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The aim of this study was to assess the effect of purified fish proteins (Sardina pilchardus) on glycemia, serum lipids and redox

status in streptozotocin-induced diabetic rats. Diabetes was induced in rats by an intraperitoneal injection of streptozotocin.

Diabetic rats were divided into two groups (n=6) and were fed, for 28 days, diets containing 20% casein (CAS) or sardine pro-

teins (SP). The results showed that glycemia lowered since d14 by 22% and remained stable until d28, and HbAlc was reduced

by 40% in SP vs. CAS. A significant decrease was noted in serum TC and TG concentrations with SP vs. CAS. In the SP group,

TBARS lowered in serum, liver, kidney, heart and adipose tissue compared to the CAS group. The carbonyl concentration de-

creased in the liver, kidney and brain, with SP. Nitric oxide concentrations were diminished in the liver, kidney and adipose

tissue, whereas the value increased in muscle (+56%). The SOD activity enhanced in the liver, kidney and adipose tissue. The

same catalase activity was increased in the liver, kidney and heart in SP vs. CAS. SP has a beneficial effect on hyperglycemia.

In addition, they have hypocholesterolemia and hypotriglyceridemic effects and attenuate oxidative stress.

Keywords: antioxidant enzymes, carbonyls, nitric oxide, peroxidation, rats, sardine proteins, streptozotocin.

Introduction

Diabetes mellitus (DM) is a severe metabolic disor-
der of multiple etiologies characterized by chronic hy-
perglycemia with disturbances of carbohydrate, lipid,
and protein metabolism, resulting in defects in the ac-
tion and secretion of insulin [1].

Type 1 diabetes is a chronic disease that results
from an autoimmune destruction of pancreatic -cells.
Therefore, insulin deficiency and hyperglycemia are
the main outcomes of type 1 diabetes, accounting for
5-10% of all diabetic cases [2].

Dyslipidemia frequently accompanies type 1 dia-
betes and represents an important component of the
disease, imposing cardiovascular risk. The key com-
ponents of diabetic dyslipidemia are elevated plasma
low-density lipoproteins (LDL), triglycerides (TG), and
lowered high-density lipoprotein (HDL-C) [3].

So0ce

In diabetic conditions, hyperglycemia promotes
oxidative stress and induces excess generation of reac-
tive oxygen species (ROS) via auto-oxidation of glucose
and non-enzymatic protein glycation, which may cause
disruption of cellular functions and oxidative damage
to membranes [4]. An elevation of ROS can cause an im-
pairment of the antioxidant defense system or an ina-
bility to scavenge the oxidative damage [5]. Diet is a key
factor in the control of human health. In fact, an im-
portant component of a healthy dietary pattern is fish.
Fish consumption has been associated with both CVD
protective effects [6] and particularly positive health
effects of n-3 fatty acids (FA) [7]. Other studies have
been focusing on the effects of various fish proteins on
body weight, adiposity, inflammatory status, and in-
sulin sensitivity in high-fat-fed rats [8]. Few previous
studies concluded the role of fish protein in managing
and treating diabetes. It has been demonstrated that
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fish proteins and the peptides born of their enzymatic
breakdown improved glycemia and insulin sensitivi-
ty in rats [9-11] and prevented skeletal muscle insulin
resistance [9]. This effect was obtained by improving
membrane glucose-transporter in the skeletal muscle
of obese rats [12]. In addition, fish proteins have been
reported to exert interesting regulatory functions in
rats, such as hypoglycemic, hypolipidemic [11, 13], anti-
oxidant [14] and anti-inflammatory effects [10, 15]. Sar-
dine proteins decreased serum glucose and HbAIC in
streptozotocin-diabetic rats. In rats with fructose-in-
duced metabolic syndrome, sardine proteins with or
without fructose lowered plasma insulin levels and
displayed decreased insulin resistance [10]. In type 2 di-
abetic rats, SP administration reduced glucose concen-
trations, HOMA-IR and HbAlc and increased glucose
tolerance [11].

In oxidative stress, fish proteins played an important
role in the antioxidant defense of blood, heart and kidney
in spontaneously hypertensive diabetic rats [14]. Some
authors have reported the antioxidant activity of fish
peptides on human leukocytes and cultured cells [16].

