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Valorization of Skipjack Tuna (Katsuwonus pelamis) By—products: Recovery

of Lipids and Protein Using Supercritical COz and Subcritical Water Extraction

Ye—Ryeon Shin

Department of Food Science and Technology, The Graduate School,

Pukyong National University

Abstract

Skipjack tuna (Katsuwonus pelamis) serves as the primary raw material for
processed fishery products. By —products produced during fishing and pro—
cessing make up roughly 50% of the raw material. However, the disposal and
processing of these by —products can lead to adverse environmental impacts.
Therefore, this study aimed to extract lipids and proteins from skipjack tuna
by—products (including the head, viscera, and skin) using innovative and en—
vironmentally friendly methods of supercritical carbon dioxide and subcritical
water. Oil was extracted utilizing supercritical carbon dioxide with fixed con—
ditions of 55C temperature and 30 MPa pressure. Phospholipids were then
continuously extracted using degreased powder and a co—solvent of ethanol
and supercritical carbon dioxide, at a temperature of 40C, a pressure of 30
MPa, a carbon dioxide flow rate of 6 mL/min, and a co—solvent flow rate of
10% of the carbon dioxide flow rate. The protein was recovered from de —oiled
powder using subcritical water hydrolysis, and then extracted and compared
at a temperature between 160 and 240C. The pressure was maintained at 3
MPa for 15 min with a ratio of 1:50 (w/v). The skin oil (SO) extracted from
skipjack tuna had the highest oil yield at 31.18% £ 0.59%. In contrast, the
head oil (IHO) and viscera oil (VO) resulted in 14.20% = 0.67% and 13.79%
+ 1.05% oil, respectively. Phospholipid yields varied by body part, with the
head yielding the highest net phospholipid content at 3.24%, 2.47%, and 1.68%,
respectively. A qualitative and quantitative analysis was conducted using the
3P NMR spectrum of phospholipids. The major classes identified were phos—
phatidylcholine (PC), phosphatidylethanolamine (PE), and lysophosphatidyl—
choline (LPC), with PC accounting for more than 70% of the major classes.
Palmitic acid, oleic acid, and docosahexaenoic acid (DHA) have been identified
as the primary fatty acids found in lipids. These fatty acids account for 28.26%,
15.74%, and 30.02% of w—3 in oil and 7.89%, 15.82%, and 19.91% of phos—
pholipids, respectively. Additionally, the sample contained fatty acids. Retinol
was detected at 1.06 = 0.02 mg/100g solely in the viscera oil, while tocoph—
erol, a major vitamin, was found in both the oil and phospholipids. In the oil,
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y —tocopherol measured 29.73 £ 0.13 mg/100g, 17.88 = 0.02 mg/100g,
and 76.57 £ 0.84. mg/100g, and in the phospholipids, it was 25.98 = 0.12
mg/100g, 18.90 = 0.11 mg/100g, and 19.49 £ 0.09 mg/100g. Additionally,
thermogravimetric analysis indicated that the oil exhibited excellent thermal
stability, as it experienced simple weight reduction. The extraction yield of
skipjack tuna hydrolysate increased as the temperature rose, with the highest
vield obtained in the viscera hydrolysate (VH) at 90.17% * 0.96%. The pro—
duction of Maillard reactants increased with the increasing temperature, as
confirmed through the Maillard reaction products (MRPs) results. The study
indicates that as temperature increased, the total sugar content generally de—
creased. The sugar content varied between 6.44 £ 0.22to0 13.34 £ 0.67 mg
glucose/g dried sample, 12.81 £ 0.20 to 55.19 £ 0.82 mg glucose/g dried
sample, and 6.34 = 0.11 to 13.69 = 0.49 mg glucose/g dried sample. The
highest reducing sugar content was observed at 200C for the head hydroly—
sate (HH), with 8.87 = 1.09 mg glucose/g dried sample, at 220TC with 23.62
+ 2.04 mg glucose/g dried sample, and for the extract of the VH and SH with
7.95 £ 0.43 mg glucose/g dried sample. The content decreased as the
temperature increased. SDS—PAGE confirmed that the molecular weights of
75 KDa, 63 KDa, and 35 KDa were mainly reduced to low molecular weight
compounds above 200C at each parts. The total protein content in all parts
exhibited a decreasing trend, with the highest values observed at 200T
(219.86 = 2.26 mg BSA/g dried sample, 297.36 = 2.17 mg BSA/g dried
sample, and 265.88 £ 0.85 mg BSA/g dried sample). Upon analysis of the
amino acid composition of the 200C hydrolysates with the highest protein
content, the primary constituent amino acids were found to be leucine, glutamic
acid, glycine, arginine, and alanine. Additionally, histidine and taurine were
marked as the main free amino acids. A variance in content was observed in
comparison to raw sample. The antioxidant activity of the hydrolysate
increased with temperature, reaching its highest levels at 240 C, specifically
at 52.21 = 1.05 mg Trolox/g dried sample, 80.30 = 1.70 mg Trolox/g dried
sample, and 68.28 * 7.19 mg Trolox/g dried sample. Progressively higher
antidiabetic activity also occurred as the temperature increased. The ICsg
values for a —glucosidase inhibition were 6.38 £ 0.09 mg/ml, 2.08 £ 0.17
mg/ml, and 5.18 *= 0.14 mg/ml at 240TC, respectively. The VH displayed the
highest level of activity when contrasted with extracts from other parts. Anti—
inflammatory activity also showed maximum activity at 240 C, and the highest
activity was shown in the VH. Based on the study findings, skipjack tuna is
deemed a viable raw material for both the food and pharmaceutical industries.
Supercritical carbon dioxide and subcritical water extraction techniques were
identified as critical data that will enable researchers and industry experts to
selectively use it in future studies. It is highly likely that the use of skipjack
tuna will continue to expand in these fields.
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I . Introduction

