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In the present study, both ultrasonication (US) and enzymatic treatment with
aminopeptidase from Aeromonas proteolytica (AAP) were applied as a post-treatment
to fish protein hydrolysates (FPH) recovered from Atlantic mackerel. The single and
combined effects of AAP and US treatments at 300 W and 500 W at 20 kHz for
10 min on the physicochemical characteristics of FPH were assessed. The results
showed a significant decrease (p < 0.05) in soluble proteins after application of
US treatment of FPH at 300 W and 500 W (79.1 and 70.3%, respectively) and US
treatment at 300 W and 500 W together with AAP (50.3 and 72.5%, respectively)
compared to control (84.4%). This is due to cavitation effect of sonication resulting
in aggregation of peptides. This decrease was accompanied by a significant decrease
in thiol groups in all experimental FPH samples varying from 5.85 to 9.54 nmol/mg
compared to control (12.86 nmol/mg). At the same time, there was a significant
increase in the distribution of small peptides with molecular weight (MW) between
200 and 1,000 Da along with a significant decrease in medium-size peptides
with MW of 1,000 and 5,000 Da in all AAP-treated FPH samples compared to
FPH without AAP. The proportion of essential amino acids increased significantly
(p < 0.05) in all experimental FPH samples varying from 28.2 to 29.1% except for
500 W + AAP (24.2%) compared to control (25.7%), revealing a positive combined
effect of AAP and US treatment on nutritional profile of mackerel hydrolysates.
However, there was no significant difference in the proportion of hydrophobic
free amino acids responsible for bitter taste between any of experimental FPH
samples and control. Regarding color parameters, there was a significant increase
in lightness accompanied by a significant decrease in redness in all US-treated
FPH samples compared to control due to ultrasound-induced cavitation effect
changing the secondary structure of peptide molecules. The novel approach of
combined use of US and AAP to improving physicochemical parameters of mackerel
FPH may provide valuable insights into process optimization for enhanced quality
and functional properties of fish protein ingredients.
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1 Introduction

The global population is continuously increasing and is projected
to reach 9.7 billion by 2050 (1). As a result, the demand for high-
quality protein ingredients containing all amino acids is rising as more
and more people are consuming proteins to cover their nutritional
needs (2). However, currently approximately 60% of global protein
production is used to feed cattle, animals, and farmed fish (3).
Therefore, there is a strong need to find new sources of high-quality
protein ingredients to meet the demand of the growing population.
Fish is one of the best sources of complete protein, providing all
essential amino acids in adequate proportions necessary in the human
diet, with a digestibility rate of approximately 98.3-98.8% (4). The
high digestibility is mainly due to the low content of connective tissue
proteins, i.e., collagen and elastin in the fish muscle (5). The total
protein content in the muscles of the most fish species varies from 12.2
to 21.8%, while the amounts of essential amino acids fulfill the amino
acid scoring profile for adults (4). However, only 30-40% of the fish
production is intended for direct human consumption as fish steaks,
fillets, medallions, etc. (6). Side streams (skin, heads, viscera, bones,
and backbones) make up the remaining 60-70% of the fish after
processing. These side streams are normally discarded or used for low
value applications such as fish meal or oil (6). However, they may
be used for recovery of valuable protein compounds with functional
and health-promoting properties (7).

One of the ways to obtain high-value protein compounds with
increased digestibility, bioavailability, and bioactive properties is to
hydrolyze seafood rest raw material (8). Several methods are used to
hydrolyze fish side streams to produce fish protein hydrolysates
(FPH), including chemical hydrolysis, autolysis, and enzymatic
hydrolysis (9). Due to a number of benefits, enzymatic hydrolysis is
one of the most commonly used methods to produce FPH for human
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consumption and pet food (10). The main technological advantages
are shorter reaction time, opportunity to control the process to
produce specific hydrolysates, retention of the nutritive value of the
primary protein, and lack of residual organic solvents (10). Enzymatic
hydrolysis is a process that cleaves proteins into a mixture of peptides
of different sizes and free amino acids (FAAs), producing protein
hydrolysates (9). During this process, the size of peptides is reduced,
while the number of carboxyl and amino groups is increased, resulting
in changes in the protein structure and improved functional properties
(solubility, emulsifying, and foaming) and bioavailability (11). In
addition, FPH possess many biological activities and health-
promoting effects such as antimicrobial, antioxidative,
antihypertensive, immunomodulatory, and anti-inflammatory activity
depending on the molecular size of the peptides (12). Thus, FPH
represents a valuable ingredient, which when obtained from
underutilized fish side streams would bring added value to the fish
processing industry as one of the most sustainable and environmentally
friendly ways to utilize the generated fish residual material. However,
the functionality of FPH is strongly affected by the choice of enzymes
and the degree to which the protein is hydrolyzed, as well as by the
reaction conditions during enzymatic hydrolysis (9). The production
of FPH involves enzymes such as endopeptidases and exopeptidases
participating in the proteolysis process.

