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Abstract 28 

This study investigated the potential effects of fermented sardinelle protein hydrolysates 29 

(FSPHs) obtained by two proteolytic bacteria, Bacillus subtilis A26 (FSPH-A26) and Bacillus 30 

amyloliquefaciens An6 (FSPH-An6), on hypercaloric diet (HCD) induced hyperglycemia and 31 

oxidative stress in rats. Effects of FSPHs on blood glucose levels, glucose tolerance, α-32 

amylase activity and hepatic glycogen content were investigated, as well as their effect on the 33 

oxidative stress state. Biochemical findings revealed that, while undigested sardinelle proteins 34 

(USP) did not exhibit hypoglycemic activity, oral administration of FSPHs to HCD-fed rats 35 

reduced significantly α-amylase activity as well as glycemia and hepatic glycogen levels. 36 

Further, the treatment with FSPHs improved the redox status by decreasing the levels of lipid 37 

peroxidation products and increasing the activities of the antioxidant enzymes (superoxide 38 

dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT)) and the level of 39 

glutathione (GSH) in the liver and kidneys, as compared to those of HCD-fed rats. FSPHs 40 

were also found to exert significant protective effects on liver and kidney functions, 41 

evidenced by a marked decrease in alkaline phosphatase (ALP) level and a modulation of 42 

creatinine and uric acid contents. These results indicated the beneficial effect of FSPHs on the 43 

prevention from hyperglycemia and oxidative stress. 44 

 45 

Keywords: Fermented sardinelle protein hydrolysates; Hypoglycemic; Antioxidant; Hepato-46 

protective; Reno-protective. 47 

 48 
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Introduction 53 

Diet is a key factor in the control of human health. In fact, HCD is the principal factor which 54 

causes the development of metabolic syndrome risks, defined as a cluster of the most 55 

dangerous heart attack risk factors including abdominal obesity, high cholesterol, 56 

hypertension, insulin resistance, type 2 diabetes mellitus T2DM (non-insulin-dependent 57 

diabetes mellitus NIDDM), etc (Grundy et al. 2004).   58 

T2DM, known as the most common form of diabetes, is characterized by a persistent 59 

hyperglycemia. This hyperglycemic state represents one of the crucial factors for the 60 

development of oxidative stress and reactive oxygen species (ROS) (Yadav et al. 2000). It 61 

also results in severe micro and macro-vascular problems, such as the deficiency of many 62 

vital organs, especially eyes, kidneys, nerves, heart and blood vessels (Mahendran et al. 63 

2014).  64 

In addition, recent studies have demonstrated that detoxification organs, especially 65 

kidneys, represent a principal target to the action of oxidative stress development because of 66 

their high content of long-chain polyunsaturated fatty acids (Rodrigo and Rivera 2002). Free 67 

radical generation is also expected to induce liver damage, which is characterized by a 68 

progression from steatosis to chronic hepatitis, cirrhosis, and hepatocellular carcinoma 69 

(Srivastava and Shivanandappa 2010). Therefore, the use of antioxidants can be considred as 70 

the alternative method for chelation therapy. Accordingly, interest has recently grown in the 71 

role of natural antioxidants used as strategy to prevent oxidative damage as a factor in the 72 

pathophysiology of various health disorders (Shireen et al. 2008). 73 

One of the therapeutic approaches for decreasing postprandial hyperglycemia is to retard 74 

absorption of glucose by inhibiting carbohydrate hydrolyzing enzymes such as α-amylase in 75 

the digestive organs (Heo et al. 2009). It was reported that many synthetic saccharides may 76 

reduce plasma glucose via retarding the liberation of glucose from dietary comlex 77 

http://link.springer.com/article/10.1007/BF00400248
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carbohydrates in the small intestine. However, the application of these inhibitors has often 78 

been reported to induce disturbances in the gastrointestinal tract, including flatulence, diarrhea 79 

and abdominal pain (Heo et al. 2009).  80 

Interstingly, protein hydrolysates have been reported to present  rich groups of peptides 81 

that exert interesting regulatory functions in humans, including hypolipidemic and 82 

antioxidative (Ben Khaled et al. 2012), ACE-inhibitory activities (Ktari et al. 2014), 83 

antidiabetic (Li-Chan et al. 2012), etc.  84 

Fish proteins are of great interest for health human. In fact, fish meat is known as a 85 

source of high-quality proteins due to their high content in essential amino acids and 86 

nutritional value. In addition, several studies have used fish proteins as a matrix for the 87 

production of bioactive peptides and hydrolysates, able to prevent from various chronic 88 

diseases (Li-Chan et al. 2012; Ktari et al. 2014; Jemil et al. 2016a). 89 

Although several protein hydrolysates have been produced by enzymatic hydrolysis 90 

(Ktari et al. 2014, Nasri et al. 2015), few studies have been conducted on the generation of 91 

biologically active peptides using microbial fermentation. In our previous study, we reported 92 

the production of protein hydrolysates from different fish species prepared by fermentation 93 

with Bacillus subtilis A26, exhibiting antioxidant activities (Jemil et al. 2014). 94 

The present study investigated the potential effects of sardinelle protein hydrolysates 95 

obtained by fermentation treatment with Bacillus subtilis A26 and Bacillus amyloliquefaciens 96 

An6 with regards the modulation of hyperglycemia and the attenuation of oxidative stress, 97 

hepatotoxicity and renal damage in HCD-fed rats. 98 

 99 

Materials and methods 100 

Materials 101 
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Sardinelle (Sardinella aurita) was freshly purchased from the fish market of Sfax City, 102 

Tunisia. The sample was packed in polyethylene bags, placed in ice with a sample/ice ratio of 103 

approximately 1:3 (w/w) and transported to the laboratory within 30 min. Muscles were 104 

separated and then rinsed with cold distilled water to remove salts and other contaminants.  105 

 106 

Sardinelle meat flour preparation  107 

Sardinelle muscle (500 g) was homogenized in 1000 ml of distilled water and then cooked for 108 

20 min at 100 °C. After removing bones from cooked fish, fillets were collected and dried in 109 

an oven at 80 °C for 18 h. The dried fish preparation was minced and the obtained powder 110 

was referred to the undigested sardinelle proteins (USP).  111 

 112 

Production of fermented sardinelle protein hydrolysates 113 

Sardinelle protein hydrolysates were prepared using B. subtilis A26 (CTM 50700) and B. 114 

amyloliquefaciens An6 as described in our previous work (Jemil et al. 2014). After 24 h of 115 

fermentation the degree of hydrolysis (DH) was measured using o-phthaldialdehyde (OPA) 116 

following the method referred by Nielsen et al. (2001). Each experiment was made in triplicate. 117 