Skipjack tuna (Katsuwonus pelamis) is a species belonging to the
mackerel family. The scientific classification of skipjack tuna is shown
in Table 1. As shown in Figure 1, It is characterized by its long, cylin—
drical body, with scales primarily found on the chest and lateral lines.
The dorsal side exhibits a deep blue color, while the ventral side is
silver in appearance. This species features 4 to 6 dark bands run lon—
gitudinally on its body, appearing as disjointed dark spots when alive
(Collette & Nauen, 1983). Spawning of skipjack tuna occurs throughout
the year in equatorial waters, whereas in subtropical regions, it pre—
dominantly takes place from spring to early fall, with the duration of the
spawning season decreasing as one moves away from the equator
(Matsumoto et al., 1984). Fertility in skipjack tuna is size dependent,
with the number of eggs per season ranging from 80,000 to 2 million
for females measuring between 41 to 87 cm in length. This species
primarily feeds on a variety of fish species, crustaceans, and mollusks.
Skipjack tuna is well—known for its pelagic nature and extensive mi—
gratory patterns. It is commonly found in tropical and subtropical wa—
ters across all the world's oceans, with a significant catch occurring in
the western North Pacific, particularly in the Pacific (Mugo et al., 2010).
According to data from the National Statistical Office, skipjack tuna
production has exhibited fluctuations over the years, increasing from
173,333 metric tons in 2011 to 290,302 metric tons in 2019, but sub—
sequently declining to 202,303 metric tons in 2022. Domestic import
and export volumes of skipjack tuna remained relatively stable, ranging

from 160,336 (M/T) in 2011 to 169,468 (M/T) in 2019. However,



there was a significant decrease to 100,040 (M/T) in 2022 (MOF,
2022). Skipjack tuna is predominantly processed into bonito flakes
known as katsuobushi, which are widely used in soup dishes and canned
products. Skipjack tuna contributes to more than 55% of all canned fish
products (Kenneth, 2010). Nevertheless, a significant portion of skip—
jack tuna by —products, including fish bones, heads, scales, viscera, and
skin, have traditionally been processed into low—value fishmeal for an—
imal feed or treated as waste (Zhang et al., 2019). However, there is a
growing interest in extracting and utilizing valuable nutrients from
these by —products, such as fish oil, protein, collagen, gelatin, and en—
zymes. Furthermore, attention is now being directed towards the en—
vironmental impact of the underutilization and disposal of substantial
by—product quantities, making research in this area increasingly sig—
nificant.

The research on skipjack tuna by —products has encompassed a va—
riety of investigations, including the purification and characterization of
trypsin from skipjack tuna spleen (Klomklao et al., 2007), enzymatic
hydrolysis of skipjack tuna viscera (Klomklao & Benjakul, 2017), iso—
lation of gelatin from skipjack tuna skin, and the characterization of acid
and pepsin soluble collagen from the spine and skull of skipjack tuna
(Shyni et al., 2014). Additionally, studies have focused on oil extraction
from skipjack tuna eyeballs using wet rendering (Pudtikajorn &
Benjakul, 2020), purification and characterization of lectins from skip—
jack tuna eggs (Jung et al., 2003), evaluation of the antibacterial func—
tion of antimicrobial peptides isolated from skipjack tuna liver (Seo et
al., 2014), and the analysis of antioxidant peptides obtained from
hydrolysates of skipjack tuna protein (Wang et al., 2022), among others.
Fish is recognized as a valuable source of various functional biomateri—
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als, including polyunsaturated fatty acids (PUFA), polysaccharides,
phospholipids, minerals, vitamins, antioxidants, enzymes, and bioactive
peptides. Proteins, in particular, assume a pivotal role and have gar—
nered significant interest due to the potential of protein hydrolysates
in enhancing the functional attributes of natural proteins. These hy—
drolysates have found applications in cosmetics, medicine, food, and
nutrition (Villamil et al., 2017). Marine by —products, such as skin, in—
testines, and blood resulting from marine processing, contain significant
protein content and offer a promising source of bioactive peptides. The
biological activity of these peptides is closely linked to their amino acid
composition and sequence. Numerous fish species, including smelt,
herring, yellowfin tuna, salmon, grass carp, white lotus, flounder,
snakehead, mackerel, pollack, and tilapia, have been shown to possess
notable biological activities, such as antioxidant, antihypertensive, im—
munomodulatory, and antibacterial properties, as demonstrated in mul—

tiple studies (Abuine et al., 2019; Chalamaiah et al., 2012).



Table 1. Scientific Classification

Scientific Classification

Kingdom Animalia
Phylum Chordata
Class Actinopterygii
Order Scombriformes
Family Scombridae
Genus Katsuwonus
Species K. pelamis




Figure 1. Body structure of Skipjack tuna (Katsuwonus pelamis).



The health benefits associated with fish consumption are primarily
attributed to its abundant protein content, essential unsaturated fatty
acids, minerals, and vitamins. Notably, fish oil, rich in polyunsaturated
fatty acids (PUFA), particularly @ —3 PUFA, has drawn significant at—
tention. Skipjack tuna is recognized for its high levels of w—3 fatty
acids, such as Docosahexaenoic acid (DHA) or Eicosapentaenoic acid
(EPA). Over the past few decades, the pharmaceutical and food indus—

tries have shown a growing interest in the potential advantages of DHA
and EPA intake (Garcia—Moreno et al., 2014). These fatty acids are

kn—own to promote cardiovascular health and alleviate inflammatory
conditions like asthma, eczema, and Crohn's disease (Pike & Jackson,
2010).

Phospholipids (PLs) are essential amphipathic compounds charac—
terized by a hydrophilic head and a hydrophobic tail. They serve as
critical components of cell membranes and, due to their unique emul—
sifying properties and physicochemical characteristics, are widely uti—
lized as effective dispersants, stabilizers, or emulsifiers in the food,
cosmetics, and pharmaceutical industries (Haq et al., 2021). The most
common PLs structures involve those with a glycerol backbone, sphin—
gomyelin, and alkoxy glycerol based PLs with a fatty chain linked by an
ether bond at the sn—1 position of the glycerol skeleton. Glycerol PLs
exhibit a shared structure consisting of two fatty acid (FA) molecules
esterified at the sn—1 and sn—2 positions of the glycerol moiety, form—
ing a hydrophobic segment. The sn—3 position of a glycerophospholipid
molecule contains a phosphate group bound to a hydrophilic residue,
contributing to the molecule's overall hydrophilicity (Lordan et al.,

2017). The major PLs, including phosphatidylcholine (PC), phosphati—



dylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylser—
ine (PS), are identified based on this sn—3 position. Marine phospho—
lipids (MPLs) primarily consist of PLs containing DHA or EPA and are
gaining significance in food industry research (Hamadou et al., 2020).
MPLs readily integrate into cell membranes and plasma lipoproteins,
including high—density lipoprotein (HDL). Consequently, they not only
exhibit superior bioavailability of @ —3 polyunsaturated fatty acids but
are also associated with a range of health benefits, such as the relief of
symptoms related to rheumatoid arthritis and the reduction of the risks
of developing cardiovascular, central nervous system, cancer, diabetes,
and coronary heart diseases (Lordan et al., 2020).