The present study investigated the effects of puri-
fied fish protein (Sardina pilchardus) on glycemia, se-
rum lipid parameters and tissue redox status in strep-
tozotocin-induced diabetic rats.

Material and methods

Fish proteins preparation

Fresh sardine (Sardina pilchardus) from the Mediter-
ranean coast of Oran (fished from October to February)
was cleaned, eviscerated, bone removed, filleted, dried
and finally pounded. The sardine flour was delipidated
(8h, 12 cycles) using hexane: ethyl acetate (1:1, v:v) as a
solvent in a Soxhlet-type apparatus, followed by purifi-
cation of proteins [17]. The purity of proteins was assayed
by the Kjeldhal method using a Kjellfossauto analyzer.
The composition was 93% of proteins and 0.2% lipids.

Animals and diets

Male Wistar rats (Pasteur Institute, Algeria) 260+10 g
were housed in stainless steel cages in a room with con-
trolled lighting (12-h light: dark cycle), constant tem-
perature (24°C) and relative humidity (60%). The rats
were fed standard laboratory chow and were allowed
free access to food and water for 6 days. After an over-
night fast, diabetes was induced in the rats by a single
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intraperitoneal injection of streptozotocin (STZ)(Sig-
ma, I'Isled’Abeau Chenes, France) (60 mg/kg of body
weight) [18] diluted with 0.05 ml/L of citrate buffer
(pH 4.5). Fasting glycemia was measured at the begin-
ning of the experiment (do) and two days (dsgs) after STZ
injection from a tail blood sample by using a glucome-
terand glucostix (Accu-Chek active, Roche Diagnostics,
Meylan, Germany). The diabetic animals with blood
glucose levels higher than 4.77+0.12mM, 48 hours after
streptozotocin injection, were randomly divided into
two groups of six rats each and fed, for 4 weeks, a diet
containing 20% casein (CAS) or sardine proteins (SP)
combined with 5% of mixed oils (3.9% olive, 1% nut,
0.1% sunflower, with n-6/n-3 = 7). The diet composition
was previously described by Mellouk et al. [13].

Food and water were provided ad libitum. Weekly,
the animals were weighed, and fasting glycemia was
measured.

This study was approved by our Institutional Ethi-
cal Committee for Animal Research (agreement number
45/DGLPAG/DVA. SDA.14). The General Guidelines for
the Use of Living Animals in Scientific Investigations
Council of European Communities were followed [19].

Blood and tissue samples

At four weeks, after overnight food deprivation,
the rats were anesthetized with sodium nesdonal (60
mg/kg BW). Blood was withdrawn from the abdominal
aorta. The serum was obtained by low-speed centrif-
ugation at 1000 x g for 20 min at 4°C. The liver, heart,
kidney, gastrocnemius muscle, brain, and adipose tis-
sue were removed immediately, rinsed with cold NaCl
buffer (0.9%), dried and weighed. An aliquot of 100 mg
of each tissue was stored at -70°Cuntil analysis. Serum
and red blood cell pellets were collected and stored for
further biochemical analysis.

Biochemical analysis

Serum glucose, total cholesterol (TC) and triacylg-
lycerols (TG) and glycated haemoglobin (HbAlc) were
previously described [11].

Oxidative stress evaluation
Lipid peroxidation

Serum and tissue lipid peroxidation was assayed by
estimating the thiobarbituric acid reactive substances
(TBARS).
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Serum lipid peroxidation was evaluated ac-
cording to the method of Quintanilha et al. [20]
using malondialdehyde (Sigma-Aldrich, I'Is-
led’Abeau, France) as a standard. One milliliter
of diluted serum (protein concentration nearly
2 mg/mL) was added to 2 mL of thiobarbituric
acid (TBA) (final concentration 0.017 mM) plus
butylated hydroxyl toluene (BHT) (final con-
centration 3.36 pM) and incubated for 15 min
at 100°C. After cooling and centrifugation, the
absorbance of the supernatant was measured
at 535 nm. Results were expressed as pmol of
TBARS/mL of serum;