 118 

Chemical analysis 119 

The proximate composition of USP and FSPHs was determined by evaluating the content of 120 

moisture and ash, according to the AOAC standard methods 930.15 and 942.05, respectively 121 

(AOAC 2000). The protein content was determined using the Kjeldahl method according to 122 

the AOAC method number 984.13 (AOAC 2000). A factor of 6.25 was used to convert the 123 

total nitrogen content into protein. Crude lipid content was determined after Soxhlet 124 

extraction, using hexane. All measurements were performed in triplicate. 125 

 126 
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Amino acid compositions of FSPHs 127 

Amino acid compositions were determined after hydrolysis with 6M HCl at 110 °C for 24 h 128 

under N2 atmosphere. Thereafter, the derivatization of hydrolysed amino acids was carried out 129 

using phenylisothiocyanate (Bidlingmeyer et al. 1984). Amino acids were separated using a 130 

reversed-phase high performance liquid chromatography (1200 Agilent Tech., CA, USA) 131 

equipped with a Pico Tag column (3.9 x 300 mm, 5 µm, Waters). Detection was performed at 132 

254 nm, and amino acids were identified by their retention times compared to standards. The 133 

amino acid content was expressed as residue per 100 amino acid residues. All analyses were 134 

performed in duplicate. 135 

 136 

Animals’ treatment 137 

A total of 30 male Wistar rats weighing about 150 g were purchased from the Central 138 

Pharmacy of Tunisia (SIPHAT, Tunisia). Rats were kept under controlled conditions of 139 

temperature (25±1 °C), relative humidity (60±5%), and light/dark cycle (12/12 h) in the 140 

laboratory of the Faculty of Sciences of Sfax city, Tunisia. Laboratory animal handling and 141 

experimental procedures were performed according to the guidelines of the Tunisian Ethical 142 

Committee for the care and use of laboratory animals. Before treatments, rats were fed a 143 

standard diet for a 1-week of acclimatization period. 144 

The rats were divided into five groups of six animals each. Group 1, which served as 145 

control group, was rats fed a standard diet (Society of Animals Nutrition, Sfax, Tunisia). 146 

Detailed composition of the standard diet is illustrated in Jemil et al. (2016a). Group 2 147 

contains rats fed a hypercaloric diet (HCD) during ten weeks. HCD was prepared by adding 148 

10% sheep fat, 5% fructose and 0.1% cholic acid to standard diet, to induce hyperglycemia. 149 

Groups 3, 4 and 5 were rats fed HCD and received 400 mg/kg of body weight/day the USP, 150 
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FSPH-A26 and FSPH-An6, respectively. Treatments were administrated by oral gastric 151 

gavage. 152 

 153 

Blood and tissues collection 154 

After 10 weeks, wistar rats were sacrificed by decapitation. Blood samples were collected for 155 

further analyses. Detoxification organs (liver and kidneys) of each rat were carefully 156 

removed, weighed and then stored at −80 °C until use. 157 

Samples from liver or kidney tissues were homogenized for 5 min in TBS buffer (50 158 

mM Tris-HCl, 150 mM NaCl, pH 7.4), with a ratio of (1:2) (w/v) and then centrifuged at 9000 159 

rpm for 15 min at 4 °C. The supernatants were collected and used for the various biochemical 160 

estimations. 161 

 162 

Determination of hematological parameters 163 

The Horiba ABX 80 Diagnostics (ABX pentra Montpellier, France) was used for the 164 

determination of hematological parameters including red blood cells (RBC) and its related 165 

indices following manufacturer’s instruction. The determination includes hemoglobin (Hgb), 166 

hematocrit (Htc), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) 167 

and mean corpuscular hemoglobin concentration (MCHC). White blood cells (WBC), 168 

platelets and lymphocytes were also analyzed. 169 

 170 

Determination of serum glucose levels  171 

The serum glucose levels in the different rat groups were determined using a commercial 172 

available kit (Glucose Oxidase-PAP, Biomaghreb, Tunisia).  173 

 174 

 175 
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Oral glucose tolerance test  176 

In order to evaluate glucose tolerance of the different groups, animals received orally 2 g/kg 177 

glucose body weight, the day before sacrifice. Blood samples were collected from the tip of 178 

the tail of each animal before load (t=0) and 30, 60, 90 and 120 min after the glucose 179 

administration. Glycemia was measured using a glucometer (Bionime, GM550, Taichung 180 

city, Taiwan). Results were expressed as the integrated area under the curve of the blood 181 

glucose level (AUC glucose) which was calculated by the following trapezoid rule:  182 

1 2
2 1=  ( ) 100

2
 CAUC glu e tco ts C+

× − ×
 

183 

where, C1 and C2 are levels of plasma glucose at time t1 and t2, respectively; t2 - t1=30 min. 184 

 185 

Determination of α-amylase activity in plasma 186 

The α-amylase activity was evaluated using a commercial kit (Biolabo ref. 80023, Maizy city, 187 

France). The coloration intensity related to the α-amylase activity was measured at 405 nm 188 

and the enzymatic activity (U/l) in each serum was calculated using the following equation: 189 

 190 

 191 

Where, (Δ abs/min) Assay: Rate of change per minute for the sample; (Δ abs/min) Calibrator: Rate 192 

of change per minute for α-amylase Color Calibrator.  193 

The analyses were performed in triplicate. 194 

 195 

Quantitative protein determination 196 

The plasma total protein was estimated by the method described by Lowry et al. (1951) using 197 

bovine serum albumin (BSA) as standard. 198 

 199 

Calibrator concentration (Δabs/min)assay 
α-amylase activity = 

(Δabs/min)calibrator 

 

× 
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Determination of liver glycogen content 200 

The ortho-toluidine method (Sasaki et al. 1972) was used to evaluate the glycogen content in 201 

liver tissues. 500 mg of liver was incubated for 30 min at 100 °C in the presence of 1 ml of 202 

30% potassium hydroxide solution. Then, absolute ethanol (1.5 ml) was added to each tube 203 

and mixtures were centrifuged at 2400 rpm for 20 min. The glycogen pellets were then 204 

dissolved in 1.25 ml of distilled water and hydrolyzed with 0.25 ml of 30 M HCl for 2 h at 205 

