowed computing the area under the plasma D-glucose 
curve (AUC) during the IPGTT.

Blood and tissue collection

At day 60, after a 12-hour fast, rats were sacrificed under 
general anaesthesia with sodium pentobarbital (60 mg/kg 
body weight, BW) (Sigma, St Louis, MO, USA). Blood was 

Table 2 Composition of the experimental diets1

Ingredient C P C-HF P-HF
g/kg diet
Casein2 200 200 200 200
Pumpkin protein - 10 - 10
Fructose2 - 640 640
Sucrose 50 50 50 50
Corn starch 590 590 - -
Sunflower oil 50 50 50 50
Cellulose 50 50 50 50
Vitamin3 40 40 40 40
Mineral 20 20 20 20
1Diets were isoenergetic (16.28 MJ/kg of diet)
2Prolabo, Paris, France
3UAR 200 (Villemoisson), 91,360 Epinay/Orge, France. Vitamin 
mixture provides the following amounts (mg/kg diet): retinol, 12; 
cholecalciferol, 0.125; thiamine, 40; riboflavin, 30; pantothenic acid, 
140; pyridoxine, 20; inositol, 300; cyanocobalamin, 0.1; ascorbic 
acid, 1.600; dl-α-tocopherol, 340; menadione, 80; nicotinic acid, 200; 
para-aminobenzoic acid, 100; folic acid, 10; biotin, 0.6
4UAR 205 B (Villemoisson), 91,360 Epinay/Orge, France. The salt 
mixture provides the following amounts (mg/kg diet): CaHPO4, 
17,200; KCl, 4000; NaCl, 400; MgO, 420; MgSO4, 2000; Fe2O3, 
120; Fe2SO4.7H2O, 200; trace elements, 400; MnSO4.H2O, 98; 
CuSO4.5H2O, 20; ZnSO4, 80; CoSO4.7H2O, 0.16; Kl, 0.32
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Plasma tumor necrosis factor and interleukin-6 
concentrations

Plasma tumor necrosis factor (TNF-α) and interleukin-6 
(IL-6) concentrations were quantified using a commercial 
kit (RayBiotech, Norcross GA, USA).

Statistical analysis

Data are expressed as means ± SD for continuous variables 
and percentage for categorical variables. Statistical analy-
sis was performed using the IBM SPSS Statistics 20 Sta-
tistical Package for Social Sciences (IBM Software Group, 
Licensing, 233 S, Wacker Dr, Chicago, IL 60,606, United 
State). Data were tested using two-way analys of variance 
(ANOVA) with type of protein and fructose content as inde-
pendent variables. When the interaction was significant, 
Student’s least significant difference test was performed. 
Differences were considered significant at P ≤ 0.05.

Results

Effects on body weight, food intake, weight gain 
and food efficiency

The body weight, food intake, weight gain, food efficiency, 
BMI and length are shown in Table 3. The average body 

WAT and muscle tissues antioxidant enzyme 
activities

WAT and muscle tissue homogenates prepared on ice at 
a ratio of 1 g wet tissue to 9 mL 150 mmol/L KCl using 
a POLYTRONPT 2100 homogenizer (Kinematica AG, 
Lucerne, Switzerland), were used for superoxide dismutase 
(SOD; EC 1.15.1.1), glutathione peroxidase (GSH-Px; 
EC 1.11.1.9) and catalase (CAT; EC 1.11.1.6) determina-
tions. Tissue protein concentrations were determined by the 
method of Lowry et al. (1951), using bovine serum albumin 
as standard. Tissue SOD activity were determined using 
Cayman Chemical kit (Cayman Chemical Company, Ann 
Arbor, MI, USA). Briefly, the method uses xanthine and 
xanthine oxidase to generate superoxide radicals, which 
react with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tet-
razolium chloride to form a formazan dye. The SOD activity 
was measured by the degree of inhibition of the reaction, 
using a spectrophotometer. The results were expressed as 
U/mg of protein. CAT activity was determined according to 
the method described by Aebi (1974) and the results were 
expressed as nmol/mg of protein. Tissue GPH-Px activity 
was measured using an enzymatic kit (Cayman Chemical 
Company). The data were expressed in nmol/min/mg of 
protein.