There are several efficient proteolytic enzymes including pepsin,
trypsin, alcalase, neutrase, papain, and bromelain which are
commonly used to obtain FPH (9). Alcalase is an endopeptidase
which breaks down peptide bonds from C-terminal amino acids.
Alcalase has been found to be a highly efficient enzyme for the
production of FPH with small-sized peptides in a relatively short time
(13). However, endopeptidases with broad specificity such as alcalase
have been shown to result in higher bitterness of FPH through the

generation of higher amounts of hydrophobic free amino acids and
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small peptides (13). Normally, the bitterness of peptides depends on
the free amino acid composition, proportion of small peptides, and
sequence of amino acids in the peptides, as well as hydrophobic
properties of free amino acids (14). Indeed, small peptides and free
amino acids with an average residue hydrophobicity greater than
1.4 kcal/mol are considered bitter. These include cysteine, isoleucine,
leucine, methionine, phenylalanine, tryptophan, and valine (15). On
the contrary, exopeptidases, such as, for example, aminopeptidases,
are widely used in the food industry as a debittering agent for brewing,
baking, and cheese making processes due to their capacity to remove
the bitterness of peptides (16). These peptidases belong to a class of
proteases that catalyze the cleavage of the amino terminal of amino
acid residues in proteins or and peptide molecules (16). The
debittering property of aminopeptidases has been largely
demonstrated in various studies, including the reduction of bitterness
in FPH (16-18). Studies have demonstrated that using aminopeptidase
helps to reduce bitterness by releasing free amino acids such as
phenylalanine, isoleucine, or leucine (16-18).

One of the group of aminopeptidases that hydrolyze a wide range
of N-terminal amino acid residues from proteins and polypeptides is
aminopeptidase from Aeromonas proteolytica (AAP). AAP has been
shown to be one of the most stable enzymes. This aminopeptidase may
retain its enzymatic activity at a temperature of 70°C for several hours
and may only partially be inactivated in urea (16-18). These unique
characteristics may be used to perform advanced enzymatic
modification of peptides or protein hydrolysates coupled with
innovative technological treatments such as ultrasonication, to
improve functional (protein solubility, emulsification, etc.), nutritional
(amino acid profile), and quality (bitterness, color, degree of
hydrolysis, etc.) parameters of protein ingredients (19, 20).

In addition to a proper selection of enzymes, it is also important
to apply efficient and safe extraction procedures to recover valuable
compounds from fish side streams. Regardless of the fact that
conventional enzymatic hydrolysis is a very effective method for
protein and lipid extraction, its primary drawback relates to high costs
of enzymes and risk of thermal degradation of both protein and lipid
compounds due to high processing temperatures (12). Alternatively,
replacing expensive enzymes by organic solvents such as formic acid
to perform acid hydrolysis of fish side streams during silaging carries
certain health and environmental risks and is limited to recovery of
low value products such as fish meal and oil (21, 22). Recently, a
number of non-thermal and environmentally friendly methods of
extraction of valuable ingredients from food and seafood side streams
to support green technology have been adopted in the food industry
(12). Among these advanced extraction techniques are high pressure
processing (HPP), ultrasound-assisted (US) extraction, supercritical
fluid extraction (SFE), and microwave-assisted extraction (MAE) (23).
These technologies have several advantages including no or minimal
need in organic solvents, fast rate of extraction, improved compound
recovery, enhanced selectivity (24), and are thus widely recognized as
green and environmentally friendly methods for recovery of valuable
compounds from fish side streams (6, 23). Among all these

technologies, ultrasound-assisted hydrolysis has proven its
effectiveness in obtaining higher recovery yields of FPH from trout
by-products when compared to conventional enzymatic hydrolysis
(25). Moreover, other studies have shown that US treatment can
significantly improve quality parameters and health benefits of FPH

extracted from Atlantic mackerel (12).

Frontiers in Nutrition

10.3389/fnut.2025.1591672

The present study investigated how the use of ultrasound
treatment with and without application of exopeptidase influences the
quality of FPH obtained by enzymatic hydrolysis of Atlantic mackerel
(Scomber scombrus) side streams performed with the use
of endopeptidase.

The novelty of this research lies in its innovative approach to
improving physicochemical and functional properties of FPH
recovered from Atlantic mackerel through the combined use of US
and enzymatic treatment with aminopeptidase AAP. AAP is a bridged
bimetallic enzyme that removes the N-terminal amino acid from a
peptide chain. It has been shown to be an unusually stable enzyme,
and that is why AAP was chosen in this study. AAP can maintain its
activity at 70°C for several hours and is only partially inactivated in
8 M urea (26). Moreover, this enzyme has a hydrophobic active site
that can better interact with hydrophobic residues such as leucine and
phenylalanine (27). The present study explores the effects of both
single and combined treatments of US and AAP on mackerel FPH,
which is relatively novel. This dual approach aims to leverage the
benefits of both methods to enhance the quality of FPH through
process optimization.

2 Materials and methods
2.1 Enzymatic hydrolysis

Side streams of Atlantic mackerel (Scomber scombrus) were
obtained from a local fish processing factory in Fosnavag (Norway),
in October 2023, and enzymatic hydrolysis was performed as
described in Cropotova et al. (12). The fish side streams were minced
fresh with a Hobart A 200 mincer on the day of arrival to NTNU
(Alesund, Norway), divided into 1-kilogram (kg) batches, and stored
in a freezer at —30+2°C for 3 weeks until hydrolysis could
be performed. Prior to enzymatic hydrolysis, the fish mince (1 kg) was
defrosted at 4 + 1°C overnight and mixed with 1 kg of distilled water.
It underwent enzymatic hydrolysis for 1 h at 50 + 2°C with the
endopeptidase Alcalase® (Sigma-Aldrich, Germany) added in the
amount of 0.1% (w/w) of the raw material weight into bioreactor. After
the hydrolysis, the bones were removed from the mixture by filtering
the hydrolysate through a sieve, followed by inactivation of enzyme in
a microwave oven at 90°C for 10 min. After that, the mixture was
cooled down up to 30°C before being transferred to 1-liter
centrifugation bottles and then centrifuged at 4100 g at 4°C for 30 min
resulting in three fractions: lipids (oil), fish protein hydrolysate (FPH)
consisting of water-soluble peptides, and sludge (insoluble fraction).
The hydrolysate fraction was separated from the rest of the fractions,
placed into a — 80°C freezer for 24 h, and freeze-dried in a Labconco
Freezone Console 12 L Freeze Dry System (—80°C). This mackerel
hydrolysate was further used both as a control sample and for further
US and enzymatic treatments with an aminopeptidase.