100 °C. Glucose obtained from glycogen hydrolysis was then determined using the o-206 

toluidine reagent and the absorbance was read at 630 nm. 207 

 208 

Measurements of oxidative stress parameters in the liver and the kidneys 209 

Lipid peroxidation assay 210 

Concentrations of the malondialdehyde (MDA) in tissues, an index of lipid peroxidation and 211 

oxidative stress, was determined using thiobarbituric acid-reactive substances (TBARS) 212 

assay, referring to the method of Yagi (1976). The absorbance was measured at 530 nm and 213 

the results were expressed as the amount of MDA (nmol) per mg of protein. 214 

 215 

Evaluation of the activities of antioxidant enzymes 216 

The method of Sun et al. (1988) was used to determine SOD activity. Enzymatic activity is 217 

directly proportional to the inhibition rate of nitroblue tetrazolium (NBT) oxidation by O2
- 218 

anion. The absorbance was read at 580 nm and the activity was expressed as U/mg protein in 219 

liver and kidneys.  220 

The method of Flohe and Gunzler (1984) was employed to determine the GPx activity. 221 

GPx induced the oxidation of glutathione (GSH), coupled to the transformation of DTNB 222 

(5,5-dithiobis-(2-nitrobenzoic)-acid) into TNB (2-nitro-5-thiobenzoate). The absorbance was 223 

measured at 412 nm and results were expressed as U/g protein in liver and kidneys.  224 
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The Aebi method (Aebi 1984) was adopted to measure CAT activity. The enzymatic 225 

reaction was initiated by adding 20 µl of 500 mM H2O2 to the supernatant. The absorbance of 226 

H2O2 decomposition rate was measured at 240 nm and the catalase activity was expressed as 227 

U/mg protein in liver and kidneys. 228 

 229 

Determination of glutathione levels 230 

GSH levels were determined using the Ellman’s reagent (Ellman 1959). A volume of 500 µl 231 

of supernatant from tissue homogenate was mixed with 2 ml of 5% trichloroacetic acid. The 232 

mixture was then centrifuged at 2000 rpm for 15 min and 500 µl of supernatant were added to 233 

Ellman’s reagent in 100 mM phosphate buffer (pH 8). After 10 min, the absorbance was 234 

measured at 412 nm and the amount of GSH was expressed as mmol/mg protein. A standard 235 

graph was plotted using different concentrations of a standard GSH solution. 236 

 237 

Hepatotoxicity analysis 238 

Hepatic enzymes, asparate aminotransferase (AST), alanine aminotransferase (ALT), and 239 

alkaline phosphatase (ALP) were used as the biochemical markers of the hepatic damage. The 240 

serum enzymatic activities of AST, ALT and ALP were determined using commercial kits 241 

(Biomaghreb, Tunisia) on an automatic biochemistry analyzer in the Hospital Hedi Chaker of 242 

Sfax, Tunisia. The enzyme activities were expressed as U/ml. 243 

 244 

Kidney function tests 245 

Serum creatinine, uric acid and urea concentrations were carried out using commercial kits 246 

(Biomaghreb, Tunis, Tunisia) on an automatic biochemistry analyzer in the Hospital Hedi 247 

Chaker of Sfax, Tunisia.  248 

 249 
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Histopathological examination 250 

Pieces of liver and kidneys from the different groups of rats were fixed in a Bouin solution for 251 

24 h and then transported in a 10% formalin solution. The fixed tissues were embedded in 252 

paraffin and sectioned at 4-μm thick. Sections were then stained with hematoxylin-eosin and 253 

examined under a Motic AE2000 light microscope.  254 

 255 

Statistical analysis 256 

Results are presented as mean ± standard error of the mean (SEM) and analyzed using the 257 

Statistical with SPSS ver. 17.0, professional edition. A one-way analysis of variance 258 

(ANOVA) was then performed and followed by Duncun’s test to estimate the significance 259 

among the main effects at the 5% probability level. Significant differences (p<0.05) between 260 

means were identified by multiple comparisons across the six groups using least significant 261 

difference (LSD) procedures.  262 

 263 

Results and discussion 264 

Preparation of fermented sardinelle protein hydrolysates  265 

Many variables greatly influenced the nature of biopeptides produced (the molecular weight 266 

and amino acids composition and sequences of protein hydrolysates), and thus their biological 267 

and functional properties, including protease specificity. In this study, two protein 268 

hydrolysates were obtained by fermentation of sardinelle proteins using B. subtilis and B. 269 

amyloliquefaciens producing different proteolytic enzymes. After 24h of fermentation, An6 270 

strain showed higher hydrolytic activity (DH=24.3%) than A26 (DH= 21.56%). The 271 

differences in DH values are essentially due to the difference in the specificity of enzymes 272 

produced by the proteolytic bacteria used. The high DH obtained could be due to the 273 

synergistic effects of the multiple proteases produced by the strains during fermentation. 274 
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However, these DH are lower than those of fermented Pacific whiting fish sauce (40%) 275 

(Tungkawachara et al. 2003) and fermented anchovy by-products sauce (50%) (Yu et al. 276 

2014) 277 

 278 

Characterization of FSPHs 279 

The chemical composition of freeze dried FSPHs was determined and compared to that of the 280 

undigested sardinelle proteins. The proximate composition of dried USP showed that it had 281 

higher protein content (76.43% of dry matter basis) than that contained in FSPHs (75%) 282 

(p<0.05). The fat content in the hydrolysates was about 0.07%, which is lower than that of 283 

USP (5.44%) (p<0.05). The low lipid content allows a high stability of hydrolysates towards 284 

lipid oxidation. FSPH-A26 and FSPH-An6 had high ash content, 9.8% and 9%, respectively 285 

(p<0.05). 286 

The amino acid compositions of FSPHs and USP, expressed as residue per 100 amino 287 

acid residues, are reported in Table 1. The amino acid compositions of the different samples 288 

revealed that they are rich in Asx, Glx, Lys and Arg. Gly was mainly detected in USP 289 

(10.62%), while it was found in lower levels in FSPH-A26 (5.77%) and FSPH-An6 (6.05%). 290 

Taurine, a sulfur-containing amino acid derived from methionine and cysteine, was also found 291 

in the undigested muscle and FSPHs in low quantities. Bouckenooghe et al. (2006) reported 292 

that Taurine may be used as a nutritional supplement in functional foods to protect against 293 

oxidative stress, neurodegenerative diseases or atherosclerosis. However, Cys and Trp were 294 

not detected because they were destroyed under the experimental conditions. 295 

The total of essential amino acids in USP (36.35%) was lower than those of FSPH-A26 296 

and FSPH-An6 (45.38% and 39.52%, respectively). The total of EAA of FSPHs was higher 297 

than that of thornback ray muscle hydrolysates (31.9 to 34.1%) (Lassoued et al. 2015). The 298 
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presence of interesting amount of essential amino acids in FSPHs justifies their high 299 

nutritional value and thus they could be added in functional food formulations. 300 