Tissue homogenates lipid peroxidation was
measured by the method of Salih et al. [21]. One
hundred mg of tissues (liver, heart, kidney,
muscle, brain and adipose tissue) were homog-
enized in 1.5 ml of trichloroacetic acid (TCA,
10%). Homogenate was incubated with 0.25 mL
of TBA (0.02 M) and BHT for 30 min in a boil-
ing water bath, and then the tubes were placed
for45min in a cold water bath. The absorbance
was measured at 532 nm and TBARS concentra-
tions were calculated following the formula:

C (umol MDA/g tissue) = 0Dx10*x sample weight! x
TCA volume x 0.641 x dilution

Protein oxidation in tissue homogenates

Tissues carbonylated proteins were determined
according to the method of Levine et al. [22] using the
2,4-dinitrophenylhydrazine (DNPH). A sample (Img
protein/ml) was divided into two portions of 1 ml each,
atest and a blank. To one portion (test), 0.5ml of 10 mM
DNPH in 2.5 MHCI was added, while to the other por-
tion (blank), 0.5 ml of 2.5 MHCI alone was added. They
were then incubated at room temperature for 1h, to the
dark, with vortexing every 10 min. The samples were
precipitated with 20% trichloroacetic acid (TCA, final
concentration), vortexed and centrifuged at 11000 x g,
3 min at 20°C. The supernatant was discarded, and the
pellet (with DNPH alone) was washed 3 times with 1 ml
of ethanol: ethyl acetate (1:1, v/v). The final pellets were
dissolved in 0.6 ml of 6 M guanidine-HCI and left for
15 min at 37°C. The reactive carbonyl content was cal-
culated from its pick absorption around 250-370 nm
using a molar absorption coefficient £=22000.M*.cm™.

Nitric oxide (NO) in tissue homogenates

NO determination was performed using the Griess
reagent (sulphanilamide and n-naphthyl ethylenedi-
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amine) [23]. Homogenate tissues were clarified by zinc
sulfate solution. NO, was then reduced to NO, by cad-
mium overnight at 20°C under shaking.

Samples were added to the Griess reagent and incu-
bated for 20 min at room temperature. The absorbance
was measured at 540 nm. Sodium nitrite was used for
the standard curve.

Antioxidant enzymes activity

The superoxide dismutase (SOD, EC 1.15.1.1) activ-
ity was measured by kit (Cayman Chemical Company,
USA). This activity utilizes a tetrazolium salt to detect
superoxide radicals generated by xanthine oxidase
and hypoxanthine. One unit of SOD is defined as the
amount of enzyme needed to exhibit 50% dismutation
of the superoxide radical. The absorbance was meas-
ured at 450 nm.

The catalase (CAT, EC 1.11.1.6) activity was deter-
mined by Aebi. [24] method using the decomposition
rate of hydrogen peroxide. The absorbance was meas-
ured at 420 nm.

Statistical analysis

Values were expressed as mean+SEM of six rats
per group. Statistical analysis was performed using
the Student “t” test. Differences were considered sig-
nificant between the sardine protein group and casein
group at P<0.05.

Results

Body weight and food intake

The body weight of STZ-induced diabetic rats fed
CAS or SP was reduced during the experiment and was
similar in the two groups of rats. From d0 until d28,
a 15% and 12% reduction was noted in CAS-group and
SP-group, respectively. However, there was no change
in food intake between both groups (Table 1).

Biochemical analysis

Serum glucose and
glycated haemoglobin HbA1C

Serum glucose and HbAl Clowered significantly by
31% and 40%, respectively, in the diabetic rats who con-

sumed SP compared to CAS (Table 2).
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Table 1: Body weight and food intake in diabetic rats at D28 fed casein or sardine proteins.

CAS SP

Body weight (g)
Food intake g.day™* .rat

202.80+12.00
17.59+4.01

210.00+10.56
17.53+3.65

Note: Data are mean+SEM of six rats per group. Statistical analysis was performed using the Student t-test. The
differences were considered significantly different between sardine proteins (SP)and casein (CAS) at P<0.05.

Serum total cholesterol (TC) and
triacylglycerols (TG) concentrations

A significant decrease was noted in serum TC (26%)
and TG (12%) concentrations with sardine proteins vs.
casein (Table 2).

