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Abstract
Sardine co-products can represent an interesting source of bioactive compounds, such as polyunsaturated fatty acids and 
in particular omega-3. This study aimed to investigate extraction of oil from sardine co-products by enzymatic hydrolysis 
using two proteases: commercial Alcalase and protease Bb from a local fungal strain (P2) of Beauveria bassiana, which 
overproduces proteases. Despite a higher degree of hydrolysis (41.34%) than Alcalase (24.28%), protease Bb allowed the 
extraction of approximately the same oil content. Resulting oil from both processes had the same fatty acid profile. Interest-
ingly, the all-produced oil displayed an attractive w6/w3 ratio, an indicator of nutritional quality, of the order of 0.16. The 
safety of the generated oils was also assessed by treating two groups of Wistar rats with the fish oil administered by oral 
gavage at the doses (30 mg/kg and 300 mg/kg body weight) for 14 days using olive oil as a vehicle. Compared to controls 
used, both treated groups showed no statistically significant differences. Consequently, the acute oral toxicity evaluated 
by hematological, biochemical, and histological studies showed the safety of the oil generated using B. bassiana protease.
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Introduction

Dietary fish oil supplements are convenient for the enrich-
ment of diets with low omega-3 fat, which are a key fam-
ily of long-chain polyunsaturated fatty acids (Rizliya and 
Mendis 2014). Fish oil or lipid is also a rich source of vita-
mins, including vitamins A, D, E, and K. The nutritional 
and health implications of marine oils have been shown to 
prevent cardiovascular diseases and atherosclerosis (Yates 
et al. 2014) and to improve the cognitive functions as well as 
the development of the central nervous system (Moro et al. 
2016). Substantial quantities of fat are present in fish co-
products (head, viscera, and skin) that are generated by the 
fishery and aquaculture product processing industry; how-
ever, they remain very poorly recovered (Tacias-Pascacio 
et al. 2021).

The processing techniques involved in the commercial 
production of fish oils vary according to the type of raw 
material and its use. There are a number of processes used 
to convert raw fish and fish trimmings into fish oil. These 
processes can be classified into three categories: physical, 
biological, and chemical. Physical extraction processes 
include homogenizing, heating, pressing, and filtering 
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(Jayasinghe and Hawboldt 2012). Some of these methods 
may affect the properties of fatty acids including a thermal 
degradation of long-chain polyunsaturated fatty acids and 
an increase of the trans-fatty acid content (Fournier et al. 
2006). Lipids are generally extracted by chemical methods 
based on their solubility in organic solvents, which allows 
them to be isolated from other non-lipid constituents (Hae-
drich et al. 2020). The main disadvantage of the latter 
traditional methods is that the high temperatures used can 
degrade the naturally occurring heat-sensitive and labile 
compounds, and the toxic solvents used may still be pre-
sent in the final product (Mercer and Armenta 2011).

Over the past 20 years, green extraction methods have 
been recognized as a promising alternative to physical or 
chemical technologies. Enzymatic hydrolysis uses exog-
enous proteolytic enzymes to digest materials to release 
oil and is thus one of the green extraction methods (Ram-
akrishnan et  al. 2013) that meet the principles of the 
circular bio-economy (Alkhawli et al. 2019). Enzymatic 
hydrolysis has several characteristics that justify its adop-
tion in the treatment of fishery processing waste as it is 
considered a rapid and easily reproducible method (Araujo 
et al. 2020).

In this study, we used two proteases: a commercial one 
named Alcalase and another secreted by a local fungal 
strain (P2) of Beauveria bassiana, a spontaneous mutant 
hyper-producer of protease activities (Borgi and Gargouri 
2014). In the case of Alcalase obtained initially from Bacil-
lus subtilis and called “subtilisin Carlsberg,” it is consid-
ered a “serine endopeptidase” as it contains a serine in its 
catalytic site, known as the classical catalytic triad of amino 
acids (aspartic acid, histidine, and serine). Particular interest 
can be addressed to its use for the treatment of waste raw 
materials from different industries, such as the processing 
of vegetable oil, fish, or poultry. It has impressive and very 
suitable potential in the production of peptides with very 
different bioactivities (Tacias-Pascacio et al. 2020). The aim 
of this study is to extract high omega-3 fish oil from Sar-
dinella aurita co-products by an enzymatic method due to 
its advantages over chemical oil extraction. Benefits include 
low energy consumption, no solvent usage, and low invest-
ment for a large-scale process. More specifically, for a low 
investment, we will compare the oil yield using a commer-
cial protease (Alcalase) and another produced locally (local 
fungal strain (P2) of B. bassiana) therefore normally at a 
lower cost. We also planned to determine the amount of 
omega-3 fatty acids (primarily EPA + DHA) as they have 
been associated with healthy aging throughout life as well as 
fetal development, cardiovascular function, and Alzheimer’s 
disease (Swanson et al. 2012); and determine the quality of 
the extracted oil according to health criteria (ratio ω-6/ω-3). 
Finally, we assess the safety of green fish oil extraction in 
Wistar rats as an animal model.

Materials and methods

Materials

The co-products of the Sardinella aurita fish were collected 
from a local fish shop mainly composed of medium-sized 
fish heads, skins, viscera, and mutilated muscles.