 301 

Effect of FSPHs on hematological parameters  302 

The hematological parameters of the different groups are reported in Table 2. Data showed 303 

that there is no significant differences among all the groups (p>0.05). The oral administration 304 

of rats with 400 mg/kg body weight/day of USP and FSPHs for 10 consecutive weeks didn’t 305 

induce any change in hematological parameters which proved that there is no pathological 306 

risk among the different groups (such as anemia, bleeding disorders, decreased immune 307 

defense, mononucleosis, etc.). Our findings are in line with those reported by El-Demerdash 308 

et al. (2004) who found that the administration of β-carotene, vitamin E and/or their 309 

combination did not cause any significant change in hematological parameters. 310 

 311 

Hypoglycemic effects of FSPHs  312 

Effects of FSPHs on blood glucose levels  313 

The levels of blood glucose in the experimental rats are shown in Fig. 1A. The findings 314 

revealed that, while the control rats showed normal blood glucose level (4 – 6 mmol/l), the 315 

HCD rats showed high levels of glycemia. In fact, the level of blood glucose in rats fed HCD 316 

increased by 32% when compared to that of the control group, which proves that the adopted 317 

diet induce hyperglycemia state. Interestingly, the oral administration of FSPH-A26 and 318 

FSPH-An6 to HCD-fed rats decreased plasma glucose levels by 14% and 22%, respectively, 319 

compared to HCD group. The reduction of blood glucose levels indicated that FSPHs contain 320 

hypoglycemic peptides which could keep their reactivity under in vivo conditions. However, 321 

undigested proteins were not able to decrease plasma glucose level, indicating the importance 322 

of protein hydrolysis through fermentation. 323 
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The obtained results are in agreement with several works previously reported in the 324 

literature with regards to the hypoglycemic effects of natural peptides and protein 325 

hydrolysates. In a recent study, Nasri et al. (2015) reported the hypoglycemic effects of 326 

protein hydrolysates from goby on high-fat-high-fructose diet-fed rats. 327 

 328 

Effect of FSPHs on glucose tolerance 329 

The oral glucose tolerance test (OGTT) is generally used to evaluate the capacity to reduce 330 

blood glucose level after the administration of an excessive glucose dose, in order to detect 331 

glucose tolerance states. The incremental changes in plasma glucose concentration of the 332 

different rats, at selected time intervals following the oral glucose challenge, are illustrated in 333 

Fig. 1Ba. All the curves showed similar profiles. Indeed, the first 30 min following the 334 

glucose administration are characterized by a great increase of the glycemia among the 335 

different groups; thereafter blood glucose decreased progressively and reached normal levels 336 

after 2 h. HCD-fed rats showed the highest serum glucose level after 30 min, which reached 337 

165 mg/dl, whereas, it doesn’t exceed 155 mg/dl in the treated groups. Furthermore, during 338 

the last 90 min, the reduction rate of blood glucose level in control, HCD-FSPH-A26 and 339 

HCD-FSPH-An6 groups was faster than those observed in HCD and HCD-USP groups. Oral 340 

administration of FSPHs to HCD-induced hyperglycemic rats showed similar glycemia 341 

reestablishment compared with control rats which proved the preventive effect of FSPHs 342 

against the prevalence of the primarily symptoms of T2DM. After 120 min, glucose level of 343 

HCD rats was restored; may be due to the presence of a pre-diabetic state in these rats.  344 

To better understand the hypoglycemic effect of FSPHs, the AUC (area under curves) of 345 

blood glucose level during OGTT was determined. Fig. 1Bb shows that AUC of plasma 346 

glucose concentration relative to the HCD group was higher by 10.52% compared to that of 347 

control rats. This rise was moderately corrected by the treatment with FSPHs, and the 348 
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maximal reduction percentage was observed in FSPH-A26 group. However, glucose tolerance 349 

was not improved in USP-treated rats. Because glucose intolerance status is the principal 350 

characteristic of T2DM, the present results suggested that the regular administration of FSPHs 351 

could prevent from diabetic risks.  352 

 353 

Effect of FSPHs on α-amylase activity in plasma 354 

The results illustrated in Fig. 1C show that the α-amylase activity in the serum of rats fed 355 

HCD was significantly higher than that of the control group (+ 86%) (p<0.05). Interestingly, 356 

the oral administration of FSPH-A26 and FSPH-An6 to HCD-fed rats resulted in a significant 357 

decrease in α-amylase activity by about 40% and 45%, respectively compared to HCD group 358 

and the obtained activity levels were comparable to that of control group. However, 359 

administration of USP to HCD-fed rats didn’t decrease the level of α-amylase activity. These 360 

findings are in agreement with those of Nasri et al. (2015) who reported that goby protein 361 

hydrolysates and not undigested goby proteins were found to decrease α-amylase activity. The 362 

obtained results proved that administration of FSPHs could protect rats against hyperglycemia 363 

induced by hypercaloric diet. The differences recorded between the α-amylase inhibition 364 

abilities of the two protein hydrolysates under investigation could presumably be attributed to 365 

the differences in the chain lengths and amino acid sequences of their peptide contents.  366 

 367 

Hepatic glycogenesis 368 

Hepatic glycogen synthesis and breakdown play an important role in modulating blood 369 

glucose levels (Saltiel and Kahn 2001). The results illustrated in Fig. 1D show that the hepatic 370 

glycogen level in HCD rats increased by 330% compared to that of the control group 371 

(p<0.05). Interestingly, oral administration of FSPH-A26 and FSPH-An6 to rats fed HCD 372 

resulted in a significant decrease in hepatic glycogen content by 71% and 58.5%, respectively, 373 
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compared to HCD group. The greatest decrease of hepatic glycogen level was recorded in 374 

FSPH-A26 treated rats. However, treatment with USP resulted in a slight decrease in 375 

glycogen content and the level was 3 fold higher than that of the control group. 376 

The present results proved that the increased consumption of fructose rich-diet induce 377 

hepatic glycogen accumulation due to the inhibition of glycogen breakdown rather than the 378 

enhancement of its synthesis (Youn et al. 1987). Interestingly, FSPHs are capable to modulate 379 

the glycogenesis cascade in liver of hyperglycemic rats; this corrective effect may be due to 380 

the regulation of enzymatic activities of glycogen synthase and/ or glycogen phosphorylase in 381 

order to ameliorate the hepatic glycogen deposition. Similar findings proved that the treatment 382 

with Rosiglitazone posses a preventive effect against hyperglycemia and glucose intolerance 383 

risks by modulating hepatic glucose metabolism in high fructose-diet model rats (Yadav et al. 384 