Oxidative stress evaluation

Serum and tissues TBARS contents

Serum TBARS concentrations were decreased by
28% in the SP group vs. the CAS group (Table 2). Liver,
kidney, heart and adipose tissue TBARS contents were
respectively reduced by 31%, 57%, 17% and 24%, with
the SP diet compared to the CAS diet. Both groups had
no significant brain and muscle differences (Figure 1).

Tissues carbonyls and NO concentrations

Carbonyl concentrations were decreased in the liv-
er (18%), kidney (28%) and brain (15%) of rats consum-
ing sardine proteins compared to those consuming
casein, whereas there was no significant difference in
muscle and heart (Figure 2).

Tissue NO contents lowered in the liver (51%), kid-
ney (37%) and adipose tissue (37%), while an increase
was noted in muscle (56%) in the SP group compared to
the CAS group (Figure 3).

Antioxidant enzyme activities

SP diet, compared to the CAS diet, enhanced SOD
activity in the liver (61%), kidney (77%) and adipose tis-
sue (66%). No difference was noted in the heart, brain
and muscle (Figure 4). Catalase activity was increased
by 63%, 14% and 26%, respectively, in the liver, kidney
and heart in the sardine proteins group than in the ca-
sein group (Figure 5).

Discussion

The effect of purified sardine protein intake was
investigated on the modulation of redox status in strep-
tozotocin-induced diabetic rats.

The present study showed a decreased body weight
in rats fed casein or sardine proteins from the begin-
ning of the experiment to d28 and remained similar in
both groups of rats, whatever the diet consumed.

After 48h of STZ injection, high glycemia was ob-
served in both groups of rats. Nevertheless, from d14 to
d28, a significant decrease in glycemia was observed in
rats who consumed sardine proteins diet compared to
the casein group. These results were similar to those of
Lavigne et al. [25], who showed that cod proteins lowered
fasting and postprandial plasma glucose in normogly-
cemic rats. Indeed, fish proteins improved peripheral

Table 2: Serum glucose, glycated haemoglobin (HbA,C), serum total cholesterol (TC),triacylglycerols(TG) and

TBARSin diabetic rats fed casein or sardine proteins.

CAS SP
Glucose (mM) 1.73+0.12 1.19+0.07*
HbA,C (%) 11.13+0.93 7.13+1.06*
TC (mM) 2.79+0.10 2.06+0.21*
TG (mM) 1.09+0.04 0.96+0.02*
TBARS (pmol.ml?) 6.56+0.49 4.70+0.36*

Note: Data are mean+SEM of six rats per group. Statistical analysis was performed using the Student t-test. The
differences were considered significantly different between sardine proteins (SP) and casein (CAS) at P<0.05.
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Figure 1: Tissue TBARS concentrations in diabetic rats. Data are mean+SEM of six rats per group. Statistical anal-
ysis was performed using the Student t-test. The differences were considered significantly different between sar-
dine proteins(SP)and casein (CAS) at P<0.05.

umol/g tissue Carbonyls O CAS

300 -
250 -
200 -
150 -
100
50 -

0

mSP

Liver Heart Muscle Brain Kidney

Figure 2: Tissues carbonyl contents in diabetic rats. Data are mean+SEM of six rats per group. Statistical analysis
was performed using the Student t-test. The differences were considered significantly different between sardine
proteins (SP)and casein (CAS) at P<0.05.
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Figure 3: Tissues nitric oxide (NO) contents in diabetic rats. Data are mean+SEM of six rats per group. Statistical
analysis was performed using the Student t-test. The differences were considered significantly different between
sardine proteins (SP)and casein (CAS) at P<0.05.
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Figure 4: Tissues superoxide dismutase (SOD) activity in diabetic rats. Data are mean+SEM of six rats per group.
Statistical analysis was performed using the Student t-test. The differences were considered significantly different

between sardine proteins (SP)and casein (CAS) at P<0.05.

insulin sensitivity in obese rats [12] and humans [15].
This effect might result from the enzymatic breakdown
of sardine proteins, yielding biologically active peptides
stimulating insulin action by improving glucose periph-
eral uptake, particularly by skeletal muscle. Another
hypothesis was that these peptides might regenerated
pancreas cells destroyed by the streptozotocin. On the
other hand, it has been shown that amino acids from in-
gested proteins might play a role in hormonal response
to feeding. Thus, amino acids such as arginine, lysine,
phenylalanine, ornithine, alanine, leucine and isoleu-
cine stimulate insulin secretion [26].