Table 3 Body weight, food intake, weight gain and food efficiency of experimental and control rats1

Diets ANOVA (p value)
Variables C P C-HF P-HF Prot Fru Prot x 

Fru
Final body weight (g) 321.16 ± 22.83 302.50 ± 13.33 326 ± 19.72 327 ± 13.02 NS NS NS
Food intake (g/day/rat) 18.54 ± 0.26 18.78 ± 0.05 17.51 ± 0.39b 18.64 ± 0.73 NS NS P < 0.05
Weight gain (g/day) 2.05 ± 0.30 1.54 ± 0.15a 1.93 ± 0.18 1.95 ± 0.26b P < 0.05 NS P < 0.05
Food efficiency 0.11 ± 0.01 0.08 ± 0.008a 0.11 ± 0.009 0.10 ± 0.01 P < 0.05 NS NS
Length (cm) 40.83 ± 0.51 40.05 ± 0.91 40.91 ± 1.80 40.91 ± 1.80 NS NS NS
BMI (g/cm2) 0.19 ± 0.009 0.18 ± 0.01 0.19 ± 0.01 0.19 ± 0.004 NS NS NS
1Values are means ± SD of six rats per group. Differences were considered significant at P < 0.05. aP < 0.05, pumpkin seeds protein vs. casein 
alone; bP < 0.05, fructose supplementation vs. no supplementation

Table 4 Adipose tissue and muscle weights and adiposity of experimental and control rats1

Diets ANOVA (p value)
Variables C P C-HF P-HF Prot Fru Prot x 

Fru
Absolute WAT (g) 7.03 ± 3.81 8.88 ± 1.57 11.34 ± 0.45b 9.68 ± 2.23 NS P < 0.05 NS
Relative WAT (g/100 g BW) 1.19 ± 0.37 1.19 ± 0.25 1.67 ± 0.39b 1.42 ± 0.36 NS P < 0.05 NS
Absolute EAT (g) 5.21 ± 1.03 5.71 ± 1.26 5.47 ± 0.27 5.50 ± 1.22 NS NS NS
Relative EAT (g/100 g BW) 1.62 ± 0.34 1.93 ± 0.40 1.68 ± 0.14 1.68 ± 0.38 NS NS NS
Absolute Muscle (g) 1.72 ± 0.27 1.67 ± 0.14 1.73 ± 0.23 1.92 ± 0.14 NS NS NS
Relative muscle (g/100 g BW) 0.53 ± 0.05 0.55 ± 0.03 0.53 ± 0.09 0.58 ± 0.03 NS NS NS
Index of adiposity 3.07 ± 0.68 3.41 ± 0.75 3.20 ± 0.48 2.86 ± 0.75ab P < 0.05 NS P < 0.05
1Values are means ± SD of six rats per group. Differences were considered significant at P < 0.05. aP < 0.05, pumpkin seeds protein vs. casein 
alone, bP < 0.05, fructose supplementation vs. no supplementation. EAT, epididymal adipose tissue; WAT, white adipose tissue; Index of adipos-
ity = epididymal fat/gastrocnemius muscle, g/g
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Metabolic and hormonal data

Plasma D-glucose concentrations were significantly 
increased by about 26% and 24% in C-HF and P-HF groups 
relative to C and P groups, respectively (Table 5) after 2 
months of experiment. Feeding pumpkin seed proteins with 
or without fructose decreased by about 7% and 8% glucose 
levels. Insulin concentrations were 112% and 124% greater 
in C-HF and P-HF-fed rats as compared to C and P rats. Fur-
thermore, pumpkin seed proteins added reduced by 7% and 
12% plasma insulin in P-HF and P, respectively, as com-
pared to C-HF and C. The insulinogenic index was raised by 
22% and 24% in C-HF and P-HF rats as compared to C and 
P rats. Interestingly, addition of pumpkin seed proteins to P 
and P-HF diets enhanced by 10% and 12% IGI compared to 
C and C-HF diets. HOMA-IR values were elevated in ani-
mals fed fructose. The exposure to the pumpkin diet exerted 
a decrease in the HOMA-IR in both P and P-HF groups. The 

weight, BMI and length did not differ between all the 
groups at the end of a 60-day period. The food intake was 
much lower in C-HF rats than that recorded in the C rats. 
After 8 weeks, P-HF rats displayed significant higher body 
weight gain than P rats. Furthermore, feeding P diet led to 
low weight gain and food efficiency as judged from the 
ratio between the relative increase in body weight and mean 
value for daily food intake than feeding C diet.