Supercritical fluid (SCF) is a unique substance that exhibits distinct
properties when subjected to temperatures and pressures exceeding
its critical point. At such conditions, SCF displays characteristics that
fall between those of gases and liquids, with lower density and viscosity
compared to traditional liquids, and diffusion properties similar to gases.
One of the major advantages of SCF is its ability to extract organic
compounds from matrices without relying on conventional organic sol—
vents, making it a cost—effective and safe alternative for extraction.
The commercial use of SCF was initially observed in applications such
as hop extraction and coffee decaffeination. It is primarily employed in
the extraction of natural products like essential oils and lipid products
and can also be used for concentration purposes (Clifford & Williams,
2000). As can be compared through the critical conditions for various
solvents in Table 2, carbon dioxide (CO3) is the most commonly utilized
fluid for supercritical fluid extraction, mainly due to its lower critical
conditions (31C and 7.4 MPa) compared to other fluids (Table 2).
Supercritical carbon dioxide (SC—CO3) offers numerous ecological and

7



practical advantages over traditional extraction methods (Haq et al.,
2021). Because it doesn't require high temperatures during the
extraction process, SC—CO: is well suited for obtaining high—quality
oil from fish by —products while minimizing the oxidation of @ —3 fatty
acids (Franklin et al., 2020). In addition, it is colorless, non—toxic,
non—flammable, excellent in recovering samples at low cost, has no
residual solvent after extraction, and is a process with excellent
stability and economic efficiency with the advantage of being able to
reuse CO2 (Jeong et al., 2021; Turner et al., 2001). SC—CO: can also
be applied to extract PLs. Traditionally, PLs have been extracted using
organic solvents like ethanol, dimethyl ether, chloroform, and hexane,
which can have adverse effects on the environment and consumer
health (Hag et al., 2018). However, as PLs are protic substances,
effective extraction with CO3 alone can be challenging. To address this
issue, PLs can be recovered by introducing a polar cosolvent into SC—
COq, improving density, diffusivity, viscosity, and solubility. This, in
turn, reduces interfacial tension and viscosity, enhancing the mass
transfer rate (Jessop & Subramaniam, 2007). When considering food
safety and consumer health when selecting a co—solvent, ethanol can
be used as a suitable alternative to meet these conditions, so ethanol
was used as a co—solvent in this study.

Subcritical water extraction (SWE) involves using water as a solvent
within a temperature range between the boiling point at 1 bar (1007C)
and the critical point at 220 bar (374°C). The phase diagram of a sub—
stance with critical temperature and critical pressure is shown in Figure
2. This process is considered eco—friendly because it enables the ex—
traction of a variety of bioactive compounds without compromising the
quality of the extract (Chun et al., 2022). In the subcritical state, water

8



exhibits unique properties, including an increase in ionic products, three
times higher than those under environmental conditions, resulting in
changes in the hydrogen bond structure. This increase in ionic products
facilitates the formation of hydronium (H30%) and hydroxide (OH") ions,
making it suitable for recovering various bioactive materials, such as
proteins (Chang et al., 2022; Haque et al., 2023). Additionally, it can
dissolve organic substances that are typically insoluble in regular water,
allowing the extraction of valuable substances and reducing their mo—
lecular weight. As water is a safe solvent, there is no need to remove
it from the final product, making it a viable alternative to traditional
solvent—based extraction methods.

Therefore, the study attempted to utilize sustainable and eco—
friendly processes of subcritical water and supercritical carbon dioxide
extraction to obtain valuable compounds such as lipids and amino acids
from the by —products of skipjack tuna. The results of this research are
expected to provide valid data to the food and pharmaceutical industries
by indicating the potential to enhance the added value of skipjack tuna

by—products.



Table 2. Critical properties of various solvents (Cansell et al., 1999)

Critical Critical Critical

Fluid temperature pressure density

(T) (MPa) (g/cm?)
Carbon dioxide 31.2 7.38 468
Ammonia 132.4 11.29 235
Water 374.1 22.10 317
Ethylene 9.5 5.06 220
Ethane 32.5 4.91 212
Propane 96.8 4.26 225
n—Pentane 196.6 3.37 232
Cyclohexane 279.9 4.03 270
Methanol 240.0 7.95 275
Ethanol 243.1 6.39 280
Isopropanol 235.6 5.37 274
Acetone 235.0 4.76 273
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[I. Materials and methods

1. Materials and chemicals

Dongwon Fisheries Co. Ltd, located in Busan, South Korea, generously
supplied skipjack tuna samples. These samples were categorized into
different parts including the head, viscera, and skin. Subsequently, they
were freeze—dried, stored at —407C, and blended using a blender. Food
grade carbon dioxide (99.5% pure) and nitrogen gas were purchased
from KOSEM (Saha—gu, Korea). All other reagents and standards were

analytical or high—performance liquid chromatography (HPLC) grade.

2. Analysis of proximate compositions

Proximate composition analysis was conducted on skipjack tuna by —
products using the AOAC official methods in accordance with our prior
study. The carbohydrate content was calculated by subtracting the re—
maining constituents (moisture, crude fat, crude protein, and ash) from
the total content of 100%.

To determine moisture content, 3 g of the powdered sample were
placed in a weighing dish with a known constant weight and dried at
100C until a consistent weight was achieved.

Crude fat analysis was carried out using a Soxhlet extractor, where 5
g of the powdered sample were covered with cotton wool using a cy—

lindrical filter paper. Lipids were extracted at 85C for 30 h with 100
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mL of n—hexane. The n—hexane was subsequently removed at 45C
using a rotary evaporator (Eyela N—1100, Rikakikai, China), and the
crude lipid content was determined.

For the analysis of crude protein, the micro—Kjeldahl method was
employed. This involved combining 20 mL of sulfuric acid and a de—
composition accelerator (CuS04:K2S0y4, 1:4) in a Kjeldahl flask with 1
g of the powdered sample. A Kjeldahl decomposition device (Digestion
Unit K—425, BUCHI, Switzerland) was used for this purpose. The ni—
trogen content was determined by multiplying the sample weight by the
nitrogen conversion factor (6.25).