Glycated hemoglobin quantification, principally
its major fraction the hemoglobin Alc (HbAlc), is used
for retrospective glycemic balance evaluation in diabe-
tes mellitus. The glycation was accelerated in response

to the hyperglycemia and was implicated in the patho-
genesis of chronic complications. The results showed a
significant decrease of HbAlc concomitant by the gly-
cemia reduction in diabetic rats fed sardine proteins
compared to those fed casein. These results corrobo-
rated with those obtained by authors who reported that
amino acids such as lysine, glycine, alanine, glutamic
and aspartic acids decreased the crystalline lens pro-
tein glycation in men, and likewise, it decreased glyce-
mia [27]. In addition, in vitro studies on human vitreous
collagen showed that glycation and glycoxidation were
inhibited by lysine [28].

In diabetes, dyslipidemia was frequently observed
with hyperglycemia and elevated HbAlc. Our study
showed that feeding sardine proteins compared to ca-
sein lowered serum total cholesterol (TC). This result

Catalase O CAS
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_ T *
) T
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2
)
w 100 -
©
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Liver Heart Muscle Brain Kidney adipose
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Figure 5: Tissues catalase (CAT) activity in diabetic rats. Data are mean+SEM of six rats per group. Statistical anal-
ysis was performed using the Student t-test. The differences were considered significantly different between sar-

dine proteins (SP)and casein (CAS) at P<0.05.
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was similar to those of Shukla et al. [29], who reported
the hypocholesterolemic effect of fish proteins in rats
and rabbits. Dietary proteins regulate lipid metabo-
lism, slow lipids’ absorption and synthesis, and pro-
mote lipid excretion [30]. This effect was due to the sig-
nificant increase in fecal cholesterol excretion with the
SP diet compared to the CAS diet [31]. Indeed, the hy-
pocholesterolemic effect of SP was probably due to the
hepatic cholesterol diminution, which was due to the
biliary acids synthesis stimulation. The gene expres-
sion data suggested strongly that the cholesterol-low-
ering effect of fish proteins might be caused by an
up-regulation of mRNA of cholesterol 7a-hydroxylase
(CYPT7AL), the key enzyme in the conversion of choles-
terol to bile acids, in pigs [31]. Thisled to increased fecal
excretion, the major cholesterol excretion route. Fish
proteins are easily digestible and rich in essential ami-
no acids, and animal studies suggest that fish protein
may affect both plasma and liver lipids [29]. It has been
suggested that individual amino acids are involved
in the hypolipidemic effects of dietary proteins [29].
High levels of cysteine, high arginine: lysine and low
methionine: glycine ratios are supposed to be respon-
sible for the lipid-lowering effect [32]. Indeed, sardine
proteins are characterized by high concentrations of
cysteine and arginine compared to casein [33]. Serum
TG concentrations were diminished in the SP group
vs. the CAS group. This result was similar to those ob-
tained by Demonty et al. [34]. Indeed, hepatic TG value
was positively correlated with those of serum [34]. This
reduction may be explained by the lowered circulating
VLDL. The same result was reported by Boukortt et al.
[14] in streptozotocin-induced diabetes in spontaneous-
ly hypertensive (SHR) rats.

In another way, it is well established that oxida-
tive stress, resulted from the imbalance between free
radical production and its scavenging by antioxidant
defenses, contributes to cardiovascular disease initia-
tion and progression. In diabetes mellitus, glucose au-
to-oxidation, protein glycation and advanced glycation
end products interaction with its specific macrophagic
receptors represent the principal mechanism leading
to elevated free radical production and tissue dam-
age. It has been demonstrated that lipid peroxidation
products, among which thiobarbituric acid reactive
substances (TBARS), were increased in plasma [35] in
STZ-induced diabetes. Several enzymatic hydrolysates
of fish proteins or prawns have antioxidant activity,
which was demonstrated by in vitro and ex-cellular
lines, and active peptides were identified [36]. In our
study, the results obtained revealed that serum TBARS
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concentrations decreased with SP compared to casein.
The same effect was observed in diabetic hypertensive
rats [14]. This was related to the diminution of serum
TC and TG concentrations, leading to less lipid peroxi-
dation. Our results showed that TBARS concentrations
lowered, particularly in the liver, heart, kidney and ad-
ipose tissue, in the SP group vs. CAS group.