2.2 Ultrasound and enzyme treatment

Experimental FPH samples were subjected to ultrasound treatment
at 300 W and 500 W with a 20 kHz probe (Sonics & Materials Inc.,
Danbury, CT., United States, model: VCX 1500) with and without
addition of aminopeptidase from Aeromonas proteolytica (AAP) (EC
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3.4.11.10). The ultrasonic power of 300 W and 500 W was selected based
on our previous study (12), which gave promising results regarding
quality improvement of mackerel FPH after US treatment. In the present
study, the main goal was to study how the quality and functional
properties of mackerel FPH will be affected after the same US treatment
combined with AAP. In total, six samples of mackerel hydrolysates were
used in the study. FPH samples were dissolved in distilled water in a
ratio of 20 g FPH per 400 ML, and 1 mL of AAP solution dissolved in
10 mL distilled water was added. The 1.2-cm vibrating titanium tip of
the US probe was immersed in the FPH solution followed by its
irradiation with an ultrasonic wave directly from the horn tip. FPH
samples were treated for 5 min with the intervals of 5 s passive (rest) and
active (treatment) phase each. The temperature of FPH solutions after
US treatment was 40 + 2°C. Control and experimental FPH samples not
subjected to US treatment were placed in a water bath at 40 + 2°C for
10 min to match the temperature recorded in US-treated FPH samples.
Then, all experimental FPH solutions with AAP were subjected to
microwave treatment for 2 min 30 s at 800 W to reach 90°C and then
kept in the microwave oven for 5 min more to inactivate the enzyme.
After that, all FPH solutions were collected frozen at —80°C for 24 h
prior to freeze drying (Labconco Freezone Console 12 L Freeze Dry
System) for 1 week before further analyses.

2.3 Proximate composition analysis

The content of nitrogen (N) in the obtained FPH was determined
using a Vario-El-Cube CHNS Elemental Analyzer (Elementar, GmbH,
Germany). Approximately 4 mg of a dried sample was weighed out in
tin capsules and oxidized at 1150°C. The amount of protein in the
samples was estimated using a nitrogen-to-protein conversion factor
determined for fish raw material of 6.25 (28). Water content was
determined gravimetrically after drying at 105°C for 24 h. Ash content
was determined by incineration to constant weight at 550°C (29).
Lipid content in FPH was calculated mathematically due to a very low
amount of fat in the samples through the deduction of total protein,
ash, and water content from 100.

2.4 Soluble proteins in mackerel FPH

To determine soluble proteins in FPH samples, protein extracts
were prepared by dissolving 0.1 g of each FPH sample in 10 mL of
distilled water. The solutions were homogenized and centrifuged.
Water-soluble proteins were determined in triplicates by using the
Lowry method (30). Bovine serum albumin (BSA) was used to prepare
a standard curve. The absorbance of the incubated standards and
samples was determined using a SpectraMax ix3 microplate reader
(Molecular Devices, United States) at a wavelength of 750 nm (30). The
analyses were run in triplicate, and the mean value +SD was calculated.

2.5 Thiol groups

Total thiol groups were determined according to Ellman (31) and
Kvangarsnes et al. (32). To 0.1 mL of the water-soluble extract or
distilled water (blank), 0.8 mL of 8 M urea and 0.1 mL of DTNB were
added. Samples were mixed, incubated at room temperature for
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30 min, and centrifuged for 3 min at 11000 g at room temperature.
The absorbance was measured spectrophotometrically with Shimadzu
UV-1800 UV /visible scanning spectrophotometer (Shimadzu Europa
GmbH, Germany) at 412 nm with the blank as reference. The thiol
content was calculated using a molar extinction coefficient of
14,290 M™" cm™". The results are expressed as nmol/mg protein.

2.6 Molecular weight distribution of FPH

Molecular weight distribution analysis of mackerel FPH was
performed according to the method described in Cropotova et al. (12).
Freeze-dried FPH was diluted with Milli-Q (MQ) water to a
concentration of 10 mg/mL. Then, 100 pL of the diluted FPH solution
was further diluted with 900 pL of 10% acetonitrile in MQ water in an
HPLC vial. Analysis was performed on an AQUITY UPLC H-Class
PLUS System (Waters Corporation, Milford, MA, United States) with
an AQUITY BEH125 SEC 1.7u 4.6 mm x 150 mm column (Waters)
and an AQUITY UPLC PDA Detector (Waters Corporation, Milford,
MA, United States) set to 220 nm. Runs were isocratic, and a 100 mM
phosphate buffer (pH 6.8) was used as the mobile phase with 0.5 mL/
min of flow rate, an injection volume of 2 pL, and a total run time of
15 min. The column temperature was set to 30°C for analysis. Bovine
serum albumin (66,000 Da), cytochrome C (12,327 Da), aprotinin
(6,512 Da), insulin A (2,531 Da), Leu-enkephalin (555.6 Da),
Met-enkephalin (573.7 Da) Val-Tyr-Val (379.5 Da), and Gly-Tyr
(238.2 Da) were used as standards. All were purchased from Merck.
Chromatograms were manually integrated and separated into intervals
0f <0.2,0.2-0.5, 0.5-1, 1-2, 2-5, and >5 kDa, expressed as percentages
of the total area. All samples were analyzed in triplicate.