2009). 385 

The overall results (blood glucose levels, glucose tolerance, α-amylase activity and 386 

hepatic glycogen levels) proved the ability of FSPHs to attenuate hyperglycemia in HCD-fed 387 

rats, unlike USP which did not show any hypoglycemic activity. 388 

 389 

Evaluation of antioxidative stress state 390 

Effect of FSPHs on MDA levels in hepatic and renal tissues 391 

It has been established that hyperglycemia leads to increase production of oxygen free 392 

radicals (Yadav et al. 2000), which exert their cytotoxic effect by causing lipid peroxidation, 393 

resulting in the formation of TBARS. MDA, an endproduct of lipid peroxidation, is widely 394 

used as a marker for the occurrence of oxidative stress. The levels of MDA in the liver and 395 

kidneys in the experimental rats are shown in Table 3A. An increase in MDA levels by 23% 396 

and 24% (p<0.05) was observed in the liver and kidneys, respectively, of rats fed HCD, 397 
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compared with those fed normal diet. This indicated that HCD induced oxidative stress in the 398 

liver and kidneys.  399 

Interestingly, the USP and FSPHs treated rats showed a significant reduction in MDA 400 

levels in liver and kidney tissues, and the obtained values were similar and even lower than 401 

those of the control group. In fact, oral administration of USP, FSPH-A26 and FSPH-An6 to 402 

rats fed HCD decreased the levels of hepatic MDA by 25.00, 43.75 and 68.75%, respectively 403 

compared to the HCD group (p<0.05). These results suggest that treatment with FSPHs 404 

attenuates lipid peroxidation in tissues, and FSPH-An6 was found to be more efficient than 405 

FSPH-A26 in the reduction of MDA levels in both tissues. 406 

 407 

Antioxidant enzyme activities in the liver and kidneys 408 

In this study, the effect of administration of USP and their hydrolysates to HCD-fed rats on 409 

antioxidant enzyme activities (SOD, GPx, CAT) were determined. As reported in Table 3B, 410 

SOD, GPx and CAT activities in the liver and kidneys of rats fed HCD decreased 411 

significantly as compared to those of the control group (p<0.05). Interestingly, the activities 412 

of SOD, GPx and CAT, were significantly restored in treated rats, especially those receiving 413 

FSPHs. In fact, hepatic and renal SOD activities were significantly higher in HCD-FSPHs 414 

groups, as compared to HCD one (p<0.05), which increased, by 10.5% (liver) and 35% 415 

(kidney) after the treatment with FSPH-A26, whereas FSPH-An6 induced an increase of 416 

51.6% and 42% for hepatic and renal SOD activities. However, undigested proteins exhibited 417 

lower antioxidant effect than their hydrolystaes. Indeed, SOD activities increased only by 3.4 418 

% in the liver and by 6 % in kidneys. 419 

In addition, the daily gavage of USP and FSPHs has corrected GPx activities in treated 420 

groups. The maximal improvement percentage was observed in FSPH-An6 group (+ 32% in 421 

the liver and + 84.5% in kidneys, compared to HCD one) (p<0.05). These results were even 422 
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higher than the control group.  Similarly, in the liver, the CAT activities were improved 423 

following the treatment with FSPH-A26 (+28%) and FSPH-An6 (+41%). A better 424 

amelioration was observed in kidneys witnessed by the significant rise of CAT enzymatic 425 

activities by 62% and 52% after the gavage of 400 mg/kg body weight of FSPH-A26 and 426 

FSPH-An6, respectively. This is in agreement with our previous results (Jemil et al. 2016b) 427 

showing that FSPH-A26 and FSPH-An6 contained a huge number antioxidant peptides. 428 

Our results are in agreement with those of You et al. (2011) which showed that peptides 429 

from loach (Misgurnus anguillicaudatus) prepared by papain digestion reduce oxidative stress 430 

in vivo by increasing the SOD, CAT and GPx activities. Another study reported that the 431 

supplementation of the sardinelle muscle protein hydrolysates produced by enzymatic 432 

hydrolysis with cholesterol-enriched diet reduces oxidative stress in vivo and increases the 433 

SOD, CAT and GPx activities (Ben Khaled et al. 2012). These findings were attributed to the 434 

presence of small peptides in the hydrolysate mixture that prevent the generation of free 435 

radicals. 436 

The over-expression of these antioxidant enzymes in HCD-fed rats treated with FSPHs 437 

implies that the native antioxidant defense is probably reactivated by peptides resulting in the 438 

increase in the capacity of detoxification through the reactive oxygen radicals scavenging 439 

effect. 440 

 441 

Glutathione levels in liver and kidney 442 

GSH is a non-enzymatic antioxidant that naturally exists in cells and helps to prevent from 443 

cellular damage caused by free radicals and pro-oxidants. The levels of GSH, in the liver and 444 

kidneys are shown in Table 3B. Hepatic and renal GSH levels of HCD group were 445 

significantly reduced by 19% and 17%, respectively, compared to those of the control group, 446 

suggesting that HCD activated the formation of free radicals in the liver and kidneys. This 447 
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reduction was enhanced by the oral treatment with USP and FSPHs. The effect was more 448 

prominent with FSPH-An6. Indeed, hepatic GSH levels increased by 5.26%, 20.5% and 449 

29.8%, in USP, HCD-FSPH-A26 and HCD-FSPH-An6 groups, respectively, as compared 450 

with that of HCD rats. Furthermore, USP, FSPH-A26 and FSPH-An6 administration 451 

increased the renal GSH levels by 23%, 34.07% and 40.26%, respectively, compared to HCD 452 

rats. The renal GSH values were even higher than those of the control group. 453 

These results may reflect the ability of the hydrolysates to enhance the scavenging and 454 

inactivation of H2O2 and hydroxyl radicals and thereby terminate the lipid peroxidation chain 455 

reaction. This protective effect may be due to the induction of enzymatic and non-enzymatic 456 

antioxidants, such as GSH, SOD and CAT in treated animals. Accordingly, the protection 457 

afforded by fermented sardinelle hydrolysates against hypercaloric diet-induced ROS (e.g. 458 