Effects on organ weights

Table 4 listed the wet weight of the muscle, white and epi-
didymal adipose tissues and adiposity index. No signifi-
cant difference was showed in absolute and relative EAT 
and muscle weights among the groups. The absolute and 
relative WAT wet weights, however, rose by about 61% 
and 40%, respectively, in C-HF group relative to C. Inter-
estingly, we found that treatment of HF rats with pump-
kin seed proteins reduced by approximately 11% adiposity 
index without modifying absolute and relative WAT, EAT 
and muscle weights compared with the C-HF group.

Effects on glucose tolerance test and glucose AUC

The response of the rats to a physiological glucose chal-
lenge was first tested using an IPGTT. Addition of fructose 
in both protein diets induced significant increased (P < 0.05) 
in the glucose level at all time points as compared to that in 
the control rats (Fig. 1). Indeed, glucose AUC, calculated 
from IPGTT, were highly raised by about 109% and 55% 
in C-HF and P-HF groups as compared to C and P groups. 
Treatment of fructose rats with isolated pumpkin seed pro-
teins exhibited low plasma glucose at all time points and 
decreased AUC by about 29% when compared to C-HF. 
Moreover, feeding P diet led to low AUC values and plasma 
glucose at 60 min than C diet in rats without metabolic syn-
drome induction.

Table 5 Plasma glucose, insulin and insulin resistance of experimental and control rats1

Diets ANOVA (p value)
Variables C P C-HF P-HF Prot Fru Prot x 

Fru
D-Glucose (mmol/L) 6.10 ± 0.09 5.69 ± 0.08a 7.66 ± 0.23b 7.05 ± 0.11ab P < 0.05 P < 0.05 P < 0.05
Insulin (pmol/L) 153.11 ± 5.67 135.31 ± 2.53a 324.25 ± 6.56b 302.72 ± 6.68ab P < 0.05 P < 0.05 P < 0.05
Insulinogenic index 72.78 ± 3.62 80.10 ± 5.52a 88.83 ± 5.45b 99.22 ± 4.68ab P < 0.05 P < 0.05 P < 0.05
HOMA-IR 41.56 ± 1.85 34.23 ± 0.230a 110.43 ± 4.63b 94.91 ± 2.52ab P < 0.05 P < 0.05 P < 0.05
HOMA-β 1175.75 ± 51.54 1235.74 ± 70.90 1561.98 ± 84.14b 1704.76 ± 71.80ab NS P < 0.05 P < 0.05
Fructose (mmol/L) 0.80 ± 0.06 0.71 ± 0.02a 0.96 ± 0.04b 0.83 ± 0.04ab P < 0.05 P < 0.05 P < 0.05
1Values are means ± SD of six rats per group. Differences were considered significant at P < 0.05. aP < 0.05, pumpkin seeds protein vs. casein alone, 
bP < 0.05, fructose supplementation vs. no supplementation. HOMA-IR = glycemia (mmol/L) x insulinemia (pmol/mL)/22.5. HOMA-β = 20 x 
insulin (µU/L)/glycemia (mmo/L) − 3.5

Fig. 1 Plasma glucose response and area under theglucose 
curve (glucose-AUC)to IPGTT in rats fed pumpkin protein 
or casein with or without high fructose diets for 60 days. 
Data are presented as mean ± SD and refer to 6 rats in each 
group. aP < 0.05, pumpkin protein vs. casein with or without 
fructose (P vs. C, P-HF vs. C-HF); bP < 0.05, fructose treat-
ment vs. no fructose treatment (C-HF vs. C, P-HF vs. P)
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Effects on plasma cytokines

As shown in Table 7, after 2 months of feeding, plasma 
TNF-α concentrations were about 49% and 33% increase in 
C-HF and P-HF groups when compared to C and P groups, 
respectively. IL-6 levels were significantly higher by about 
17% and 16% in C-HF and P-HF rats compared to con-
trols, respectively. Treatment of HF rats with pumpkin seed 
proteins led to reduction in TNF-α by 12% as compared to 
C-HF without changing IL-6 contents. In addition, no sig-
nificant changes were observed in P group compared to C 
group.

results of HOMA-β showed an increase by about 32% and 
38% in C-HF and P-HF as compared to C and P, respec-
tively and by 9% in P-HF than in C-HF. Plasma fructose 
levels raised significantly (P < 0.05) in HF rats but treatment 
with pumpkin seed proteins reduced these values.