Two proteases were used in this work: a commercial 
Alcalase, and a locally produced enzyme. Proteolytic Alca-
lase enzyme is produced from Bacillus licheniformis with 
optimal working conditions for temperatures between 50 
and 70° C and pH values of 6.5 to 8.5. Alcalase has been 
used extensively in other studies on the hydrolysis process, 
for fish oil and protein hydrolysates (Slizyte et al. 2005a, 
b), and has shown one of the highest degrees of hydrolysis 
of several substrates (Ovissipour et al. 2009). On the other 
hand, the enzyme locally produced is in fact the extracellular 
juice of the fungal strain (P2) of Beauveria bassiana (BP), a 
spontaneous hyper-producing mutant of proteases. The opti-
mal working conditions for Bb protease are a temperature 
of 50–60 °C and a pH of 7–8.5 (Borgi and Gargouri 2014).

Chemical analysis

According to AOAC methods (2005), the dry matter con-
tent of the Sardinella aurita co-product was determined by 
gravimetry after drying the samples in an oven at 105 °C 
until the weight became constant. Subsequently, ash content 
was quantified after incubation at 650 °C for 3 h (AOAC 
1984).

Total lipids were extracted from the Sardinella co-prod-
ucts according to the Soxhlet method using chloroform as 
extraction solvent (AOAC 2005). Crude protein content was 
determined by Kjeldahl procedure using a nitrogen-to-pro-
tein conversion factor of 6.25 (AOAC 2005).

Fatty acid analysis

The fatty acid analysis reported here is ISO/IEC 
17,025–2017 accredited. Fatty acid methyl esters (FAMEs) 
are prepared using the derivatization method with sulfu-
ric acid hydrolysis of lipids and methylation of fatty acids 
with methanol. FAMEs can also be analyzed via multiple 
detection modes. Margaric acid (C17:0, Sigma, France) 
was added as an internal standard to eliminate losses that 
occurred during derivatization and injection. A volume of 
100 µL (40 µg) of sour margarine (C17:0, 400 µL/mL) was 
added to the sample for methylation (400 µg total lipid). 
The solvent was evaporated under nitrogen, then 5 mL of 
2% concentrated sulfuric acid in anhydrous methanol was 
added, and the tube was capped. After cooling overnight at 
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50 °C, we added 1 mL of distilled water followed by 2 mL 
of hexane. After stirring the mixture and settling, the hex-
ane phase (upper phase) was taken out and analyzed by gas 
chromatography (Sigma-Aldrich, Steinheim, Germany). The 
chromatography system is equipped with a flame ionization 
detector (FID), a spitless injector, and a polar INNOWAX 
fused silica capillary column (30 m × 0.25 mm id × 0.25 μm 
film thickness). The injector and detector temperatures 
were 220 °C and 275 °C, respectively. Helium was used as 
carrier gas with a flow rate of 1.5 mL.min−1. Peaks were 
identified by comparing their retention times with those of 
known mixtures of standard fatty acids. We used 37 fatty 
acid esters in standard mixture: the mixed standard (Sigma 
ref CRM47885, Supelco 37 component FAME Mix Sigma-
Aldrich, Laramie, WY, USA) is certified in accordance with 
ISO 17034 and ISO/IEC. The results are expressed as per-
centages of the methyl esters of total fatty acids.

Enzymatic hydrolysis

The minced fish co-products of the S. aurita sample (400 g) 
were homogenized with water (ratio 1/1, w/v) in a 2-L bio-
reactor (cylindrical glass reaction vessels, with the ability to 
control and modify agitation, temperature, and pH online).

Before hydrolysis, the mixture was preheated to the 
reaction temperature (50 °C) and adjusted to the desired pH 
level (8) with 1 M NaOH. Enzymatic hydrolysis was started 
by adding Alcalase or Bb protease. During the process, 
the temperature was controlled using a thermo-static bath 
and pH was maintained constant by the manual addition 
of 1 N NaOH. The hydrolysis was carried out for 120 min 
with stirring (300 rpm, Stuart SS20). The Alcalase and 
Bb proteases hydrolyzed proteins at the optimum tempera-
ture (50 °C) and pH8 and cleave specific peptide bonds, 
resulting in the liberation of amino acids and peptides of 
different sizes (Wubshet et al. 2019). The hydrolysis time 
was fixed at 120 min because longer times do not cause a 
significant increase in the degree of hydrolysis. After the 
enzymatic hydrolysis, samples were centrifuged at 5000 g 
for 30 min. Four phases were generated: oil on the top 
layer, emulsion, hydrolyzed fish proteins, and sludge on 
the bottom (see Fig. 1).

The degree of hydrolysis (DH) is determined according 
to the formula (Adler-Nissen 1986):

where V is the volume (mL) of sodium hydroxide consumed 
during hydrolysis; M is the molarity of sodium hydroxide; α 
is the average degree of dissociation factor of α-NH2 groups 
released during the hydrolysis = 0.88 at 50 °C (Adler-Nissen 

(1)D(H) =
V ×M × 100

� ×Mp × htot

1986); Mp is the initial mass (g) of protein in the raw mate-
rial introduced into the system; and htot is the total number 
of peptide bonds in protein = 8.6 eq g kg−1 of protein in fish 
samples (Novozymes 2001).