2.7 Degree of hydrolysis

The degree of hydrolysis (DH) was analyzed by formol titration as
the proportion (%) of free amino groups with regard to the total
nitrogen in the sample previously determined by the CHNS method
(28). A FPH sample of 1.5 g was weighed into a beaker and filled up to
50 g with distilled water. The pH was adjusted to 7.0 using 0.1 M NaOH,
and then, 10 mL of 9% w/w formaldehyde with a pH of 8.5 was added.
The beaker was covered with aluminium foil and stirred for 5 min. For
the titration, a TITROLINE 7000 automatic titrator (SI Analytics,
Xylem Analytics Germany Sales GmbH & Co. KG, Germany) was used.
The titrator was rinsed three times before starting the titration.
Furthermore, the titration was set to pH 8.5 with stopping automatically
when reaching a pH of 8.5. The samples were titrated with 0.1 M
NaOH, and the used amount of NaOH was recorded. Degree of
hydrolysis was further determined as described by Cropotova et al. (12).

2.8 Amino acid profile

Amino acid composition analysis of mackerel FPH was performed
according to the method previously described in Cropotova et al. (12).
Approximately 50 mg of freeze-dried FPH was weighed into glass
tubes, and 1 mL 6 M HCl was added. The glass tubes were placed into
a heating cupboard for 24 h, at 105°C. Samples were diluted 50 times
using distilled water before filtering through 0.22 pm.
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For the derivatization, 200 pL of the sample were transferred to a
glass tube, containing 600 pL 0.4 M borate buffer (pH 9). Then, 400 pL
FMOC (9-fluorenylmethoxycarbonyl chloride, 15 mM in acetonitrile)
was added, vortexed for 1 min, and then allowed to stand at room
temperature for 4 min. After amino acid derivatization with FMOC,
400 pL ADAM (60 mM in acetonitrile:water 2:1) was added.

Amino acids were determined using a Shimadzu Nexera XR
HPLC system, equipped with a PDA detector (Shimadzu,
United States). Separation of amino acids was carried out on a Restec
ARC-18 column (10 mm x 2.1 mm) at 30°C. The mobile phase was
0.1% formic acid with 20 mM ammonium formate and 0.1% formic
acid with 10 mM ammonium formate in 90:10 acetonitrile water in
gradient mode, with a flowrate of 0.8 mL/min.

2.9 Free amino acid profile

Water extracts were made by adding 0.1 g of FPH in 10 mL of
distilled water. One mL of water extract was mixed with 0.25 mL of
sulfosalicylic acid (10%) and incubated at 4°C for 30 min. The samples
were centrifuged at 10000 g for 10 min. For the derivatization, 300 pL
of the sample were transferred to a glass tube, containing 400 pL 0.4 M
borate buffer (pH9). Then, 100 uL FMOC (9-fluorenylmethoxycarbonyl
chloride, 15 mM in acetonitrile) was added, mixed on a vortex for
1 min, and then allowed to stand at room temperature for 4 min. After
amino acid derivatization with FMOC, 300 pL ADAM (60 mM in
acetonitrile:water 2:1) was added. Free amino acids were determined
using a Shimadzu Nexera XR HPLC system, as described in chapter 2.8.

2.10 Colour measurements

Colour parameters of the FPH obtained from mackerel side
streams were determined using a Minolta Chromometer Model CR 400
(Konica Minolta, Japan) calibrated on a white reference plate before
use. L* (lightness), a* (redness), and b* (yellowness) were measured on
the protein hydrolysates in triplicate at a room temperature. The L*, a*,
and b* parameters of the CIELAB scale were measured according to
the lab scale established by Commission Internationale de I'Eclairage
(33), and the average with standard deviation was calculated.

2.11 Statistical analysis

All the results were expressed as the mean + standard deviation
(s.d.), where p-values of < 0.05 were considered to be significant. For

10.3389/fnut.2025.1591672

each analysis, three replicates were run. Statistical analyses were
performed by one-way and two-way analysis of variance (ANOVA)
followed by Tukey’s post-test (Statgraphics, United States) as described
more in detail in Cropotova et al. (12).

3 Results and discussion
3.1 Proximate composition

The proximate composition of FPH obtained from mackerel side
streams is displayed in Table 1.

No significant differences (p < 0.05) in water, ash, and total protein
content were found between the samples (Table 1). This can be because
all experimental FPH samples were obtained from the control sample
of mackerel hydrolysate by either enzyme modification reaction or
both enzyme and US treatment and were all subjected to freeze drying
at the same conditions. When compared to our previous research on
US treatment of FPH obtained from Atlantic mackerel by enzymatic
hydrolysis in 2022 (12), it can be observed that FPH described in the
current study is characterized by significantly higher water and ash
content together with lower fat and protein content. This tendency can
be explained by a variation of protein, water, and fat content in the fish
muscle during the season and in different years, which affects the
proximate composition of the obtained FPH.