The ash content was determined by heating 1 g of the powdered sam—
ple in a pre—weighed crucible in a muffle furnace at 550C until an off—

white ash was obtained.

3. Oil extraction using supercritical carbon dioxide (SC—CQ2)

Oil extraction from freeze—dried raw sample using supercritical car—
bon dioxide (SC—COQ.) extraction equipment. The system was equipped
with a carbon dioxide (CO2) pump, a cooler for liquefaction, a heat ex—
changer for temperature control, a separator, a back pressure regulator
(BPR) valve, and a needle valve. The extraction parameters, based on
the optimal conditions as determined by Park et al. (2022), were set at
a temperature of 55C and a pressure of 30 MPa. To prevent sample
leakage, 50 g of freeze—dried sample was placed inside the 200 cm”
extraction vessel. To prevent sample leakage, defatted filter papers
were positioned above and below the sample, and the vessel was sealed.

13



CO2 gas was then injected to reach the desired pressure, initiating the
extraction process. The flow rate of CO2 was maintained at a constant
27 g/min, and the extraction procedure lasted for a duration of 2 h. The
extracted oil was subsequently stored in a dark environment at —407C

until it was utilized in the subsequent analyses.

4. Phospholipid extraction using SC—COQO2z with ethanol as
co—solvent

The de—oiled skipjack tuna (DST) powder obtained from the labora—
tory—scale SC-COz extraction was used for phospholipid (PLs) ex—
traction using the same extraction system with ethanol as co—solvent.
A schematic diagram of the extraction system is shown in Figure 3.
The system was equipped with a CO2 pump, an ethanol delivery pump
and column oven, as well as a back pressure regulator. The extraction
conditions comprised a temperature of 40C, a pressure of 30 MPa, an
SC—-CO:s: flow rate of 6 mL/min, and a co—solvent flow rate equivalent
to 10% of the SC—CO; flow rate, with a fixed extraction duration of 2
h. The ethanol—PLs mixture underwent ethanol evaporation using a ni—
trogen concentrator (NDK200—2N, Hangzhou Miu Instruments Co.,
Ltd., China). The resulting sample was stored in a dark environment at

—40C until further analysis.
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5. Lipids properties analysis

5.1. Measurement of lipid yield and purity

The percentage of obtained from DST samples was used to express
the yield of PLs. To evaluate the purity of the PLs, a colorimetric
method by Stewart J. C. M. (1980) was employed. For sample prepa—
ration, 10 mg of the extracted PLs from skipjack tuna were dissolved
in 1 mL of chloroform. Subsequently, 100 gL of the sample solution,
800 uL of chloroform, and 100 gL of a mixed solution containing fer—
ric chloride (27 g/L) and ammonium thiocyanate (30 g/L) (ina 1:1, v/v
ratio) were added to a 2 mL microcentrifuge tube. The tube contents
were thoroughly mixed for 1 min. The tube was then centrifuged in a
microcentrifuge (MAXpin C12—mt, DAIHAN Scientific Co. Ltd., Korea)
at 10,000 g for 15 min, and the lower phase was carefully transferred
to a UV/Vis glass cuvette. The absorbance was measured at 488 nm
using a Shimadzu UV mini—1240 spectrophotometer in Kyoto, Japan.
The PC standard curve was generated by utilizing a commercial PC
standard (Sigma—Aldrich Inc. located in St. Louis, MO, USA), which
was set to a concentration range of 0—1 mg/mL. The net PLs content of
the extracted lipids was calculated using the following equation, which

was adapted from the work of Hag M. (2018) (Haqg et al., 2018).

) (Amount of PL in the polar lipids)
PL yield (%) = (Dried biomass) x 100
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5.2. Phospholipids (PLs) quantification by P NMR

Qualitative and quantitative analysis of each PLs region extracted
through SC—CO2 was conducted via phosphorus—31 nuclear magnetic
resonance (*'P NMR) analysis using the JNM ECZ—400 MHz instru—
ment from JEOL, Ltd., based in Tokyo, Japan. Commercial soybeans
and egg yolk lecithin served as standard materials. The methodology
was adapted from Yao L. (2010) with some modifications (Yao & Jung,
2010). To prepare the samples, a solution of Cs—EDTA (0.2 N, pH 8.5)
was obtained by adjusting the pH to 8.5 using CsOH in 0.2 N EDTA.
Approximately 80—90 mg of the sample and 5 mg of triphenyl phos—
phate (TPP) were added. In addition, 1 mL each of chloroform—d,
methanol, and Cs—EDTA (0.2 N, pH 8.5) were included. The mixture
was vigorously stirred, and the lower phase was passed through a 0.20
¢#m hydrophilic syringe filter after filtration. Once filtered, it was
transferred to a 5 mm NMR tube. The NMR acquisition parameters
were set to Scans = 400, sweep width = 6500 Hz, relaxation delay =
10 s, excitation pulse = 45° | temperature = 25 TC, and data
points=32,768. The TPP had a chemical shift of —17.8 ppm, and each
PL compound was referenced to it. Individual quantification of PL was
performed using JEOL Delta version 6.2.0 (JEOL, Ltd., Tokyo, Japan)

based on the following equation.

number of phosphorus (TPP)

Phospholipid (PL) = Integral X X Conc. (TPP)

Number of phosphorus (PL)

5.3. Oil color analysis
17



The color of lipids extracted using SC—CO32 was assessed using a col—
orimeter (Lovibond RT series, The Tintometer Ltd, Amesbury, UK).
The results were expressed in the form of three—dimensional coordi—
nate values consisting of L", a, and b". L" indicates brightness (ranging
from O to 100), a” indicates the extent of redness (+a") and greenness
(—a"), and b" indicates the degree of yellowness (+b") and blueness (—
b"). The standard plate values were the following: L" = 94.61, a* = —
1.03, and b" = —0.20.