Effects on WAT and muscle tissues lipid and protein 
oxidation

The results shown in Table 6 demonstrated higher levels of 
WAT and muscle tissues TBARS in high fructose fed rats 
compared to controls. In addition, TBARS content was 
significantly reduced in WAT from rats fed pumpkin seed 
proteins with or without fructose. LHP concentrations were 
significantly higher in rats exposed to fructose in both mus-
cle and WAT. The consumption of pumpkin seed proteins 
reduced the WAT LHP in P and P-HF groups without modi-
fying those of the muscle. NO concentrations were signifi-
cantly lower in both muscle and WAT of high fructose-fed 
animals, while, carbonyls were significantly higher. Com-
pared to the C-HF-fed group, the P-HF fed rats exhibited 
high WAT carbonyl levels. Rats adapted to the P diet had 
significantly lowered carbonyls in muscle and WAT com-
pared to C diet.

Effects on WAT and muscle tissue antioxidant 
enzyme activities

As depicted in Fig. 2, after an overnight starvation, the SOD 
activity was decreased in WAT and increased in muscle in 
C-HF when compared to C, while, the effect was inversed 
in P-HF compared to P. Moreover, after 2 months of experi-
ment, treatment of fructose rats with pumpkin seeds protein 
caused high muscle and low WAT SOD activity relative to 
C-HF. In P group, an increase in SOD activity was observed 
in muscle and WAT than in C group. The results of CAT 
activity showed a significant elevation (P < 0.05) in muscle 
and reduction in WAT in C-HF than in C. When compared to 
P group, P-HF group showed a decrease in CAT muscle and 
an increase in WAT. Exposition of fructose rats to pump-
kin seed proteins attenuated muscle CAT and enhanced it 
in WAT as compared to C-HF. Feeding P diet led to high 
muscle and low WAT CAT activity than C feeding. Inges-
tion of C-HF diet produced a significant increase in GSH-Px 
activity (P < 0.05) in muscle and WAT than C diet, whereas, 
a decrease was obtained when rats received P-HF diet than 
P diet. Supplementation of fructose diet with purified pump-
kin seed proteins reduced significantly GSH-Px activity 
(P < 0.05) even in muscle and WAT than those reported in 
C-HF, while an increase was found in P compared to C.

Fig. 2 Antioxidant enzymatic activities of adipose and muscle tissue in 
rats fed pumpkin protein or casein with or without high fructose diet 
for 60 days. Data are presented as mean ± SD and refer to 6 rats in each 
group. aP<0.05, pumpkin protein with and without fructose vs. casein 
with or without fructose (P vs. C, P-HF vs. C-HF); bP < 0.05, fructose 
treatment vs. no fructose treatment (C-HF vs. C, P-HF vs. P)
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epididymal adipose tissue and muscle weights than P diet, 
supposing low energy expenditure. Interestingly, our data 
showed that pumpkin seed proteins consumption prevented 
the adiposity index caused by the HF diet, despite equiva-
lent body weight, weight gain, food intake when compared 
to C-HF diet, indicating that this beneficial effect may origi-
nate from reduced adiposity index.

Furthermore, these data imply that WAT weight gain fol-
lowing fructose ingestion may be responsible for impaired 
insulin sensitivity, HOMA-β, insulinogenic index, plasma 
D-glucose and insulin concentrations after the overnight 
starvation probably due to an alteration in the process of 
glucose recognition by the β cells as an insulinotropic agent 
or defects on glucose transporters and enzymes involved in 
glucose metabolism (El Mesallamy et al. 2010; Kannap-
pan and Anuradha 2009). These experimental results are in 
agreement with previous studies (Dupas et al. 2017; Madani 
et al. 2012). Additionally, the HF diet is responsible for 
inducing physiological changes, such as tolerance to D-glu-
cose and area under the curve. Thus, the plasma D-glucose 
level at 0, 15, 30, 60 and 120 min of the IPGTT, as well as 
the area under the curve (AUC) for such concentrations dur-
ing the IPGTT were higher in chronic fructose feeding than 

Discussion

Pumpkin is a plant that has been used frequently as func-
tional food or medicine. Hence, this study explores the 
capacity of purified pumpkin seed proteins to prevent the 
development of metabolic syndrome induced by a high-
fructose diet in rats.