The degree of hydrolysis (DH) is defined as the ratio 
between the total number of peptide bonds cleaved and 
the total number of peptide bonds in the protein substrate, 
expressed as a percentage (Ravallec-Ple et al. 2000). The 
supernatant oily phase is then recovered, blown in with 
an inert gas such as nitrogen, and stored at − 20 °C until 
analysis.

Percentage of oil extracted

The oil was obtained as a top layer during the extraction 
process and was collected with a pipette and weighed using 
a digital balance. The weight was used to calculate the per-
centage of oil recovered, as follows:

The oil yield was defined as the ratio of the recovered 
oil to the estimated fat content (determined by the Soxhlet 
method) in the raw material multiplied by 100 and was cal-
culated as follows:

(2)Recovered oil (%) = recovered oil (g)∕weight of raw material (g) × 100

Fig. 1   Four phases generated after enzymatic hydrolysis of Sardinella 
aurita co-product using Alcalase
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Acute toxicity assays in rats

Male Wistar rats (weighing approximately 200–220 g) were 
purchased from the Pasteur Institute in Tunis (Tunis, Tuni-
sia) and transported to Toxicology-Environmental Micro-
biology and Health Laboratory (Faculty of Sciences, Sfax, 
Tunisia). Animals were quarantined for 14 days before start-
ing the experiment. Rats were divided into three groups 
(eight rats per group) as follows: two treated groups were 
fed daily by fish oil by oral gavage (G1: 300 mg/kg body 
weight and G2: 30 mg/kg body weight) and the other con-
sidered controls (G3: “positive control” given only olive 
oil) throughout the 14-day experimental period, rats were 
inspected daily to check their general health and the devel-
opment of any physical abnormalities. Food and drinking 
water consumption was estimated by subtracting the amount 
of food and water left in the cages from the total amount 
supplied each day. After 24 h from the last day of treatment, 
all rats were sacrificed by cervical decapitation, and blood 
and organs (liver and kidney) were immediately collected for 
further analysis. Animal handling and experimental proce-
dures followed the guidelines of the European Federation for 
Laboratory Animal Sciences for the handling of laboratory 
animals (Nicklas et al. 2002).

Hematological parameters

Shortly after the rats were sacrificed, blood samples, col-
lected with an EDTA anticoagulant, were analyzed for hema-
tologic parameters (red blood cell count (RBC), hemoglobin 
(Hb), hematocrit (Ht), white blood cell count (WBC), mean 
corpuscular hemoglobin (MCH), mean corpuscular vol-
ume (MCV), mean corpuscular hemoglobin concentration 
(CMHC), and platelets (PLT)) using a Sysmex KX21N auto-
mated hematology analyzer (Sysmex Corporation, Japan) in 
the Hematology Laboratory, CHU Habib Bourguiba (Sfax, 
Tunisia).

Biochemical parameters

Blood samples were centrifuged at 3500 rpm for 20 min and 
the serum was separated. Total protein, alkaline phosphatase 
(ALP), alanine amino-transferase (ALT), aspartate amino-
transferase (AST), and lactate dehydrogenase (LDH) were 
evaluated using a commercial enzymatic kit and analyzed 
by spectrophotometry at the polyclinic laboratory of the 
CNRPS-Sfax.

(3)Oil yield(%) = recovered oil∕estimated fat × 100 Histological studies

For histological examination, liver and kidney tissues were 
dissected and fixed in 10% neutral formalin for 24 h. Then 
the samples were treated with a series of graduated ethanol 
and embedded in paraffin. Paraffin sections were cut into 
slices of 5–6 µm thick and stained with hematoxylin and 
eosin for examination under a light microscope. Sections 
were viewed and photographed using an Olympus optical 
microscope (Olympus BX51, Tokyo, Japan) with a cam-
era attached (Olympus E-330, Olympus Optical Co. Ltd., 
Japan). Ten slides were prepared from each liver tissue. All 
sections were assessed for the degree of mononuclear cell 
infiltration, sinusoidal dilation, and necrosis.

Statistics

All data obtained were expressed as means ± standard devi-
ation (mean ± SD). Differences between treatments were 
analyzed using one-way ANOVA, followed by Tukey’s post 
hoc test for multiple comparisons. Statistical significance 
was defined at P < 0.05. These analyses were performed 
using version 20 of Statistical Product and Service Solu-
tions (SPSS).

Results and discussion

Chemical composition of the raw material

The chemical composition of sardine co-products found in 
this study expressed as g/100 g of fresh weight was repre-
sented by 72.79 ± 0.04% moisture, 15.00 ± 0.06% proteins, 
8.29 ± 0.01% lipids, and 3.75 ± 0.04% ash. These values 
were more or less comparable to the chemical composition 
of sardine (Sardina pilchardus) co-products (heads, viscera) 
reported by Batista et al. (2009) (with moisture, proteins, 
lipids, and ash contents of 67.3 ± 0.7, 12.7 ± 0.8, 14.5 ± 2.1, 
and 4.9 ± 0.9% respectively by fresh weight). The determina-
tion of the chemical composition of fish and fishery prod-
ucts is very important to develop the adequate processing 
technology (both commercially and industrially). However, 
it should also be noted that the proximate chemical composi-
tion undergoes large fluctuations depending on the marine 
organisms studied and the sampling period (Kacem et al. 
2011).