5.4. Fatty acids composition analysis

The lipids obtained through SC—CO:z extraction were subjected to
analysis using a Gas Chromatography (GC) device (6890N, Agilent
Technologies, Inc., CA, USA). Fatty acid methyl esterification (FAME)
was performed in accordance with the AOCS official method Ce 2—66
(1998) (AOCS, 1998). The sample were mixed with 2 mL of a 0.1%
hexane solution containing Ci17 (heptadecanoic acid) and 3 mL of 0.5 N
NaOH methanol solution. The mixture was stirred and then heated to
75T for 45 min. After cooling at room temperature for 10 min, 3 mL
of boron trifluoride (BF3) were added. The mixture heated to 75C for
an additional 20 min. It was cooled once more at room temperature for
10 min. A further 3 mL of hexane for HPLC and 1 mL of 10% NaCl were
added. The supernatant was then filtered using a 0.20 xm hydrophobic

syringe filter. GC operating conditions are shown in Table 3.
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Table 3. Gas chromatography operating conditions for fatty acid

analysis
Parameter Conditions
Instrument Agilent 6890N GC System
Split Splitless
Inject Temperature 2507C
Carrier Gas & Flow Rate He, 0.5 mL/min

140C (5 min) — 4C/min for 25 min —

Oven Condition 240°C (17 min)

Detect Temperature 260C
Supelco sp. 2560, capillary column

Column Fused silica Capillary 100 m X250 £mXx0.2
#m film thickness
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5.5. Analysis of fat—soluble vitamins

The fat—soluble vitamins extracted from lipids using SC—CO:. were
subjected to analysis via HPLC, with modifications based on the method
by Park J. S. (2022) (Park et al., 2022). Specifically, Vitamins A
(Retinol) and E (Tocopherol) were the focus of analysis. The proce—
dure involved mixing 1 g of lipid with 1 mL of a 10% pyrogallol—ethanol
solution and 3 mL of a 90% potassium hydroxide solution. The flask
was then partially immersed in a 95°C water bath, with a reflux con—
denser employed for saponification over a period of 30 min. Following
the reaction, the mixture was rapidly cooled to room temperature. The
petroleum ether layer was separated by washing with a mixture of dis—
tilled water and petroleum ether, followed by a wash with sodium sul—
fate. The petroleum ether layer was subsequently evaporated using a
nitrogen concentrator. The resulting dried product was dissolved in
chloroform, diluted with propanol, and filtered through a 0.45 gm sy—
ringe filter before analysis. HPLC conditions for each vitamin are de—

tailed in Table 4.
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Table 4. Analytical conditions of vitamin A, E by HPLC

Parameters Vitamin A & E
Wavelength 298 nm
Oven temperature 30T
Mobile phase M(;CS)H SVZ?\E()H
Flow rate 0.5 mL/min
Column YMC Carotenoid 5 g#m Csp (4.6x250 mm)
Injection volume 10 p¢L
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5.6. Thermalgravimetric analysis (TGA)

TGA of lipids extracted by SC—CO3z was conducted using a thermo—
gravimetric analyzer (Discovery TGA 55, TA Instruments, DE, USA).
The sample underwent heating from room temperature to 700C under
N gas, at a rate of 10°C/min, with Ny injected at a rate of 50 cm®/min.
Approximately 5 mg of the sample was utilized for the analysis. The
heating process involved ramping from room temperature to 700C un—
der N3 gas, maintaining a rate of 10C/min, and concurrent injection of

Ny at a rate of 50 em®/min.

6. Subcritical water hydrolysis (SWH)

The sample utilized was skipjack tuna powder from which lipids were
removed after SC=CO» extraction. Skipjack tuna hydrolysate (STH)
was obtained using subcritical water extraction equipment made of
Hastelloy 276 (Phosentech, Korea. The equipment, as illustrated in
Figure 4, comprised a 500 cm® batch—type reactor, a thermometer,
pressure gauge, heating and cooling system, and stirrer. The extraction
was conducted using 6 g of sample and 300 mL (1:50, w/v) of distilled
water. The mixture was sealed in a reactor and maintained at an initial
pressure of 4 MPa with nitrogen gas. The stirring speed was held at
150 rpm. Once the temperature of the extraction zone reached 160°C
to 230°C, the reaction ran for 15 min. The STH extracted was filtered
through filter paper using a Vacuum Pump V—100 (manufactured by
BUCHI, Switzerland), and subsequently stored in a dark place at a
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temperature of —4 C. For further analysis, the STH underwent freeze—
drying and was stored in a dark location at —707C. After filtering, the
residue was thoroughly dried at 50 C, and the hydrolysis efficiency (%)
was calculated using the formula below.

1

Hydrolysis ef ficiency (%) = x 100

Where S is the weight (g) of the sample used in the experiment, and

the S is the weight (g) of the residue that is filtered after hydrolysis.
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7. Analysis of physicochemical properties of hydrolysate

7.1. Color analysis

The colorimetric measurement of STH was performed using the same

method as presented in Section 2.6.1.

7.2. pH analysis

The pH of the STH was measured using a pH meter (Orion Star A211,
Thermo Scientific, USA). Before measurement, the pH buffer solutions
(pH 4, pH 7, and pH 10) were calibrated to establish the standard val—
ues, and then the actual measurement of the samples was conducted.
All samples were repeated three times and the average value was cal—

culated.

7.3. Maillard reaction products (MRPs) measurements

The Maillard reaction products of STH were analyzed following the
method outlined by Jeong Y. R. (2021) (Jeong et al., 2021). The sample
comprised STH diluted five times with distilled water, and the absorb—
ance was promptly measured at 420 nm using a spectrophotometer

(Synergy HT, BioTek Instruments, Winousski, VT, USA). All samples
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were repeated three times and the average value was calculated.

7.4. Total sugar content measurements

The total sugar content of STH was analyzed according to the method
of Cho Y. J. (2019) (Cho et al., 2019). Add 2.25 mL of sulfuric acid and
0.45 mL of 40% phenol to a 15 mL tube containing 0.75 mL of STH and
react at 95C for 5 min. The absorbance was measured at 490 nm using
a spectrophotometer, and the spectroscopy was conducted at room
temperature. All samples were repeated three times and the average
value was calculated. Glucose (GE) (Sigma—Aldrich Co., Ltd.) was

used to create a standard curve.