The results from the current study revealed that despite 
virtually identical final body weight, BMI and food efficiency 
in both fructose-fed rats at the end of a 60-day period, the 
wet weight of the WAT was, as a rule, significantly greater 
in C-HF as compared to C. Similar results were observed 
by Shahraki et al. (2011). In other words, although C-HF 
feeding reduced food intake due probably to high amounts 
of energy production, the wet weight of the WAT was higher 
as compared to C diet. We also showed that C-HF feeding 
induced WAT hypertrophy, which agree with the results of 
Park et al. (2018) who showed cardiac hypertrophy in fruc-
tose-fed rats. Insulin is involved in the regulation of body 
adiposity via its actions in the central nervous system to 
inhibit food intake and increase energy expenditure. Rats 
adapted to the P-HF diet gained more weight, despite sta-
bilization of food intake, absolute and relative white and 

Table 7 Plasma inflammatory markers of experimental and control rats1

Diets ANOVA (p value)
Variables C P C-HF P-HF Prot Fru Prot 

x 
Fru

TNF-α (pg/mL) 30.49 ± 3.29 29.99 ± 2.09 45.50 ± 4.16b 40.06 ± 2.82ab NS P < 0.05 NS
IL-6 (pg/mL) 230.07 ± 5.05 227.43 ± 6.34 269,19 ± 6,98b 263.14 ± 3.62b NS P < 0.05 NS
1Values are means ± SD of six rats per group. Differences were considered significant at P < 0.05. aP < 0.05, pumpkin protein vs. casein, bP < 0.05, 
fructose supplementation vs. no supplementation

Table 6 Lipid and protein oxidation markers and NO in adipose and muscle tissue of experimental and control rats1

Diets ANOVA (p values)
Variables C P C-HF P-HF Prot Fru Prot x 

Fru
TBARS
WAT (µmol/mg protein) 0.70 ± 0.08 0.52 ± 0.07a 1.83 ± 0.08b 1.52 ± 0.09ab P < 0.05 P < 0.05 P < 0.05
Muscle (nmol/g tissue) 113.33 ± 3.22 112.76 ± 1.47 138.76 ± 1.98b 136 ± 2.95b NS P < 0.05 NS
LHP
WAT (µmol/mg protein) 4.33 ± 0.07 4.14 ± 0.13a 6,205 ± 0.154b 5.97 ± 0.12ab P < 0.05 P < 0.05 P < 0.05
Muscle (nmol/g tissue) 307.16 ± 3.81 305.85 ± 3.33 598.44 ± 3.79b 595.86 ± 3.91b NS P < 0.05 NS
NO
WAT (µmol/mg protein) 1.56 ± 0.07 1.49 ± 0.09 0.98 ± 0.14b 0.96 ± 0.17b NS P < 0.05 NS
Muscle (nmol/g tissue) 144.75 ± 6.84 141.65 ± 1.90 101.39 ± 1.97b 100.25 ± 1.56b NS P < 0.05 NS
Carbonyl
WAT (µmol/mg protein) 1.82 ± 0.11 1.72 ± 0.07a 1.57 ± 0.08b 2.11 ± 0.09ab P < 0.05 P < 0.05 P < 0.05
Muscle (nmol/g tissue) 127.36 ± 5.06 121.74 ± 2.60a 164.67 ± 2.33b 164.45 ± 3.86b P < 0.05 P < 0.05 NS
1Values are means ± SD of six rats per group. Differences were considered significant at P < 0.05. aP < 0.05, pumpkin seeds protein vs. casein 
alone, bP < 0.05, fructose supplementation vs. no supplementation
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stimulation of lipid peroxidation is associated with changes 
in the antioxidant enzymatic systems such as GSH-Px, SOD 
and CAT activities that may be an adaptive response to con-
ditions of higher peroxidative stress in these tissues and to 
reduced plasma ascorbic acid and glutathione. The hydro-
gen peroxide and organic peroxides inhibited SOD activity 
and the lowered SOD activity could favor a greater presence 
of superoxide anions in the muscle and WAT tissues. High 
fructose increases protein fructosylation and the formation 
of reactive oxygen species (ROS) (Al-Okbi et al. 2014; Lim 
et al. 2010). Furthermore, the protein carbonyl increased in 
both tissues is suggestive of oxidative damage in addition to 
chemical modification, indicating that the high tissues car-
bonyl radicals can be produced after the attack of the •OH 
radical against the residues of arginine, lysine and proline 
(Kayama et al. 2015; Radi 2018).