Proteolytic hydrolysis by supplemented enzymes

Enzymatic hydrolysis is an ideal way to recover oil and 
protein from fish and fishery processing wastes. The enzy-
matic extraction of oil was used in this study because of 
its advantages over chemical oil extraction, including low 
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energy requirement, no use of solvent, and low investment 
for a large-scale process.

For this study, minced fish co-products were subjected to 
enzymatic hydrolysis during 2 h using the two alkaline pro-
teases: Alcalase and the extracellular protease from Beau-
veria bassiana called protease Bb. Generally, hydrolysis is 
conducted in a short duration (mainly between 1 and 3 h) 
(Liaset et al. 2003; Sathivel et al. 2003). During hydrolysis, 
the sardine co-products were converted from a viscous chop-
ping into a free-flowing liquid. The hydrolytic curves shown 
in Fig. 2 show a first rapid reaction corresponding to the 
rapid consumption of NaOH, followed by a slowing phase. 
The shapes of these curves are similar to those reported for 
the enzymatic hydrolysis of other fish co-product substrates 
(Aspmo et al. 2005; Liaset et al. 2003). Notice that some 

studies on hydrolysis kinetics show that the plateau is not 
reached (Kristinsson and Rasco 2000c; Sathivel et al. 2003). 
After 2 h, the degree of hydrolysis (DH) of the sardine co-
product was 41.34% using protease Bb, significantly higher 
than the DH of 24.28% using Alcalase, knowing that DH is 
the percentage ratio of the number of peptide bonds cleaved 
over the total number of peptide bonds in the substrate.

These values are higher and faster than most of previously 
published marine co-products. Nguyen et al. (2011) reported 
values of 32.2% and 22.2% of DH (for head and tail of tuna 
respectively) after 12 h of hydrolysis. The work of Batista 
et al. (2009), using Alcalase enzyme, reported DH values of 
20% for raw co-products of sardine after 2 h of hydrolysis. 
Interestingly, they found only 15% of DH by Alcalase when 
using cooked co-products over the same period of hydroly-
sis, suggesting the participation of endogenous enzymes in 
the proteolysis. Using another protease, the value dropped 
to only 10% (Batista et al., 2009). In fact, DH is an impor-
tant criterion in controlling the proteolytic reaction (Addler-
Nissen 1986). As reported by Ravallec-Ple et al. (2000), the 
level of DH depends on the number of peptide bonds present 
in the preparation. Moreover, the hydrolysis time is the sec-
ond most influential factor, but it leads to different effects 
depending on the response. Longer hydrolysis leads to high 
DH. However, it is not useful to carry out a long hydrolysis 
to obtain the greatest quantity of released lipids. Previous 
studies rather obtained contrary results with long hydrolysis 
(Diniz and Martin 1996; Ravallec-Plé 2000).

Oil yield

According to Fig. 3, the quantity of lipids recovered using 
the Alcalase enzyme is 15.72 g per 400 g of fresh co-
products, i.e., the recovered oil representing 3.93% of the 

Fig. 2   Kinetics of the hydrolysis degree (DH) of Sardinella aurita 
co-product using Alcalase and Beauveria bassiana extracellular pro-
tease. Hydrolysis treatments were done with an E/S ratio of 1.0% 
(w/w) at 50 °C. pH8

Fig. 3   Oil yield (according to 
Eq. 3) from Alcalase and Bb 
protease hydrolysis treatments. 
Performed with an E/S ratio of 
1.0% (w/w) at 50 °C. pH8
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biomass (according to Eq. 2) giving an oil yield of 47.41% 
(according to Eq. 3), whereas for the protease Bb, the oil 
produced was 15.4 g, representing 3.85% of recovered oil 
(Eq. 2) and an oil yield of 46.44% (Eq. 3; Fig. 3). Thus, 
despite a fairly different DH for each enzyme, about ≈ 50% 
of the oil was extracted by both proteases. We could try 
to explain this by evoking Parmentier et al. (2004) who 
reported a certain lipid loss in the aqueous layer following 
the centrifugation step. Therefore, in order to achieve a bet-
ter oil separation, a centrifugal force greater than 9000 g 
is recommended to remove the oil from the slurry. In this 
study, water and NaOH were added to maintain the desired 
pH. The addition of buffer during the hydrolysis process 
increased the recovery of soluble proteins in the system. 
Thereby, it increased the formation of emulsion and reduced 
the amount of the lipid released from fish (Ramakrishnan 
et al. 2013). Previous studies by Dauksas et al. (2005) and 
Slizyte et al. (2005a, b) also suggest the same phenomenon 
upon water supplementation. Thus, the weaker emulsion and 
the larger amount of oil separated prove that it would have 
been more effective if no water or buffer was added to the 
system (Ramakrishnan et al., 2013).

Emulsion is not a desired fraction after hydrolysis. There-
fore, reducing or avoiding the formation of an emulsion layer 
is one of the aims in the modelling of the hydrolysis. Accord-
ing to Slizyte et al. (2005a, b), the most important factor 
influencing the yield of the different fractions was added 
water rather than the type of enzyme used. The formation 
of emulsion can be avoided or reduced by using enzymes, 
which are more efficient in breaking lipid/protein emulsion. 
Moreover, the reduction of emulsion can be reached by the 
reduction and/or elimination of water supplementation into 
hydrolysis mixture. In addition, Slizyte et al. (2005a, b) used 
Alcalase and Lecitase Ultra to extract lipids from cod by-
products, and found that heating, to inactivate the endoge-
nous enzyme, affected the oil yield. The type of treatment of 
raw material and addition of water played a significant role 
in determining the amount of oil and emulsion. The results 
indicate that the highest amount of oil was obtained from 
hydrolysis using Alcalase (after initial heating and without 
addition of water), which lowered the emulsifying proper-
ties of fish protein. The reports also suggested that Alcalase 
was the best enzyme for oil extraction (Batista et al. 2009).