3.2 Soluble proteins in mackerel FPH

According to the results displayed in Table 2, the amount of
soluble proteins increased significantly (p < 0.05) in FPH sample
treated with AAP compared to control. This tendency can be because
AAP breaks down bigger peptides of FPH into smaller peptide units,
exposing the protein’s hydrophilic site. The AAP-treated FPH with
more exposed hydrophilic sites possess higher solubility since they are
able to form hydrogen bonds with water (34). However, protein
solubility decreased significantly (p < 0.05) after application of US
treatment of FPH both with and without use of AAP compared to
control sample. This can be explained by the cavitation effect of US
treatment generated by high local pressure and temperature of
ultrasonic waves, resulting in aggregation and denaturation of
peptides and decreasing their solubility (12). The detrimental effect of
US treatment at 300 W resulted also in significant (p < 0.05) drop in
soluble protein in FPH after use of AAP, while at 500 W the changes
are not significant. This can be explained by cavitation and mechanical
oscillation effect of ultrasound altering the enzyme and the substrate

TABLE 1 Proximate composition of FPH obtained from Atlantic mackerel side streams.

FPH sample Water, % Total protein content, % Lipid content, %
Control 9.5+1.3° 10.9 +0.1* 78.2+0.2° <2
Control + AAP 9.5+ 1.3° 10.9+0.1° 782 +0.2° <2
300 W 92+ 110 11.7+0.1° 78.2+0.2° <1
300 W + AAP 9.2+ 1.1* 11.7 £ 0.0° 78.2+0.2° <1
500 W 9.1+ 1.2° 11.8+0.2° 782 +0.2° <1
500 W + AAP 9.1+1.2° 11.8+0.1° 78.2+0.2° <1

Mean values + standard deviation are shown. Different letters within the same column indicate significant differences, p < 0.05.
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TABLE 2 Soluble proteins in mackerel FPH samples.

FPH samples Soluble protein, % Thiol groups,
nmol/mg
Control 84.4 +0.81° 12.86 £ 0.77*
Control+AAP 91.13 +1.32° 10.33 + 1.34°
300 W 79.1 4 1.28° 9.34+0.65
300 W + AAP 50.27 + 0.7¢ 5.85 £ 0.85¢
500 W 70.33 + 1.85° 9.54+0.36"
500 W + AAP 72.47 + 0.58° 6.77 + 0.57¢

Mean values + standard deviation are shown. Statistical analysis was performed by two-way
ANOVA. Different letters within the same column indicate significant differences, p < 0.05.

characteristics (35). Thus, US treatment could modify the
conformation of AAP and characteristics of the substrate, affecting the
reaction between the enzyme and the FPH substrates. However, in our
previous research on US treatment of mackerel hydrolysates (12), a
significant increase in protein solubility was observed along with an
increase in power of ultrasonication for all FPH samples. This
tendency can be explained by the fact that in the present study,
we used higher concentration of mackerel hydrolysate for US
(20 g/400 mL)
(10 g/400 mL) (12), which could result in increased frequency of

treatment compared to the previous study
molecular collisions during ultrasonication, thereby promoting

aggregation or denaturation of peptides (35).

3.3 Thiol groups

Protein oxidation of mackerel FPH with and without US treatment
and use of AAP were assessed in terms of thiol groups. According to
the results displayed in Table 2, there was a significant decrease
(p < 0.05) in thiol groups in all experimental FPH samples compared
to control. This phenomenon can be explained by the ultrasound-
induced cavitation and mechanical oscillation effect unfolding
secondary and tertiary structures of peptides in FPH samples. This
further results in the reduction of total thiol (-SH) groups due the
exposure of amino acid residues prone to oxidation to the surrounding
environment (36). Similar findings were observed in our previous study
on US treatment of mackerel hydrolysates (12) when ultrasonication of
FPH resulted in significant decrease in thiol groups for US-treated
samples at 300 W and 450 W. However, in the present study, there was
no significant difference in thiol groups between Control+AAP and
US-treated FPH samples at 300 W and 500 W without the use of AAP,
while it was a big and significant drop in total thiols between 300 W and
300 W + AAP, as well as 500 W and 500 W + AAP. We hypothesize that
AAP acting on US-induced unfolded secondary and tertiary structures
of peptides more actively oxidizes the available thiol groups that were
previously located inside the folded peptides and are now exposed to
the surface to disulfide bonds (37).

3.4 Molecular weight distribution of FPH

The MWD of mackerel FPH (Figure 1) revealed that the use of
AAP caused a significant (p < 0.05) increase in the distribution of
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small peptides with MW between 200 and 1,000 Da in all FPH samples
compared to FPH without AAP. At the same time, there was a
significant drop in the proportion of medium-size peptides with MW
of 1,000-5,000 Da in all FPH with AAP compared to FPH without
AAP. Moreover, the use of AAP reduced the proportion of medium-
size peptides with MW of 2000-5,000 Da by approximately 94% in all
FPH compared to FPH without AAP. In addition, no medium-size
peptides with MW of 5,000-10,000 Da were found in FPH treated with
AAP, suggesting that the use of this enzyme resulted in smaller peptide
molecules by hydrolyzing N-terminal amino acid residues from
polypeptides (38). It is worth mentioning that the molecular weight of
peptides is associated with bitter taste of FPH (39). Thus, bitterness of
FPH is mainly ascribed to small peptides of less than 1,000 Da (40). In
the present study, US treatment of FPH at 300 W and 500 W
significantly reduced the distribution of small peptides in the MW
range of 200-1,000 Da compared to control. However, as mentioned
above, the use of AAP alone and in combination with ultrasonication
significantly increased the amount of small peptides in the MW range
of 200-1,000 Da compared both to control and to US-treated FPH
samples. This suggests that ultrasonication of FPH applied without use
of AAP may lead to a significant reduction of bitterness due to a
significant reduction of the proportion of small peptides, while the use
of AAP gives the opposite results. According to Figure 1, US-treated
FPH at 300 W and 500 W had significantly higher proportion of
medium-size peptides with MW 2000-5,000 Da compared to control.
This phenomenon can be explained by the fact that US treatment
could result in aggregation of the previously US-cleaved small peptides
colliding with each other and forming macromolecular aggregate
fragments through intermolecular interactions (41).