We also found that fructose enriched diet resulted in sig-
nificant reduction in nitric oxide (NO) levels in both tissues 
and concur with those observed in patients with MetS (Simão 
et al. 2010) and in rats (Madani et al. 2015; Mellouk et al. 
2012b), supposing that hyperglycemia, hyperinsulinemia 
and altered insulin resistance may be the cause of this effect. 
Furthermore, the low NO contents might be explained by 
a higher level of O2

−• which can rapidly bound to NO and 
produce nitric peroxide (ONOO−), oxidant molecule harm-
ful to vascular function (Zweier et al. 2011). Our data pro-
vide evidence that regardless of the type of protein intake, 
TBARS and LHP levels in both tissues were significantly 
declined in fructose groups-fed pumpkin seed proteins 
when compared to those fed casein, showing that improving 
oxidative lipid damage may be explained, at least by ame-
lioration of insulin resistance. Moreover, we noticed that 
in the WAT tissue, SOD and GSH-Px levels were depleted, 
while CAT was raised. However, in the gastrocnemius mus-
cle, GPx and CAT levels were lower and SOD was higher. 
Therefore, it can be supposed that reduced accumulation of 
H2O2 in the WAT tissue as result of increased detoxification 
by the CAT in rats fed the PHF diet might lead to the low 
glutathione levels inhibiting the GSHPx mediated reduction 
of H2O2 and organic hydroperoxides. In addition, depletion 
WAT SOD and GSH-Px activities in P-HF when compared 
to C-HF, may result from lower quantities of O2

−• and H2O2 
present in tissues. While, in muscle, SOD was significantly 
higher and H2O2 is detoxified either by the CAT and GSH-
Px. It is also interesting to note that pumpkin proteins in 
rats without metabolic syndrome reduced WAT TBARS 
and LHP and WAT and muscle carbonyls in comparison to 
C, increasing SOD and GSH-Px activities in both tissues 
and raising CAT in muscle and lowering it in WAT. On the 
other hand, the antioxidant protective effect of pumpkin 
proteins might be related to the presence of non-proteinous 

in the controls. Such an alteration appeared mainly attrib-
uted to the impairment of insulin sensitivity, as indicated 
by the increase in HOMA-IR, HOMA-β and insulinogenic 
index. These findings are in close agreement with previous 
studies showing the diabetogenic effect of a high-fructose 
diet (Kalita et al. 2020; Tran et al. 2009; Yokozawa et al. 
2008). However, rats assigned to the P-HF diet displayed 
an improvement of insulin resistance, glucose tolerance 
and decreased values for glucose AUC for IPGTT, a sig-
nificant reduction in glucose, insulin, insulinogenic index, 
HOMA-β, and fructose levels compared to rats following 
the C-HF diet, suggesting that dietary proteins source may 
affect glucose metabolism differentially. Low glucose and 
high plasma insulin and number of β cells and lipid peroxi-
dation in pancreas were observed in streptozotocin (STZ) 
diabetic rats-fed pumpkin, suggesting that pumpkin may 
play a role in both the renewal and the recovery of par-
tially destroyed β cells in STZ diabetic rats (Xia and Wang 
2007). Indeed, in our investigation, these favorable changes 
occurred without any loss of body weight but related to 
improvement of adiposity index, suggest that pumpkin seed 
proteins are protected against the development of glucose 
intolerance and insulin resistance induced by chronic fruc-
tose ingestion. Taken together, these data indicate that inclu-
sion of pumpkin seed proteins to fructose-treated rats might 
be a safe strategy for treatment of the metabolic syndrome. 
Therefore, the plausible mechanism by which pumpkin 
proteins prevented insulin resistance is not related to the 
increased pancreatic secretion of insulin from beta cells of 
islets of Langerhans, as the values are lower than in C-HF, 
but may have at least its origin in the enhanced peripheral 
utilization of glucose and/or increased insulin receptor bind-
ing. On the other hand, it is possible that the presence of 
high levels of arginine (12.4vs. 3.9 g/100 g) and cystine 
(3.1 vs. 0.4 g/100 g) in pumpkin proteins may contribute 
to the improvement of glycemic homeostasis and insulin 
resistance induced by chronic fructose, which could pre-
vent the destruction of cells that synthesize insulin and even 
regenerate them. Gannon and Nutall (2002) demonstrated 
that arginine limited the rise in blood glucose without stim-
ulating insulin secretion after oral glucose administration. 
Xia and Wang (2006) reported, in streptozotocin-induced 
diabetic rats fed pumpkin fruit extract, low blood glucose 
and HbA1c, and high plasma insulin and total haemoglobin. 
Studies have shown that a pumpkin-rich diet has pharmaco-
logical activity in lowering blood glucose (Cai et al. 2003; 
Quanhong et al. 2005; Xiong and Cao 2001).