7.5. Reducing sugar content measurements

The reducing sugar content of STH was determined using the 3,5—
dinitrosalicylic acid (DNS) colorimetric method, following the proce—
dure outlined by Cho Y. J. (2019) (Cho et al., 2019). For the prepara—
tion of the DNS solution, 5 g of DNS and 150 g of sodium potassium
tartrate (Rochelle salt) were dissolved in 400 mL of 0.5 N NaOH, and
distilled water was added to achieve a final volume of 500 mL. 4 mL of
DNS solution were mixed with 1 mLL of STH and reaction was reacted
at 95C for 5 min. Absorbance was measured at 540 nm using a

spectrophotometer, and all samples were analyzed in triplicate. Glucose
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(Sigma—Aldrich Co., USA) was used as the standard substance to

establish a calibration curve for quantification.

7.6. Total protein content measurements

The water—soluble protein content of STH was determined following
the method described by Park J. S. (2019) (Park et al., 2019). For the
preparation of solution A of Lowry's reagent, 0.4 g of NaOH and 2 g of
Na2CO3 were dissolved in 80 mL of distilled water and diluted to a final
volume of 100 mL. Solution B was prepared by dissolving 50 mg of
cupric sulfate and 0.1 g of potassium sodium tartrate in 8 mL of distilled
water. The final Lowry solution was obtained by combining solutions A
and B in a 50:1 ratio. The FC reagent was prepared by mixing 2 N FC
reagent and water in equal parts. Subsequently, 0.6 mL of STH was
mixed with 3 mL of Lowry solution, stirred, and allowed to react in the
dark for 20 min. Following the completion of the reaction, 300 xL of
FC reagent was added, stirred, and allowed to react in the dark for an
additional 35 min. The absorbance was then measured at 750 nm using
a spectrophotometer, and the entire procedure was repeated three
times. A calibration curve was generated using Bovine serum albumin

(BSA) from Sigma—Aldrich Co. as the reference material.

7.7. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) analysis
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To determine the molecular weight of proteins in STH, SDS—PAGE was
performed using an electrophoresis device (PowerPac Basic Power
Supply, BioRad, USA). The procedure was adapted from Jeong Y. R.
(2021), with modifications (Jeong et al., 2021). The gel consisted of a
12% resolving gel and a 5% stacking gel. The running buffer was pre—
pared by mixing 70 mL of Tris—Glycine SDS buffer (10X) with 700 mL
of distilled water. The sample was prepared by adding 0.5 mL of HPLC
water and 0.5 mL of loading buffer to 50 mg of the test material. The
mixture was then heated to 95Cfor 5 min and subsequently cooled in
an ice bath. A 5 gL volume of the sample was loaded into the Mini—
PROTEIN Tetra cell, and electrophoresis was conducted at 120 V for
1 h 30 min. The resulting gel was separated, stained in a staining buffer
for 1 h, and then destained in a destaining buffer. The Protein Ladder

(ab116028, Abcam) was used as the standard material.

7.8. Fourier transform infrared (FT—IR) spectrum analysis of
hydrolysate

FT—IR spectra were obtained using an FT—IR spectrometer (Jasco—
4100, Jasco Corporation, Tokyo, Japan) with a resolution of better than

0.15 cm~!in the range of 500—4000 cm™".

7.9. Amino acid analysis
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7.9.1. Constituent amino acids analysis

To analyze the amino acids in DST powder and STH, we followed the
method outlined by Henderson J. W. (2000) (Henderson et al., 2000).
Sample preparation involved mixing 0.1 g of the sample with 10 mL of
6 N HCl and digesting it at 110C for 24 h. Afterward, it was neutralized
with sodium hydroxide to adjust the pH to approximately 7.0. Subse—
quently, the sample was diluted with 50 ml of tertiary distilled water,
filtered through a 0.45 g m hydrophilic syringe filter, and subjected to
analysis using HPLC. The HPLC system comprised a Dionex Ultimate
3000 (pump, autosampler, oven, and ultraviolet [UV]; Thermo Fisher
Scientific, Waltham, MA, USA) system equipped with a 1260FL fluo—
rescence detector (Agilent, Santa Clara, CA, USA). Samples were sep—
arated using VDSpher 100 Cis—E (46.6 mm X 150 mm, 3.5 xm;
Opti—Lab, Munich, Germany) as the column. The mobile phase solvent
A was 40 mM sodium phosphate (pH 7), and solvent B was tertiary
distilled water:acetonitrile:methanol (10:45:45, v/v%). The analysis
time was 35 min, the column temperature was maintained at 40C, the
sample temperature was maintained at 20C, and 0.5 gL was injected.
The fluorescence detector detected OPA (o—phthalaldehyde) at Emis—
sion 450 nm and Excitation 340 nm, and FMOC (fluorenylmethyloxyca—

rbonyl chloride) at Emission 305 nm and Excitation 266 nm.

7.9.2. Free amino acids analysis
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To analyze the amino acids in DST powder and STH, we followed the
method outlined by Henderson J. W. (2000) (Henderson et al., 2000).
To quantify the concentration of free amino acids, 0.5 g of the sample
were combined with 7.5 mL of a 70% ethanol solution. The mixture was
sonicated for an 1 h and left at room temperature for 24 h. The resulting
solution was then filtered through a 0.20 g m hydrophilic syringe filter
and subsequently analyzed using HPLC. The HPLC analysis was con—
ducted under the same conditions as the constituent amino acids, and

free amino acids were detected through UV detection at 338 nm.

8. Physiological activity of hydrolysate

8.1. Antioxidant activities of hydrolysate

8.1.1. DPPH radical scavenging activity

The DPPH assay was conducted with slight modifications following the
procedure outlined by Cho Y. J. (2019) (Cho et al., 2019). For the as—
say, a 0.1 mM DPPH solution was prepared, and 100 gL of STH was
added to 3.9 mL of the solution. The mixture was stirred for 30 s and
left to react in the dark for 30 min. Measurements were taken three
times at a wavelength of 517 nm using a spectrophotometer. The DPPH
radical scavenging activity was expressed as mg Trolox equivalent

(TE)/g of dried sample, with the Trolox standard curve utilized
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(Sigma—Aldrich Co., USA).

8.1.2. ABTS" radical scavenging activity

The ABTS™ radical scavenging activity of STH was determined using
Jeong Y. R.'s (2021) method with some modifications (Jeong et al.,
2021). To prepare the ABTS" stock solution, equal volumes of 7 mM
ABTS solution and 2.45 mM potassium persulfate were mixed and kept
in the dark for 16 h. The resulting solution was then diluted with meth—
anol until an absorbance of 0.74 * 0.02 was obtained at 734 nm. For
analysis, 3.9 mL of ABTS" solution and 100 zL of the STH were mixed.
After stirring for 30 s, the solution was allowed to react in darkness for
6 min. The standard curve was constructed using Trolox (Sigma-—
Aldrich Co., USA). The ABTS" radical scavenging activity is expressed

as mg Trolox equivalent (TE)/g dried sample.