3.5 Degree of hydrolysis

According to Figure 2 showing the results of degree of hydrolysis
(DH), there was a small but insignificant increase in DH in US-treated
FPH at 300 W and 500 W compared to control. This phenomenon can
be explained by a small cavitation effect causing fragmentation and
denaturation of peptides, including also breaking down the polypeptide
molecules into smaller pieces (42), which increases the amount of free
amino acid groups and affects the degree of hydrolysis (12). In our
previous study on US treatment of FPH from mackerel, the increase in
DH of FPH after ultrasonication at 300 W and 450 W compared to
control was also small but significant (12). We suggest that this difference
in DH of mackerel hydrolysates between the two US treatment
experiments is related to the cavitation effect of turbulent forces, when
micro-streaming of more concentrated solution of protein hydrolysates
results in higher speed of collision and aggregation of peptides (35). This
also supports our previous suggestion about cavitation effect resulting
in denaturation of peptides and their further fragmentation into smaller
molecules, which is in agreement with MWD data displayed in Figure 1.
However, the use of AAP significantly reduced DH in all AAP-treated
FPH compared to control and AAP-untreated FPH. The largest drop in
DH was observed for the sample 300 W + AAP, while there was no
significant  difference in DH between Control+AAP and
500 W + AAP. This suggests that the use of AAP resulted in a reduction
of DH in FPH samples. We hypothesize that AAP hydrolyzed
N-terminal amino acid residues from medium-size peptides (38),
resulting in smaller peptide fragments which further clustered together
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FIGURE 1
Molecular weight distribution in mackerel FPH. All the datasets have been analyzed by one-way ANOVA. (*) p < 0.05.
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TABLE 3 Amino acid composition in mackerel FPH, % of total amino acids.

10.3389/fnut.2025.1591672

Amino acids Control Control + AAP 300w 300 W + AAP 500 W 500 W + AAP
Arginine 6.29 +0.22° 8.05+0.14" 6.12+0.22° 6.84 % 0.05° 6.33+0.21° 5.98 + 0.08"
Serine 4.41+0.15° 4.28 +0.06 6.1 £0.35" 4.97 +0.06° 6.41+0.21° 4.25+0.02°
Aspartic acid 6.88 + 0.25° 7.38 +0.07° 521 +0.65° 7.87 +0.33% 488+ 0.41° 8.3 +0.15
Glutamic acid 9.54 4 0.29% 10.82 +0.12% 9.16 + 1.08% 12.96 +0.73 8.87 +0.8¢ 11.87 + 0.17"
L-threonine 3.84+0.1° 3.42 +0.25° 5.51 +0.33" 415+ 0.57° 5.48 + 0.04" 3.5+ 025"
Glycine 23.69 +0.73° 24.14+0.14" 22.05 + 0.66" 26.58 % 0.6° 22.07 £0.41° 26.81 +0.31°
Alanine 6.43 +0.24° 3.41 % 0.04 6.07 + 0.48° 3.03+0.14° 6.02 % 0.63* 4.14 % 0.08°
Proline 9.65 +0.3" 11.2 +0.16° 5.86 + 0.14 6.56 4 0.1 6.32 +0.24% 12.33 +0.18°
Methionine 1.6 +0.03* 1.04 +0.1% 0.54 +0.31° 1.27 +0.04% 0.55 + 0.14° 1.25 +0.07*
Valine 4.86 +0.24° 3.5+ 0.66" 3.94 %0724 2.49 +0.04° 5.17 + 0.8 2,354 0.2
Phenylalanine 0.97 +0.26" 4.04 +0.18° 1.23 +0.36° 4.84+0.28° 1.01+0.17° 3.33+0.11¢
Isoleucine 2.81+0.16° 529 +0.28" 2.44+0.25° 6.07 + 0.34° 2.58 + 0.06* 474+ 0.16°
Leucine 6.09 % 0.79° 6.14%0.18° 5.36 % 2.68° 5.16 + 0.08* 6.47 +0.32° 5.54 +0.82°
Cystine 0.17+0.01° 0.41+0.18" 0.47 + 0.09° 0.36 + 0.02 0.25 + 0.04 0.28 + 0.01%
Histidine 2.23 +0.46™ 1.89 + 0.59° 3.15 + 0.42° 2.59 0.7 3.61+0.33 2.14+0.13%
Lysine 3.3+0.24° 2.84 +0.21° 6.91+0.7° 1.74 + 0.44° 3.74 +0.39" 1.36 + 0.14°
Tyrosine 7.23+0.29° 2,12+ 0.07 9.87 +0.76° 2.53 40,38 10.24 + 1.14% 1.86 + 0.2
Essential 25.71 +2.0% 28.17 4 0.22° 29.09 + 2.7° 28.3+0.37° 28.61 + 0.68* 2424045

Mean values + standard deviation are shown. Different letters indicate significant differences (p < 0.05).

and aggregated under thermal (Control + AAP) and US treatment
(300 W + AAP and 500 W + AAP) (41), reducing DH of FPH.