H2O2) generation is likely to be attributable to its antioxidant effects.  459 

 460 

Effect of FSPHs on hepatic function 461 

AST, ALT and ALP are reliable markers of liver function. The increase in the levels of these 462 

markers in plasma was considered as an indicative of active liver damage. As shown in Table 463 

4A, there is no significant difference in the activities of AST and ALT in the different 464 

experimental groups (p>0.05) which indicates the absence of any hepatic inflammation in 465 

untreated and treated HCD-fed rats. However, HCD consumption caused a significant 466 

increase in the level of ALP (+24%), in comparison to that of the control rats, indicating liver 467 

damage. Interestingly, treatment of rats fed HCD with USP, FSPH-A26 and particularly, 468 

FSPH-An6 restored the ALP levels. These findings are in agreement with the results 469 

previously reported by Ben Khaled et al. (2012) who reported the potential hepatoprotective 470 

effect of sardinelle muscle hydrolysates (Sardinella aurita). In the same context, wheat gluten 471 
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peptides have shown their protective effect against D-galactosamine induced a cute hepatits in 472 

rats (Sato et al. 2013). 473 

 474 

Effect of USP and FSPHs on kidney function 475 

Creatinine and uric acid are metabolic waste products that are naturally removed from the 476 

blood by kidneys via the glomular filtration. Thus, the accumulation of their levels in the 477 

bloos is exclusively caused by a renal failure problem. Therefore, kidney indices of toxicity 478 

and serum total protein were also investigated (Table 4B). Results showed that in HCD group, 479 

a significant increase (+78.43%, p <0.05) in creatinine and a significant decrease (-36.46%, p 480 

<0.05) in uric acid were observed compared to control rats. However, the oral administration 481 

of USP and FSPHs to HCD fed rats decreased significantly the creatinine levels by 43.59, 482 

44.73 and 41.16%, respectively (p<0.05), as compared to that of the HCD group. In addition, 483 

uric acid values have been restored and became similar to those of control group. However, 484 

no significant difference in urea levels in serum is observed in the different groups of rats. 485 

The total protein content in HCD rats was significantly lower than that observed in the 486 

control group (7.72±0.45 vs 6.3±0.65 mg/dl). Reduction in serum total protein observed in 487 

hyperglycemic rats may be due to a decrease in protein synthesis, an increase in protein 488 

catabolism, a microproteinuria and/or albuminuria, which are important markers of diabetic 489 

nephropathy (Mauer et al. 1981). Interestingly, oral administration of FSPH-An6 was found to 490 

restore protein content; while USP and FSPH-A26 were found to increase slightly protein 491 

content and values obtained were still lower than those of the control group.  492 

Similar findings were observed in previous studies that proved the renal protective 493 

effect of fish protein hydrolysates on diabetic rats (Ktari et al. 2014). In another study, Nasri 494 

et al. (2015) have shown the preventive role of goby protein hydrolysates against kidney 495 

deterioration and uric acid hyperfiltration. 496 
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 497 

Histological examination  498 

In order to assess the effect of FSPHs on ameliorating the hepatic function, histological 499 

analysis of liver tissues of the different rats groups was investigated (Fig. 2A). Microscopic 500 

observation revealed the presence of observable lipid vacuoles in the hepatocytes of HCD 501 

group as indicated by the arrows in the figure (Fig. 2Ab). However, compared to the 502 

hypercaloric-fed rats, except USP group, in which small clear lipid droplets were observed 503 

(Fig 2Ae), these vacuoles were absent in the normal rats (Fig. 2Aa), as well as FSPHs-treated 504 

animals. The formation of lipid droplets in hepatocytes is likely associated to the hypercaloric 505 

diet rich in fat and fructose. Furthermore, the liver architectures of the different group had a 506 

normal appearance, which indicated the absence of neither inflammatory or toxicity states in 507 

the treated animals. This observation is in line with the biochemical analysis dealing with 508 

AST, ALT and ALP activities. 509 

Histological study of the normal kidney of the control rats revealed normal glomerulus 510 

surrounded by the Bowman’s capsule (Fig. 2Ba). The kidneys of HCD-fed rats (Fig. 2Bb) 511 

showed glomerular atrophia and an increase in glomerular space which reflected the 512 

enhancement of glomerular filtration rate in these rats leading to the accumulation of toxic 513 

products (especially creatinine) in plasma (Mude et al. 2012). However, the groups that were 514 

treated with USP and FSPHs showed normal glomerulus and glomerular space which 515 

appeared similar to that of control group. Similar findings were found with protein 516 

hydrolysates from goby (Nasri et al. 2015).  517 

 518 

Conclusion 519 

The present study indicated that HCD induced hyperglycemia associated with an increase of 520 

oxidative stress. Administration of FSPHs was found to attenuate hyperglycemia. They also 521 
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protected the liver and kidney functions from various injuries caused by hyperglycemia 522 

complications. Overall, these results indicated that FSPHs could open new promising 523 

opportunities for the production of efficient, safe, and cost-effective natural bioactive 524 

peptides. Further studies are needed to purify and identify hypoglycemic and antioxidant 525 

peptides from FSPHs. This could provide a versatile supply of beneficial sardinelle proteins 526 

that can be incorporated as supplements in health-care food and/or complements to other 527 

hypoglycemic foods used to alleviate and/or prevent the long-term complications of type 2 528 

diabetes mellitus.  529 
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Table 1 694 

Amino acid composition of undigested sardinelle proteins and its fermented hydrolysates. 695 