Fatty acid profile determination

The fish oil extracted by protease Bb and Alcalase showed 
no significant difference in fatty acid composition. The fatty 
acid profiles were as follows: 46.158–44.850% saturated 
fatty acids (SFA), 24.041–24.665% monounsaturated fatty 
acids (MUFA), and 26.365–27.059% of polyunsaturated 
fatty acids PUFAs, for Alcalase and Bb protease respectively 
as shown in Table 1.

The most abundant individual fatty acids were myristic 
acid (C14: 0), palmitic acid (C16: 0), palmitoleic acid (C16: 
1 n-7), oleic acid (C18: 1 n-9), eicosapentaenoic acid EPA 
(C20: 5 n-3), and docosahexaenoic acid (DHA) (C22: 6 n-3) 
in the lipids of Sardinella aurita by-product. We recall that 
the group of omega-3 acids (ω3) includes alpha-linolenic 
acid (ALA), eicosapentaenoic acid (EPA), and docosahex-
aenoic acid (DHA), while the group of omega-6 (ω6) acids 
includes linoleic acid (LA), gamma-linolenic acid (GLA), 
and arachidonic acid (AA).

Palmitic acid (C16: 0) was predominant among saturated 
fatty acids (SFAs) and is the major fatty acid among all other 
fatty acids in sardine oil (28.56%).

The EPA and DHA content of fish oil is an important 
nutritional quality parameter of this product. In this study, 

Table 1   Fatty acid profile in generated oil from Sardinella aurita co-
product treated by Alcalase and Bb protease

SFAs, saturated fatty acids; PUFAs, polyunsaturated fatty acids; 
MUFAs, monounsaturated fatty acids; EPA, eicosapentaenoic acid 
C20: 5 w-3; DHA, docosahexaenoic acid C22: 6 w-3

Alcalase Bb

Saturated fatty acids (SFAs)%
  C14: 0 9.177 ± 0.21 9.182 ± 0.098
  C15: 0 1.350 ± 0.023 1.307 ± 0.010
  C16: 0 28.559 ± 0.361 27.663 ± 0.276
  C18: 0 7.073 ± 0.020 6.698 ± 0.136
  Ʃ (SFAs) 46.158 ± 0.567 44.850 ± 0.305

Monounsaturated fatty acids (MUFAs)%
  C16: 1 w7 10.790 ± 0.201 11.042 ± 0.163
  C18: 1 w9 9.043 ± 0.058 9.321 ± 0.059
  C18: 1 w7 3.694 ± 0.024 3.786 ± 0.038
  C20: 1 w9 0.513 ± 0.012 0.516 ± 0.010
  Ʃ (MUFAs) 24.041 ± 0.292 24.665 ± 0.202

Polyunsaturated fatty acids (PUFAs)%
  C16: 2 w4 1.018 ± 0.014 1.050 ± 0.024
  C16: 3 w4 0.805 ± 0.093 0.836 ± 0.017
  C18: 2 w6 1.901 ± 0.025 1.922 ± 0.010
  C18: 3 w4 0.000 ± 0.000 0.000 ± 0.000
  C18: 3 w3 0.998 ± 0.013 1.003 ± 0.013
  C18: 4 w3 1.221 ± 0.015 1.289 ± 0.016
  C20: 4 w6 1.618 ± 0.053 1.598 ± 0.023
  C20: 4 w3 0.359 ± 0.005 0.373 ± 0.007
  C20: 5 w3 8.812 ± 0.345 9.340 ± 0.194
  C22: 5 w3 0.835 ± 0.015 0.895 ± 0.023
  C22: 6 w3 8.798 ± 0.521 8.753 ± 0.221
  Ʃ 26.365 ± 0.862 27.059 ± 0.465
  Ʃ (FAs) 96.564 ± 0.017 96.574 ± 0.064
  Ʃ omega-3 (FAs) 21.023 ± 0.901 21.653 ± 0.458
  Ʃ Omega-6 (FAs)(FAs)W6 3.519 ± 0.028 3.520 ± 0.018
  Ʃ (EPA.DHA) 17.61 ± 0.433 18.093 ± 0.207
  (FAs)W6/(FAs)W3 0.167 ± 0.001 0.162 ± 0.001
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the amounts of EPA and DHA were respectively 9.34–8.81% 
and 8.75–8.79% in the oils extracted by Bb and Alcalase. 
EPA + DHA (17.61% and 18.1%) were predominant in total 
ɷ-3PUFAs (26.36% and 27.06%) in sardine fish oil. Ozogul 
et al. (2007, 2009) and Li et al. (2011) also reported that 
these fatty acids are prevalent in marine species.