3.6 Amino acid profile

According to Table 3 showing the results of the total amino acid
profile of mackerel FPH, the most abundant amino acids in FPH
samples were glycine, glutamic acid, and proline. The predominance
of these amino acids in the amino acid composition of FPH can
be explained by the high content of fish skin in the raw material
(mackerel side streams) used to produce the FPH. This is in
accordance with the results from our previous research on US
treatment of mackerel FPH (12), where raw material contained a
high content of fish skin, and the most abundant amino acid was
also glycine. The treatment of FPH with AAP increased the
proportion of aspartic and glutamic acids, glycine, proline,
phenylalanine, and isoleucine compared to AAP-untreated FPH. At
the same time, the use of this enzyme resulted in a significant
(p <0.05) decrease in the proportion of alanine, valine, and
tyrosine. A decrease in lysine was also observed when using AAP
in combination with US treatment. The proportion of the latter
dropped drastically up to 70-81% after the treatment of FPH with
AAP (with and without use of ultrasound). Normally, tyrosine
residues are partially or fully buried in the protein structure and are
not present on the surface of protein molecules for enzymatic
reaction by AAP (43). However, in the present study, we hypothesize
that enzymatic hydrolysis previously performed by alcalase cleaved
protein molecules in a way that further cleave N-terminal region of
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tyrosine, as well as alanine, valine, and lysine of the region-selective
peptides of FPH samples by AAP became achievable. The
proportion of essential amino acids increased in all experimental
FPH samples except 500 W + AAP compared to control, but the
increase was not significant. However, the increase suggests a
positive influence of both ultrasound and AAP treatment on
nutritional profile of mackerel hydrolysates.

3.7 Free amino acid profile

The FAA profile of mackerel FPH is shown in Table 4.

There was a significant increase in arginine, asparagine, and
glycine in all experimental FPH samples compared to control.
Arginine and glycine are considered conditionally essential amino
acids which are normally not essential, except in times of illness
and stress (44). However, their adequate amounts in the diet are
very important under stress or body weakness conditions.
Arginine, as a key substrate for nitric oxide synthase, is responsible
for the production of nitric oxide, which is a very important
compound for blood pressure regulation and cardiovascular
health. In addition, arginine enhances the immune function of T
cells and supports wound healing by promoting collagen synthesis
and cell proliferation (44). Glycine, being a major component of
collagen, also takes part in its synthesis, supporting skin, joint,
and connective tissue health. Moreover, glycine contributes to
neurological balance and sleep regulation by acting as an
inhibitory neurotransmitter in the central nervous system (44).
Therefore, the significant increase in arginine (66-72%),
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TABLE 4 Free amino acid composition in mackerel FPH, % of total free amino acids.

Amino acids Control Control + AAP 300 W 300 W + AAP 500 W 500 W + AAP
Arginine 2.94 +0.59° 9.46 + 0.35" 10.3 +0.47 9.76 +0.61% 10.44 + 0.92° 8.66 + 0.45°
Asparagine 3.23£0.19° 16.67 +0.32° 6.25 + 1.5 13.69 +0.78¢ 7.82 £ 1.63¢ 11.76 +0.51¢
Glutamine 3.15+0.16° 1.18 £ 0.05° 2.75 + 1.06° 0.8 +0.04° 2.88 +0.57° 0.83 +0.16"
Serine 9.40 + 1.29° 1.66 £ 0.1° 2.65 + 0.42° 2.66 +0.21° 2.61+0.76 2,12+ 0.06"
Aspartic acid 2.16 £ 0.29 1.48 £0.11% 2.45+0.24° 1.95 £0.12* 2.35+0.16¢ 1.75 £ 0.05*
Glutamic acid 3.06 + 0.24° 3.45+0.17° 438 £0.24 431+027 4.04 £0.13 3.87 +0.08"
Threonine 1.67 £ 0.22° 1.43 £ 0.07°¢ 1.25 + 0.05% 2.05+0.15¢ 1.25 + 0.09% 1.68 + 0.04°
Glycine 5.43 + 045 8.38 + 0.44" 9.62 + 0.27° 10.15 + 1.03% 9.77 +0.37° 8.68 + 0.19"
Alanine 4.72 £0.07° 4.62 £0.07 3.32+0.16° 527 +0.43% 3.68 0.5 5.69 + 0.15¢
Proline 7.45 +0.97* 9.12 +0.39™ 11.55 +0.67¢ 5.7 + 3.42%%¢ 11.1 + 0.46° 8.75 + 0.22%¢
Methionine 3.59 +0.38° 2.11 +£0.04° 2.73 +0.06"% 2.97 £0.2¢ 3.01 +0.09* 3.2 +0.42%
Valine 4.56 + 0.58" 2.6+0.12° 3.57 £0.22% 2.91+£0.32° 3.99 + 0.07% 4.32 +£1.04°
Phenylalanine 3.44 +£0.25% 4.69 £1.94° 2.03+0.1% 4.88 +0.68" 2.45+0.18" 2.86 +0.38°
Isoleucine 2.74 +0.22%¢ 4.85 +2.12% 2.82 +0.13%¢ 6+ 1.83¢ 2.97 £0.19® 3.52 +0.09%
Leucine 11.92 + 0.22° 9.06 + 1.09° 11.05 + 0.44* 9.19 +0.61° 1212 £ 0.17° 9.96 + 0.16"
Cystine 1.05+0.23 nd nd nd nd nd
Histidine 11.28 + 0.76* 16.61 +2.32° 7.17 +1.86 15.19 + 1.61% 5.55+2.07¢ 18.17 = 1.01°
Lysine 11.22 +0.98° 1.33+£0.5" 9.91 + 1.56° 1.43 +0.49" 9.74 + 1.46° 2.87 +0.49°
Tyrosine 7 +0.26° 1.28 +0.11° 6.2 +1.99° 1.12+0.13° 4.23+0.37° 1.3+0.32°
Bitter FAA* 38.42 +2.51° 37.05 +3.32° 37.08 £ 1.19° 36.9 + 4.37° 39.32 +£0.61° 3831 +1.52°