 
Residue/100 amino acis residues 

USP FSPH-A26 FSPH-An6 
Aspartic acid (Asx)1 8.80 ± 0.11 b 11.72 ± 0.19 a 11.67 ± 0.34 a 
Glutamic acid (Glx)1 13.50 ± 0.11 c 13.90 ± 0.22 b 16.71 ± 0.07 a 
Serine (Ser) 2.92 ± 0.11 b 2.64 ± 0.05 c 3.54 ± 0.03 a 
Histidine (His)2 4.65 ± 0.19 a 1.36 ± 0.14 b 1.31 ± 0.01 b 
Glycine (Gly) 10.62 ± 0.11 a 5.77 ± 0.03 c 6.05 ± 0.41 b 
Threonine (Thr)2 4.97 ± 0.08 b 5.91 ± 0.09 a 4.95 ± 0.51 b 
Alanine (Ala) 8.30 ± 0.27 a 3.91 ± 0.15 c 5.92 ± 0.02 b 
Arginine (Arg) 6.51 ± 0.40 c 7.14 ± 0.21 b 7.33 ± 0.01 a 
Taurine (Tau) 1.03 ± 0.07 b 0.37 ± 0.01 c 1.76 ± 0.13 a 
Tyrosine (Tyr) 1.13 ± 0.20 c 3.54 ± 0.16 a 2.34 ± 0.10 b 
Valine (Val)2 2.56 ± 0.07 c 4.04 ± 0.02 a 3.40 ± 0.31 b 
Methionine (Met)2 1.54 ± 0.04 c 3.15 ± 0.04 a 2.31 ± 0.07 b 
Phenylalanine (Phe)2 2.30 ± 0.19 c 4.08 ± 0.11 a 2.81 ± 0.07 b 
Isoleucine (Ile)2 1.80 ± 0.04 c 2.41 ± 0.04 a 2.31 ± 0.14 b 
Leucine (Leu)2 3.54 ± 0.13 b 5.07 ± 0.06 a 5.03 ± 0.06 a 
Lysine (Lys)2 14.99 ± 0.03 c 19.36 ± 0.13 a 17.40 ± 0.51 b 
Hydroxyproline (Hyp) 5.00 ± 0.01 a 0.70 ± 0.01 c 1.15 ± 0.10 b 
Proline (Pro) 5.84 ± 0.06 a 4.84 ± 0.07 b 4.02 ± 0.26 c 
EAA 36.35 45.38 39.52 
Total 100 100 100 

 696 
USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 697 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 698 
amyloliquefaciens An6, respectively. 699 
Values are given as mean ± SD from duplicate determinations (n= 2). 700 
a,b,c Different letters in the same line indicate significant differences (p < 0.05). 701 
1 Asx = Asp + Asn; Glx= Glu + Gln. 702 
2 Essential amino acids. 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 
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Table 2 712 

Hematological parameters of control and experimental groups of rats. 713 

 CD HCD HCD+ USP HCD+FSPH-
A26 

HCD+FSPH-
An6 

WBC (103 / µl) 18.23 ± 1.04 19.57 ± 1.10 17.60 ± 1.40 17.04 ± 2.11 17.25 ± 1.77 
RBC (106 / µl) 9.23 ± 0.27 9.09 ± 0.54 8.82 ± 0.10 8.56 ± 0.06 8.55 ± 0,21 
Hgb (g/dl) 14.83 ± 0.45 13.40 ± 0.15 13.94 ± 0.08 14.00 ± 0.34 13.73 ± 0.12 

Htc (%) 47.18 ± 1.35 45.70 ± 2.88 44.40 ± 0.31 43.08 ± 0.96 42.96 ± 0.37 

MCV (fL) 51.34 ± 0.38 50.28 ± 0.17 50.37 ± 0.50 50.95 ± 0.53 50.05 ± 0.50 
MCH (pg) 16.12 ± 0.12 15.70 ± 0.07 15.72 ± 0.15 16.28 ± 0.30 15.73 ± 0.24 
MCHC (g/dl) 31.40 ± 0.14 31.25 ± 0.17 31.23 ± 0.13 31.74± 0.15 31.45 ± 0.25 
Platelets (103/µl) 925.60 ± 85.29 1073.25 ± 96.94 1021± 18.59 974.5 ± 27.20 1060.17± 55.03 
Lymphocytes (%) 73.74 ± 2.76 64.95 ± 4.41 67.98 ± 3.91 70.03 ± 3.20 70.57 ± 3.44 
 714 
CD : rats fed a control diet ; HCD : rats fed a hypercaloric diet ; HCD+USP : rats fed a hypercaloric diet and 715 
received daily USP ; HCD+FSPH-A26 : rats fed a hypercaloric diet and received daily FSPH-A26 ; 716 
HCD+FSPH-An6 : rats fed a hypercaloric diet and received daily FSPH-An6. 717 
USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 718 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 719 
amyloliquefaciens An6, respectively. 720 
 721 
 722 
 723 
 724 
 725 
 726 
 727 
 728 
 729 
 730 
 731 
 732 
 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
 741 
 742 
 743 
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Table 3 744 

Effect of different treatments on oxidative stress parameters: lipid peroxidation (MDA) (A) 745 

and antioxidant enzyme activities (SOD, GPx and CAT) and glutathione (GSH) levels (B) in 746 

the liver and kidneys of control and experimental groups. 747 

 748 

 CD HCD HCD+USP 
HCD+FSPH

-A26 

HCD+FSPH

-An6 

MDA in liver 

(nmol/mg protein) 
0.13 ± 0.01  0.16 ± 0.02  0.12 ± 0.01 b 0.09 ±0.01a, b 0.05±0.01a, b 

MDA in kidneys 

(nmol/mg protein) 
0.38 ± 0.03 0.47 ± 0.05a 0.31 ± 0.01a, b 0.25 ±0.01a, b 0.20 ±0.01a, b 

 749 
CD : rats fed a control diet ; HCD : rats fed a hypercaloric diet ; HCD+USP : rats fed a hypercaloric diet and 750 
received daily USP ; HCD+FSPH-A26 : rats fed a hypercaloric diet and received daily FSPH-A26 ; 751 
HCD+FSPH-An6 : rats fed a hypercaloric diet and received daily FSPH-An6. 752 
USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 753 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 754 
amyloliquefaciens An6, respectively. 755 
Data are expressed as mean ± SEM (n=6). a, b indicate significant differences compared to the values of CD and 756 
HCD groups, respectively, at p<0.05. 757 
 758 

 759 
 760 

 CD HCD HCD+USP HCD+FSPH-
A26 

HCD+FSPH-
An6 

Liver 

SOD (U/mg P) 9.44 ± 1.13 5.54 ± 0.51 a 5.73 ± 0.34a 6.12 ± 0.17b 8.40 ± 0.82b 

GPx (U/g P) 86.15 ± 9.66 68.07 ± 5.39 a 71.37 ± 2.78 a 78.18 ± 2.33 90.11 ± 2.42b 

CAT (U/mg P) 336.33 ± 27.81 301.93 ± 17.98 320.00 ± 24.23 385.52± 14.38b 426.57 ± 21.01a, b 

GSH 
(mmoles/mg P) 2.12 ± 0.18 1.71 ± 0.12a 1.80 ± 0.13 2.06 ± 0.09 2.22 ± 0.08b 

Kidneys 

SOD (U/mg P) 12.19 ± 0.72 10.59 ± 0.49 a 11.19 ± 0.30 14.33 ±0.18a, b 15.00 ± 0.22 a, b 