In agreement with our previous reports (Madani et al. 
2012, 2015), we observed that fructose-fed rats display 
oxidative stress in both WAT and skeletal muscle after 8 
weeks of experiment reflected in the elevated TBARS and 
LHP with respect to those of control animals. This abnormal 
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improving glucose, insulin, insulinogenic index, HOMA-
IR, HOMA-β, glucose tolerance and AUC, suggesting a 
protective role on complications associated with metabolic 
syndrome. In addition, they exert strong antioxidant and 
anti-inflammatory effects in fructose-induced metabolic 
syndrome rats. Further studies are needed to isolate and 
characterize bioactive molecules such as amino acids or 
peptides to demonstrate the pumpkin protein mechanism of 
action.
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components in these proteins that could be responsible on 
the oxidant-lowering effect.

In our study, 8 weeks of fructose supplementation was 
sufficient to significantly increase plasma TNF-α and IL-6 
levels compared to those reported in rats without metabolic 
syndrome induction. Hussein et al. (2014) found high serum 
TNF-α and IL-6 levels in rats fed 60% fructose for 60 days. 
The TNF-α level was reported to be markedly elevated in 
fructose-induced metabolic syndrome rats (Senaphan et al. 
2015). The raise in TNF-α and IL-6 in fructose-exposed rats 
could be associated to NF-kB activation which leads to a 
rise in ROS levels and oxidative damage. NF-kB activation 
increased the expression of pro-inflammatory cytokines 
and stimulation of inflammatory cascade in high fructose 
diet (Kuhad et al. 2009). These experimental data may sup-
pose that insulin resistance noticed in HF animals may be 
responsible for the higher production of cytokines as con-
sequence of reduced anti-inflammatory effect of insulin in 
insulin-resistant states (Fernandez-Real and Ricart 2003). 
Alternatively, increased adiposity causes high inflammation 
and fructose intake leads to elevated free fatty acids which 
further leads to high inflammation (Tripathy et al. 2003). 
Exposure of adipose tissue to oxidative stress determines 
the development of a systemic inflammation state (Otani 
2011). These results are supported by previous reports in 
human metabolic syndrome (Lim et al. 2010) and in high-
fructose rats (Al-Okbi et al. 2014; Madani et al. 2012; Tian 
et al. 2013). Following pumpkin proteins ingestion in fruc-
tose rats reversed the altered status of inflammatory markers 
and led to the reduction of plasma TNF-α without affect-
ing IL-6 levels compared to those of C-HF. Therefore, it 
can be expected that the improvement in TNF-α levels 
may be linked to an improvement in insulin resistance and 
a decrease in the adiposity index during pumpkin proteins 
treatment that further leads to a reduction in inflammation. 
Moreover, the presence of anti-inflammatory molecules 
such as arginine, in pumpkin proteins, may partly explain 
their protective action against inflammation induced by 
fructose-enriched diet. Arginine is suggested to have anti-
inflammatory properties, by reducing lipotoxicity and/or 
affecting postprandial metabolism. Arginine is highly avail-
able in pumpkin proteins, thus beneficial effects of pumpkin 
protein could be partially driven by arginine. Studies have 
shown that pumpkin has antidiabetic (Adams et al. 2011; 
Boaduo et al. 2014), antioxidant and anti-inflammatory 
effects (Nawirska-Olszańska et al. 2013).

Conclusions

In this study we highlighted that the treatment with pump-
kin seeds protein counteracted the fructose alterations by 
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