Fish oil contains a high level of unsaturated fatty acids 
(PUFA + MUFA > SFA). Unsaturated fatty acids are more 
heat labile, and as the degree of unsaturation increases, 
they generally become less stable (Sioen et al. 2006). PUFA 
ω-3 and ω-6 are fundamental for the formation of impor-
tant structural lipids of cell membranes. In addition, these 
PUFAs are precursors of eicosanoids, which influence the 
inflammatory process and immune reactions (Calder 2010). 
These findings were similar to those found by Alnahdi et al. 
(2019) who reported that the biological properties attrib-
uted to ω-3 will function as potential therapeutic tools for 
diseases such as neuro-inflammation and cerebrovascular 
disorders. They have opposite physiological functions and 
their balance is important for normal growth and develop-
ment. Omega-3 and omega-6 fatty acids are called essential 
fatty acids since they are not synthesized by the human body 
(Leaf and Weber 1988) and thus must be supplied in appro-
priate amounts.

ω6/ω3 ratio of oils obtained

The ɷ-6/ɷ-3 ratio has been suggested as a useful indicator 
for comparing the relative nutritional value of fish oils (Bag 
and Chattopadhyay 2018). This study shows that fish oil is 
richer in ɷ-3 than in ɷ-6 (21.023 versus 3.519% for Alca-
lase and 21.653 versus 3.52% for Bb respectively). When 
calculating the ω-6/ω-3 ratio, the values were of the order 
of 0.16 for both enzyme treatments. The ratio of total lipids 
in 13 different seafood species caught on the Northeastern 
Mediterranean coast ranged from 0.02 in European squid to 
0.48 in striped piggy (Durmuş 2019) and similar results were 
found in 34 fish species from the Mediterranean Sea (Ozogu-
let al.2009). Similarly, AyasD and YazganH (2013) reported 
that the ω6/ω3 ratio of shrimp varied between 0.2 and 0.7.

Nutrition experts have recommended a ω-6/ω-3 ratio of 
less than 4 (Valencia et al. 2006). According to current WHO 
recommendations, the daily ω-6/ω-3 ratio in the total human 
diet should not be greater than 5 (Vujkovic et al. 1999) as 
this is the key factor for balanced synthesis of eicosanoids 
in the body (Steffens et al. 1999). Based on studies related 
to the evolutionary aspects of diet, modern hunter-gatherers 
and traditional diets, according to which the genetic makeup 
of human beings is adapted to a diet with a ω6/ω3 ratio of 
about 1 (Simopoulos and Robinson 1999; Simopoulos 2006; 
2008). Such ratio may vary from 15 to 17 in Western diets, 
and is accompanied by several chronic diseases such as dia-
betes, cancer, obesity, autoimmune diseases, rheumatoid 

arthritis, asthma, and depression (Simopoulos 2008; Pat-
terson et al. 2012). Accordingly, increasing ω-3 (EPA and 
DHA) in the diet to have a balanced ω6/ω3 ratio around 1 
by including healthy oils (such as fish oil extracted in this 
study) can be considered an interesting strategy to promote 
optimal health conditions (Durmuş 2019). However, not only 
should the chemical quality of fish oils in syrup form be 
improved and their reliability in terms of fatty acid content 
be increased, but it also seems important to track heavy met-
als more strictly in fish oil products (Ozyurt et al. 2022).

Physiognomy of rats fed with the fish oil produced

Regular observation of rats receiving both oil doses (30 mg/
kg bw/day and 300  mg/kg bw/day) showed no notable 
change in general behavior and no adverse clinical signs. 
In addition, there was no change in the nature of the stools, 
urine, or eye color of the animals. No mortality was observed 
in the different groups of rats given fish oil via oral route.

Food intake, body and organ weights in rats fed fish 
oils

The acute toxicity of fish oils extracted with protease Bb 
was assessed by its administration to Wistar rats via oral 
gavage using two different oil doses daily (300 mg/kg bw 
and 30 mg/kg bw for G1 and G2 groups, respectively). In 
fact, there were variable changes in the body weights of G3 
control group. Interestingly, final body weights of G1 group 
showed a significant decrease compared to all other rats (G2 
and G3) (P < 0.05) (Table 2). Pellizzon et al. (2002) noted 
that diets rich in n-3 PUFAs, such as those contained in 
fish oils, tend to reduce weight gain. Moreover, El-Gerbed 
(2013) showed that rats fed fish oil (menhaden oil) exhib-
ited an insignificant decrease in body weight compared to 
control animals.

It was also reported by Pellizon et al. (2002) that mice 
fed a diet based on fish oil gained less weight than those fed 
soybean oil (mainly n-6 PUFA) or oil palm (mainly AGS).

While relative liver and kidney weights showed no signif-
icant difference between control and treated groups, absolute 
ones of G1 group showed a significant decrease compared 
to all rats (P < 0.05) (Table 2). In contrast with the work 
reported by Seonhye and Yongsoon (2009), rats fed fish oil 
had significantly lower abdominal fat weights, but signifi-
cantly higher liver and kidney absolute ones, as compared 
to those fed soybean oil.

Food intake data showed that food consumption increased 
gradually for all animals (Fig. 4), but it was more pro-
nounced in the G3 control group (besides, it was remark-
ably noted that food consumption of G1 and G2 treated rats 
was significantly different from that of the control group 
(G3)) (P < 0.05). Similarly, Seonhye and Yongsoon (2009) 
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reported that rats fed fish oil had significantly lower abdom-
inal fat weight. Benefits of dietary supplementation with 
marine n-3 PUFA are well documented and may therefore 
offer a logical approach for preventing or treating obesity 
and obesity-induced complications (Wang and Huang 2015).