GPx (U/g P) 2.46 ± 0.40  1.75 ± 0.13 2.01 ± 0.15 2.61 ± 0.23 b   3.23 ±0.26a, b 

CAT (U/mg P) 61.36 ± 5.95 47.84 ± 4.02 a 65.74 ± 3.07 b 77.40 ± 3.20 a, b 72.75 ± 2.50 b 

GSH 
(mmoles/mg P) 2.72 ± 0.28 2.26 ± 0.37 2.78 ± 0.12 3.03 ±0.16b 3.17 ± 0.25 a, b 

 761 
CD : rats fed a control diet ; HCD : rats fed a hypercaloric diet ; HCD+USP : rats fed a hypercaloric diet and 762 
received daily USP ; HCD+FSPH-A26 : rats fed a hypercaloric diet and received daily FSPH-A26 ; 763 
HCD+FSPH-An6 : rats fed a hypercaloric diet and received daily FSPH-An6. 764 

(A) 

(B) 
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USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 765 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 766 
amyloliquefaciens An6, respectively. 767 
Data are expressed as mean ± SEM (n=6). a, b indicate significant differences compared to the values of CD and 768 
HCD groups, respectively, at p<0.05. 769 
 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 
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Table 4 800 

Liver profile indices (AST, ALT, ALP) (A) and kidney indices of toxicity (creatinine, urea and 801 

uric acid) (B) of control and experimental groups of rats.  802 

 803 

 CD HCD HCD + USP HCD + FSPH-
A26 

HCD + FSPH-
An6 

 AST (U/L)  204.20 ±19.02  203.33 ± 8.82  200.80 ± 20.69  192.20 ± 20.65  190.00 ± 13.54 

 ALT (U/L)  76.80 ± 3.97  70.50 ± 6.90  72.25 ± 5.31  75.00 ± 3.21  69.80 ± 2.20 

 ALP (U/L)  329.25 ± 17.93  418.25 ± 55.49  316.20 ± 25.75b  332.00 ± 10.82  312.20 ± 36.09b 
 804 
CD : rats fed a control diet ; HCD : rats fed a hypercaloric diet ; HCD+USP : rats fed a hypercaloric diet and 805 
received daily USP ; HCD+FSPH-A26 : rats fed a hypercaloric diet and received daily FSPH-A26 ; 806 
HCD+FSPH-An6 : rats fed a hypercaloric diet and received daily FSPH-An6. 807 
USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 808 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 809 
amyloliquefaciens An6, respectively. 810 
Data are expressed as mean ± SEM (n=6). a, b indicate significant differences compared to the values of CD and 811 
HCD groups, respectively, at p<0.05. 812 

 813 

 814 

 815 

CD : rats fed a control diet ; HCD : rats fed a hypercaloric diet ; HCD+USP : rats fed a hypercaloric diet and 816 
received daily USP ; HCD+FSPH-A26 : rats fed a hypercaloric diet and received daily FSPH-A26 ; 817 
HCD+FSPH-An6 : rats fed a hypercaloric diet and received daily FSPH-An6. 818 
USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 819 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 820 
amyloliquefaciens An6, respectively. 821 
Data are expressed as mean ± SEM (n=6). a, b indicate significant differences compared to the values of CD and 822 
HCD groups, respectively, at p<0.05. 823 
 824 
 825 
 826 
 827 
 828 
 829 

 CD HCD HCD+USP HCD+FSPH
-A26 

HCD+FSPH
-An6 

Total proteins 
(mg/dl) 

 7.72 ± 0.45  6.30 ± 0.65 a  6.58 ± 0.19   6.86± 0.11   7.51 ± 0.12 

Urea (mmol/L)  7.28 ± 0.37  6.86 ± 0.21  6.66 ± 0.21  6.63 ± 0.13   6.70 ± 0.19 

Uric acid (µmol/L)  63.94 ± 4.04  40.63 ± 2.63a  56.22 ± 5.62 b  56.01 ± 2.52 b  54.16 ± 2.42 b 

Creatinine (µmol/L)  24.66 ± 1.95  44.00 ± 1.15a  24.82 ± 2.31 b  24.32 ± 1.03b  25.89 ± 0.99b 

(A) 

(B) 
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 830 
 831 
 832 
 833 

Figures captions 834 

 835 

Fig. 1. Blood glucose levels (A), oral glucose tolerance levels (Ba) and their area under 836 

curves expressing blood glucose levels as function of time (Bb),  levels of α-amylase activity 837 

(C) and hepatic glycogen content (D), in control and experimental groups of rats. Data are 838 

expressed as mean ± SEM (n=3 for the glucose tolerance test and n=6 for others). a, b  indicate 839 

significant differences compared to the values of CD and HCD groups, respectively, at 840 

p<0.05. 841 

 842 

Fig. 2. Histopathology of liver (×200) (A) and kidney (×200) (B) tissues of control and 843 

experimental rats.                 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 
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 856 

 857 

 858 

Fig. 1. 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 
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 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

CD : rats fed a control diet ; HCD : rats fed a hypercaloric diet ; HCD+USP : rats fed a hypercaloric diet and 902 
received daily USP ; HCD+FSPH-A26 : rats fed a hypercaloric diet and received daily FSPH-A26 ; 903 
HCD+FSPH-An6 : rats fed a hypercaloric diet and received daily FSPH-An6. 904 
USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 905 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 906 
amyloliquefaciens An6, respectively. 907 
 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 
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Fig. 2. 917 

 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 

 938 

 939 

 940 

 941 

 942 

A 

(c) HCD + FSPH-A26 

(b) HCD (a) CD 

(e) HCD + USP 

(d) HCD + FSPH-An6 
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 943 

 944 

 945 

 946 

 947 

 948 

 949 

 950 

 951 

 952 

 953 

 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 

CD : rats fed a control diet ; HCD : rats fed a hypercaloric diet ; HCD+USP : rats fed a hypercaloric diet and 968 
received daily USP ; HCD+FSPH-A26 : rats fed a hypercaloric diet and received daily FSPH-A26 ; 969 
HCD+FSPH-An6 : rats fed a hypercaloric diet and received daily FSPH-An6. 970 

B 

(a)  CD (b) HCD 

(c) HCD + FSPH-A26 

(e) HCD + USP 

(d) HCD + FSPH-An6 

                    Bowman’s capsule                           Glomerulus  
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USP, FSPH-A26 and FSPH-An6 represent undigested sardinelle proteins, fermented sardinelle protein 971 
hydrolysate obtained by B. subtilis A26 and fermented sardinelle protein hydrolysate obtained by B. 972 
amyloliquefaciens An6, respectively. 973 
 974 
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