8.1.3. Ferric reducing antioxidant power (FRAP)

The ferric ion reducing power of STH was tested using the method of
Belwal T. (2016) (Belwal et al., 2016). The preparation of the FRAP
solution involved combining acetate buffer (pH 3.6) at a concentration
of 300 mM, a 10 mM TPTZ solution, and 20 mM FeCls - 6H20 in a ratio
of 10:1:1. On the day of testing, 2.85 mL of the freshly prepared FRAP

solution was mixed with 0.15 mL of the STH and incubated at 37C for
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10 min. Absorbance was measured at a wavelength of 593 nm with a
spectrophotometer, followed by the plotting of a standard curve using
Trolox (Sigma—Aldrich Co., USA). The FRAP activity was then re—

ported as mg Trolox equivalent (TE)/g of dried sample.

8.2. Antidiabetic activity

The antidiabetic activity of STH was evaluated through an in vitro
analysis of @ —glucosidase inhibitory activity. Initially, lyophilized STH
was diluted with potassium phosphate buffer (pH 6.8). Subsequently,
50 pL of the sample was mixed with 50 gL of 200 mM potassium
phosphate buffer and 0.2 U/mL « —glucosidase (dissolved in 200 mM
potassium phosphate buffer) and then incubated at 37°C for 10 min.
Following the incubation period, 100 L of 3 mM o —NPG was added,
and the mixture was further incubated at 37 C for an additional 10 min.
Absorbance was measured at 405 nm, and the inhibition rate was cal—
culated using the provided formula. To account for any potential impact
on the color of the sample solution, 50 gL of the sample was combined
with 200 mM potassium phosphate buffer and measured concurrently.
Acarbose was used as the standard substance, and the 1Cso value, rep—
resenting the sample solution's concentration required to achieve 50%
inhibition of enzyme activity, was calculated by diluting the sample so—
lution within the range of 0.1-20 mg/mL, following the same procedure

as described above.
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As_Ab

Inhibition (%) = (1 - ) X 100

c

where Ay is the color absorbance of the sample, A, is the control ab—

sorbance, and As is the absorbance of the sample solution.

8.3. Anti—inflammatory activity

The STH in vitro anti—inflammatory activity was determined, follow—
ing Chamika, W. A. S. (2021) (Chamika et al., 2021). The sample un—
derwent preparation as a 1% freeze—dried powder through SWE. Fresh
egg yolk albumin solution was created with 6.6% v/v (pH 6.4) of egg
yolk in PBS. 500 gL of sample had 2.5 mL of fresh egg yolk albumin
solution added. The mixture was incubated at 37C for 15 min, heated
at 70C for 5 min, and then cooled to room temperature. The absorb—
ance was then measured at 660 nm utilizing a spectrophotometer. Dis—
tilled water served as the control group, while aspirin (500 xg/mL)
was employed as the standard substance. The protein denaturation in—

hibition rate was calculated applying the subsequent formula.
ey Ac - As
Inhibition (%) = (A—> x 100
c

Where, Ac: 1s the absorbance of the control solution, and As i1s the

absorbance of the sample solution.
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9. Statistical analysis

The data presented in this study were expressed as the mean £
standard deviation of three measurements. All statistical treatments
were statistically analyzed by SPSS (version 27.0, SPSS Inc., Chicago,
IL, USA) using Duncan's multiple comparison analysis, where p < 0.05

was considered significant.
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[II. Result and Discussion

1. Proximate compositions of K. pelamis

The proximate compositions of freeze —dried raw sample and DST by
SC—COy are shown in Table 5. The proximate compositions of raw
sample, including its head, viscera, and skin, exhibited varying per—
centages of moisture (4.35% = 0.26%, 8.61% = 0.71%, 4.68% =
0.85%),ash (21.15% * 2.18%,14.81% = 0.15%,17.01% * 1.55%),
crude protein (44.94% £ 0.90%, 57.73% £ 0.96%, 43.75% =
0.41%), crude fat (16.07% * 0.74%, 19.00% * 0.46%, 34.78% =+
0.73%), and carbohydrate (11.39% + 0.72%, 0.89% * 0.05%, 0.87%
* 0.04%), indicating a high protein content. The protein content was
highest in the viscera, while crude fat content was highest in the skin.
The DST components, from which oil was removed using SC—COg,
contained moisture (1.99% * 0.24%, 1.89% * 0.19%, 1.51% =
0.12%) and ash (20.93% * 0.96%, 10.23% * 1.98%, 9.91% =
2.10%), crude protein (54.26% * 0.88%, 75.30% * 0.38%, 85.09%
+ 0.50%), crude fat (4.59% * 0.54%, 2.93% * 0.99%, 1.10% =+
0.26%), and carbohydrates (18.23% * 0.21%, 9.65% * 0.14%, 2.39
% * 0.25%). After removing the oil, the crude protein content of the
material relatively increased in this study, making it a suitable sub—

stance for lipid extraction and protein recovery.
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Table 5. Proximate compositions of K. pelamis by —products

Raw material (%)

After SC—CO; extraction (%)

Composition
Head Viscera Skin Head Viscera Skin
Moisture 4.35+0.26° 8.61+0.71¢ 4.68+0.85¢ 1.99+0.24° 1.89+0.19° 1.51+0.12°
Ash 21.15+2.18" 14.81£0.15¢ 17.01£1.55¢ 20.93+0.96" 10.23+1.98° 9.91£2.10
Crude Protein 44.94%0.90°  57.73%£0.96° 43.75%0.41* | 54.26+0.88? 75.30+0.38%°  85.09%+0.50°
Crude Lipid 16.07 +£0.74° 19.00+0.46" 34.78+0.73" 4.59+0.549 2.93+0.99° 1.10£0.26°¢
Carbohydrate 11.39+0.72¢ 0.89+0.05° 0.87+0.04° 18.23+0.21° 9.65+0.14" 2.39+0.25°

— Values are expressed as Mean £ SD (n=3).