Regarding the consumption of drinking water throughout 
the experiment, there was no significant difference for all 
groups of rats.

Hematological study

Hematological parameters, shown in Table  3, revealed 
no significant differences between fish oil–treated groups 
(G1, G2) and control (G3). In addition, we noticed nor-
mal red blood cell (RBC) morphology in groups G1 and 
G2 compared to control rats (G3) as illustrated in Fig. 5. 
These results were in agreement with those of Mas Rizky 
et al. (2020). These authors mentioned that the total WBC 

number, hemoglobin, hematocrit, and platelet count of the 
control group did not significantly differ from the fish oil and 
virgin coconut oil groups.

Biochemical parameters

All biochemical parameters were not significantly changed 
after the treatment with fish oil (Table 4). Liver enzymes 
and other biomarkers referred to as a liver panel including 
AST, ALT, ALP, LDH, GGT, bilirubin, and total biliru-
bin showed no statistically significant difference between 
all groups. We recall that the above-cited parameters are 
recommended to monitor the structural integrity of the 
liver and aid in the clinical diagnosis of anhepatic toxic-
ity state (Simon-Giavarotti et al. 2002). The group G1 of 
mice receiving 300 mg/kg showed a significantly higher 
level of serum ALP (alkaline phosphatase) compared 
to the G3 control group. Nevertheless, no significant 

Table 2   Initial and final body 
weights, absolute and relative 
liver and kidney weights, 
and daily food and water 
consumption by all rat groups 
during 15 days

G1, 300 mg kg−1 BW and G2, 30 mg kg−1 BW; G3, positive control (olive oil added in diet)
Values were expressed as means ± SD for eight rats in each group. The significance levels are expressed by 
the following:
a G1 vs. G2, G3: statistically significant difference, P < 0.05
b G1 vs. G3: statistically significant difference, P < 0.05

Parameters/treatments G1 G2 G3

Initial body weights (g) 216.50 ± 1.68 226.00 ± 3.96 234.40 ± 2.90
Final body weights (g) 231.88 ± 3.25a 254.63 ± 4.64 269.00 ± 8.06
Change in body weights (%)  + 7  + 10  + 12
Absolute liver weights (g) 8.05 ± 0.44a 8.55 ± 0.52 8.86 ± 0.68
Relative liver weights (g/100 g AW) 3.47 ± 0.06 3.36 ± 0.06 3.31 ± 0.09
Absolute kidney weights (g) 0.76 ± 0.01a 0.83 ± 0.02 0.86 ± 0.02
Relative kidney weights (g/100 g AW) 0.33 ± 0.01 0.33 ± 0.01 0.32 ± 0.01
Food consumption (g/day/rat) 11.28 ± 1.96b 12.39 ± 1.82 15.71 ± 2.75
Drinking water intake (mL/day/rat) 41.07 ± 5.01 41.06 ± 5.90 44.40 ± 8.70

Fig. 4   Cumulative food intake 
in male Wistar rats treated 
with fish oil extracted and 
administered by oral gavage 
using oil olive vehicle in dose 
(G1: 300 mg kg−1 BW and G2: 
30 mg kg.−1 BW) versus con-
trols (G3: positive control; olive 
oil added in diet)
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histopathological changes were observed in the liver and 
kidneys of treated mice compared to control mice (see 
below). Similar results were obtained in other studies 
(Tamsir et al. 2019). Interestingly, the levels of AST and 
ALT were reduced in the G1 group, to a lesser extent in 
the G2 group, compared to the control G3 group, but not 
significantly enough. In the literature, fish oil supplemen-
tation of rats showed significant difference as compared 
to the standard diet-fed normal control in ALT and AST 
enzymes activities (Lashin et al. 2020). In this context, it 
should be also noticed that both activities are also signifi-
cantly reduced in cisplatin-induced hepato-renal toxicity 
in rats when supplemented with lycopene and N-acetyl-
cysteine (Elsayed et al. 2021).

No significant differences (P > 0.05) were observed in 
all measured proteins, urea, and creatinine between fish 
oil–treated groups (G1, G2) and control (G3) (Table 4). 
Urea and creatinine are considered to be good indicators of 
normal kidney functioning. These findings were similar to 
those found by Lashin et al. (2020) for proteins in the fish 
oil group compared to the control group.

Table 3   Hematological 
parameters in male Wistar rats 
treated with fish oil extracted 
administered by oral force-
feeding using oil olive vehicle 
in dose (G1: 300 mg kg−1 BW 
and G2: 30 mg kg−1 BW) versus 
controls (G3: positive control; 
olive oil added in diet)

Values were expressed as means ± SD for eight rats in each group

Parameters/treatments G1 G2 G3

WBC (103 μL−1) 10.56 ± 1.30 10.26 ± 1.30 9.18 ± 1.90
RBC (106 μL−1) 7.74 ± 0.40 7.74 ± 0.90 7.88 ± 0.60
Hb (g dL−1) 13.61 ± 0.40 14.43 ± 0.60 14.26 ± 0.80
Ht (%) 40.86 ± 1.20 43.33 ± 1.80 42.57 ± 2.50
MCV(mm3/RBC) 51.50 ± 1.20 50.83 ± 2.70 51.62 ± 1.60
MCH (pg/RBC) 17.60 ± 0.50 17.85 ± 1.20 18.10 ± 0.70
MCHC (g/dL) 34.36 ± 1.80 35.03 ± 1.80 34.93 ± 0.70
Platelets (103/mm3) 959.12 ± 57.70 1080.62 ± 168.60 1011.62 ± 159.00