Moreover, increased CAT activity was noted in the
liver, heart and kidney. This indicated a compensatory
response to oxidative stress due to elevated H,0, endo-
gen production. Mendis et al. [37] reported that in cul-
tured cells, antioxidant enzyme activity was elevated
in the presence of peptides from the enzymatic break-
down of fish protein and suggested that this peptide
may be implicated in maintaining the cellular redox
balance. In diabetes, free radicals enhancement was
the cause of amino acid oxidation, leading to unstable
carbonyl intermediates [38]. In the diabetic group fed
sardine proteins compared to the group fed casein, car-
bonyl contents, which represented protein oxidation
index, were significantly reduced in the liver, kidney,
and brain. These results suggested that by lowering
oxidative stress, fish proteins appeared to be effective
in protecting organs, especially the kidney and brain,
against diabetic complications.

NO is known to react with superoxide anion, form-
ing a highly aggressive peroxynitrite radical, which
can cause cytotoxicity and DNA damage through lipid
peroxidation [39]. This NO alteration is due to its low
bioavailability by free radicals, particularly superoxide
anion [40]. Our results showed a significant reduction
of NO concentration in liver, kidney and adipose tissue,
whereas a high value was noted in skeletal muscle in di-
abetic rats fed SP compared to those fed CAS. Increased
oxidative stress and inflammation are the major caus-
es of increased NO quenching in obesity and diabetes.
Uncoupled eNOS produces superoxide anion instead of
NO, which rapidly combines with NO to produce per-
oxynitrite [41, 42]. In addition, the role of glucose levels
in NO production is controversial; it has been report-
ed that NOS activity and, subsequently, NO produc-
tion gradually increase due to an elevation in glucose
concentrations within the pancreatic islets [43]. This
might be explained by certain antioxidant enzyme ac-
tivities as well as SOD in the liver, kidney and adipose
tissue. SOD is considered an essential primary anti-
oxidant enzyme that reacts to the organism’s defense
against the cellular metabolism of toxic products. It can
scavenge superoxide anion by dismutation. Its role is to
transform, in mitochondria, the superoxide radical in
hydrogen peroxide, itself reduced by catalase (CAT).

© 2023 The Authors



Conclusion

Compared to casein, Sardine proteins have a hypo-
glycaemic effect and reduce the glycated hemoglobin
value, indicating an improvement of abnormal glucose
metabolism and reducing its toxicity. This effect con-
stitutes one of the ways to control cardiovascular risk
factors and the diabetes evolution to its complications.

The hypocholesterolemic and hypotriglyceridemic
effects of fish proteins restore lipid profile impairment
generated by STZ injection. They may protect against
atherosclerosis risk. On the other hand, SP, compared
to CAS, decreases lipid peroxidation (TBARS) in se-
rum, liver, heart, kidney and adipose tissue. They re-
duce carbonyl content in the liver, kidney and brain.
Moreover, nitric oxide concentrations are reduced in
the liver, kidney and adipose tissue and enhanced in
muscle. Concerning the antioxidant enzyme activities,
the study showed that SOD activity increasesin the liv-
er, kidney and adipose tissue. CAT activity is elevated
in theliver, kidney and heart in the SP group compared
to the CAS group. Fish proteins exert antioxidant ac-
tivities and protect the tissues specifically against free
radicals generated by type 1 diabetes.

Sardine proteins, compared to casein, are hypogly-
caemic, hypocholesterolemic and hypotriglyceridem-
ic. Moreover, they effectively protect against radical
attack by stimulating antioxidant systems. All these
beneficial effects contribute to the decrease of meta-
bolic and vascular complications related to diabetes
mellitus.

It may be interesting, in the future, to use sardine
protein as a functional food to prevent diabetic compli-
cations.
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