* Free amino acids giving bitterness: methionine, phenylalanine, valine, isoleucine, leucine, and proline (15). Mean values + standard deviation are shown. Different letters indicate significant

differences (p < 0.05).

asparagine (48-81%), and glycine (35-47%) in all FPH samples
compared to control after AAP and US treatment represents a
positive factor. However, at the same time, both the use of AAP
and US treatment led to a significant decrease in serine and
cystine. Proportion of lysine and tyrosine has also dropped after
AAP and US treatment but insignificantly. Serine and lysine have
shown antioxidative effects (45), and in our study, the drop in the
free amino content of serine in all experimental FPH was the
highest (72-83%) compared to control. The reduction in free
lysine content was also the biggest for FPH samples (300 W + AAP
(88%), 500 W (87%), and 500 W + AAP (74%)). The proportion
of tyrosine also decreased drastically in these FPH samples, as
follows: 300 W + AAP (82%), 500 W (84%), and 500 W + AAP
(81%). However, there was no significant difference in the
proportion of hydrophobic free amino acids responsible for bitter
taste (15) between control and experimental FPH samples in our
study. There are many factors influencing this variation in
FAA. The FAA profile is known to differ due to enzyme used, the
time, and the degree of hydrolysis (46). In addition, the US
treatment generates heat and cavitation effect, affecting the
conformation and structure of the peptides. This explains why the
liberation of free amino acids was affected in different ways in
experimental FPH samples, thereby affecting the differences in
free amino acid distribution. However, more research is needed to
understand why the proportion of the specific FAA changed after
both AAP and US treatment.

Frontiers in Nutrition

3.8 Color parameters of mackerel FPH

Color parameters represent one of the key sensory attributes in
consumer acceptability and successful commercialization of protein
hydrolysates. Previous studies have shown that lighter-colored FPH
are better perceived by consumers because they are commonly
associated with freshness compared to darker FPH (47).

According to the results of color parameters of mackerel FPH
displayed in Table 5, there was a significant increase in lightness
(L*-values) for FPH samples treated at 300 W, 300 W + AAP, and
500 W compared to control. At the same time, it was a significant drop
in redness (a*-values) in FPH treated at 300 W and 500 W compared
to control. The same effect of US treatment on lightness and redness
of FPH extracted from Atlantic mackerel side streams was observed
in our previous study (12). We hypothesize that this effect is related to
the changes in secondary structure of peptide molecules due to the
cavitation effect of US treatment resulting in a shift of the absorption
peaks of light toward higher wavelengths increasing lightness of FPH
(48). However, at the same time, the use of AAP led to a significant
(p < 0.05) drop in lightness and increase in redness in all experimental
FPH compared to AAP-untreated samples. Taking into account the
severe drop in free tyrosine content in all AAP-treated FPH samples
(Table 4), we hypothesize that the darker color of these hydrolysates is
associated with oxidation of tyrosine (49). Regarding yellowness of
FPH, a significant (p < 0.05) increase in b*-values was observed only
for FPH samples after US treatment at 300 W and 500 W compared
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TABLE 5 Color parameters of mackerel FPH.

Color Control Control + AAP 300 W 300 W + AAP 500 W + AAP
parameters

L#-value 52.93 +0.98 50.75 +0.18° 61.05 + 0.35¢ 54.49 + 0.30° 60.30 + 0.66" 52.85 + 1.07*
a*-value 0.78 + 0.40° 1.24 +0.36" —2.06 + 0.03¢ 0.15 + 0.09¢ —0.78 +0.19° 1.28 +0.38
b*-value 17.07 + 1.31° 18.68 + 1.31° 20.26 +0.22° 19.25 + 0.73% 19.76 + 0.18% 20.72 +0.63°

Mean values + standard deviation are shown. Statistical analysis was performed by two-way ANOVA. Different letters indicate significant differences.

to control. This phenomenon is probably related to the US-induced
oxidation of lipids rich in polyunsaturated fatty acids which are
present in FPH samples (Table 1) due to high temperatures and micro-
streaming/turbulence eddies formed during cavitation (50), as well as
free radicals generated by sonication in the aqueous phase during
cavity collapses (51).

4 Conclusion

The study has shown that physicochemical characteristics of FPH
obtained from Atlantic mackerel side streams can be effectively
improved through both single and combined post-treatments
involving ultrasonication at 300 W and 500 W and enzymatic
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distribution of small peptides and decreased proportion of medium-
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by increasing the proportion of essential amino acids in all but
500 W + AAP samples compared to control. Despite these
improvements, there was no significant difference in the proportion
of hydrophobic free amino acids responsible for bitterness. However,
ultrasonication significantly enhanced color characteristics of FPH
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treatment shows promise in improving quality parameters of mackerel
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Further investigations on the use of different enzymes together with
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should be performed to improve quality parameters of FPH.
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