Fig. 5   Peripheral blood film of treated male Wistar rats with fish oil 
extracted and administered by oral gavage using oil olive vehicle 
in dose (G1: 300 mg  kg−1 BW and G2: 30 mg  kg−1 BW) compared 

to positive control G3 (olive oil added in diet), showing normal red 
blood cell (RBC) morphology in all groups

Table 4   Biochemical parameters in male Wistar rats treated with fish 
oil administered by oral force-feeding using oil olive vehicle in dose 
(G1: 300 mg kg−1 BW and G2, 30 mg kg−1 BW) versus controls (G3: 
positive control; olive oil added in diet)

Values were expressed as means ± SD for eight rats in each group
b G1 vs. G3: statistically significant difference, p < 0.05

Parameters/treat-
ments

G1 G2 G3

AST (IU/L) 134.14 ± 9.93 139.00 ± 11.32 153.00 ± 10.22
ALT (IU/L) 43.57 ± 2.21 50.50 ± 4.31 50.71 ± 6.20
ALP (IU/L) 156,43 ± 10.97b 124.00 ± 11.20 105.16 ± 11.41
LDH (IU/L) 600.00 ± 54.27 575.75 ± 56.08 622.43 ± 56.88
GGT (IU/L) 5.00 ± 1.76 2.25 ± 0.86 2.00 ± 0.90
Total protein 

(IU/L)
48.39 ± 3.01 47.35 ± 3.25 49.04 ± 4.42

Urea (mmol/L) 0.30 ± 0.02 0.30 ± 0.01 0.31 ± 0.01
Creatinine 

(µmol/L)
2.01 ± 0.10 2.14 ± 0.13 2.11 ± 0.09

Bilirubin (mg/L) 0.80 ± 0.40 0.38 ± 0.15 0.51 ± 0.08
Total bilirubin 

(mg/L)
1.15 ± 0.07 0.93 ± 0.05 1.01 ± 0.08
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Histology of liver and kidney sections

In order to evaluate the toxicity of fish oil in more detail, 
liver and kidney samples from different groups were exam-
ined under light microscopy. In all rat organ sections, there 
was normal histological architecture (Figs. 6, 7).

In fact, in liver sections, there was preservation of the 
lobular architecture, normal hepatocytes with appropriate 
nuclear to cytoplasmic ratio, normal central vein, capsule 
with no evidence of adhesion or inflammation, and portal 
tracts with appropriate number of bile ducts and blood 
vessels (Fig. 6).

Similar to our results, El Kalawy et al. (2017) reported 
that histological examination of liver sections from 
omega-3 group revealed normal liver parenchyma with 
preserved architecture of hepatic lobules.

Likewise, according to Fig. 7, kidney sections from all 
groups displayed normal renal tissue structure, complete 
renal tubular epithelial cells, and no obvious pathological 
changes in glomerular or renal interstitium (Fig. 7).

Our results are in agreement with Moghadamnia et al. 
(2016), who had mentioned that the omega-3 fish oil–sup-
plemented group displayed similar kidney appearance com-
pared to those of control rats. Moreover, Fassett et al. (2010) 
proved that omega-3 fatty acids were beneficial in kidney 
disease treatment.

Conclusion

In order to greenly recover the fish oil of Sardinella aurita 
co-products, they were treated with a commercial Alcalase 
and a local protease Bb (from Beauveria bassiana, strain 
P2). Interestingly, protease Bb led to a much higher degree 
of DH hydrolysis (41.34%) than commercial protease 
(24.28%). Despite such quite different DHs, about 50% of 
the oil was extracted by the two proteases. In addition, these 
latter proteases provided an attractive  ω6/ω3 ratio in the 
oil extracted, indicative of good nutritional quality. It was 
also found that fish oil administered orally using an olive 
oil–based vehicle in two doses (300 mg/kg BW and 30 mg/

Fig. 6   Liver histological sections of treated male Wistar rats with fish 
oil extracted and administered by oral gavage using oil olive vehicle 
in dose (G1: 300 mg  kg−1 BW and G2: 30 mg  kg−1 BW) compared 

to positive control G3 (olive oil added in diet). Light microscopy 
(× 200); stains H&E

Fig. 7   Kidney histological sections of treated male Wistar rats with 
fish oil extracted and administered by oral gavage using oil olive vehi-
cle in dose (G1: 300  mg  kg−1 and G2: 30  mg  kg−1 BW) compared 

to positive control G3 (olive oil added in diet). Light microscopy 
(× 200); stains H&E
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kg BW) preserved hepatic and renal function in rats and no 
adverse clinical signs were observed. Moreover, the final 
body weight of rats treated with the highest dose of fish oil 
showed a significant decrease compared to other groups, 
which further confirms the anti-obesity effect attributed to 
pharmaceutical drugs of marine origin. Finally, the use of 
fish oil extracted by the protease of the local fungal strain 
(P2) of Beauveria bassiana as a dietary supplement should 
be viewed positively because it has no adverse effects on the 
survival of Wistar rat.
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