— Different letters indicate significant differences (p<0.05).
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2. Yield and purity of K. pelamis lipids

The lipid extraction yield from different parts using SC—COs 1s dis—
played in Table 6. The raw sample oil yield was 14.20% = 0.67%
(Head oil, HO), 13.79% = 1.05% (Viscera oil, VO), and 31.18% =
0.59% (Skin oil, SO), with SO exhibiting twice the yield. Variations in
extraction conditions were observed to affect oil extraction yield during
SC—COg extraction. The density of SC=COs, which depends on the sol—
ubility of the solute in the solvent (Sarker et al., 2012), causes a com—
plex impact on temperature, pressure, and flow rate. Consequently,
differences in yield will occur depending on the extraction conditions.
Further research is required to analyze the yield differences by con—
dition. SC—=COg is efficient in the post—treatment process and time ef—
ficiency compared to organic solvents. Its low critical temperature
makes it oxidation stable during the extraction of heat—sensitive com—
pounds. Therefore, it is considered a suitable method for extracting oil
from skipjack tuna (Ishak et al., 2021). The extraction yields of PLs
using SC—CO> and co—solvent ethanol were 5.87% = 0.47% (Head
PLs, HP), 4.15% = 0.04% (Viscera PLs, VP), and 2.80% £ 0.44%
(Skin PLs, SP), respectively. PLs were not detected in the purity anal—
ysis of the extracted oil. However, the extracted PLs yielded at 58.53%
* 0.04%, 59.00% = 0.06%, and 54.09% £ 0.05%. Additionally, pure
PLs obtained by applying purity were 3.24%, 2.47%, and 1.68%, with
the highest yield obtained from the head. Fish brain is known to be rich
in PLs, consistent with Ahmmed M. K.'s (2021) research (Kreps et al.,
1975; Ahmmed et al., 2021). Haq and Chun (2018) found that SC—COy

extraction of PLs has high selectivity compared to conventional organic
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solvent extraction, which has lower purity. The use of SC—CO2 ex—
traction can produce high—quality PLs suitable for use in food. There—
fore, this extraction method is a suitable option.

The color of oil is a significant factor in food quality. It serves as a
crucial quality indicator for oil. The color measurement results for the
oil extracted using SC—CO; for each part are shown in the table (Table
7). Notably, the VO yielded a high a" value of 15.59 £ 0.33, displaying
a distinct red color. The L" values indicate that the oil is generally
brightly yellow with the highest value observed in the HO (53.99 =+
0.38, 42.99 £ 1.17, 43.84 = 0.73). Lee et al. (2022) reported that
oil extracted through SC—COy, a non—polar solvent that employs highly

selective CQOq, displays relatively yellow and bright characteristics.
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Table 6. Yield, purity content of lipid extracted from K. pelamis

Head Viscera Skin
Parameters
HO HP VO VP SO SP
Yield (%) 14.20£0.67° 5.87£0.47% 13.79£1.05° 4.15+0.04° 31.18£0.59? 2.80%£0.44°
Purity (%) 58.53+0.04° N.D 59.00£0.06% N.D 54.09£0.05°¢ N.D
Net PL
obtained (%) 3.24 2.47 1.68

— N.D.: Not detected.

— Values are expressed as Mean = SD (n=3).

— Total PL yield=Lecithin yield (%) x PL (% of lecithin) / 100.

— HO, head oil of K. pelamis; VO, viscera oil of K. pelamis; SO, skin oil of K. pelamrs; HP, head phospholipid of XK. pelamis; VP,
viscera phospholipid of K. pelamis; SP, skin phospholipid of K. pelamis.
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Table 7. Color properties of oils extracted from K. pelamis

Conditions Parts L” a’ b*
Head 53.99£0.38% 3.43+0.04% 35.44+0.28°
Oils Viscera 42.99+1.17Y 15.59+0.33* 21.8+0.49"
Skin 43.84+0.73 0.01£0.04" 14.28%0.65°
Head 50.24+0.98° 5.87+0.20° 8.60+0.62°
Raw materials Viscera 51.38+1.02° 3.89+0.17° 10.91£0.53¢
Skin 49.72+0.77° 1.96+0.12°  4.48+0.29"

— Values are expressed as Mean £ SD (n=3).
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©

Figure 5. Visual appearance of extracted oils from K. pelamis.

(A) Head oil of K. pelamis
(B) Viscera oil of K. pelamis
(C) Skin oil of K. pelamis
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3. PLs composition of K. pelamis by 3'P NMR

The *'P NMR serves for both qualitative and quantitative analyses of
PLs. Figure 6 displays the NMR spectra, and Table 8 summarizes the
PLs chemical shifts and content relative to the internal standard TPP
(6 —17.8). The spectrum was identified by comparing it with the
spectra of egg yolk and soy lecithin (Figure 6). The primary lipid clas—
ses identified based on parts were phosphatidylcholine (PC), phospha—
tidylethanolamine (PE), and lysophosphatidylcholine (LPC), with a
small quantity of cardiolipin (CD) observed in the SP. The HP samples
showed measurements of 490.38 g mol/g (PC), 104.17 g mol/g (LPC),
and 82.26 gxmol/g (PE). The VP yielded results of 1875.69 g mol/g
(PC), 257.45 pmol/g (LPC), and 159.37 gmol/g (PE). The SP con—
tained 637.49 xmol/g (PC), 43.25 pxmol/g (LPC), and 122.59 xmol/g
(PE), with 25.57 pmol/g (CD) being detected as well. PC was identi—
fied as the most prevalent class, constituting over 70% (72.15%,
81.82%, and 79.36%) in all parts. Furthermore, the total PLs content
was significantly higher in the VP, measuring 2292.51 g mol/g, con—
sistent with the findings of Shoeb Z. E.'s study (Shoeb et al., 1973).
Moreover, after comparing with egg yolk and soy lecithin, it was con—
firmed that the PLs obtained through SC—COz had a simple composition.
This is thought to be due to the selective extraction of PLs depending
on the temperature, pressure, and cosolvent properties during extrac—

tion with SC—CO; (Teberikler et al., 2001).
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Figure 6. 3P NMR spectra of phospholipid extracted from different
parts of K. pelamis.
(A) Head oil of K. pelamis; (B) Viscera oil of K. pelamis; (C) Skin
oil of K. pelamis; (D) Head phospholipid of K. pelamis; (E) Viscera
phospholipid of K. pelamis, (F) Skin phospholipid of K. pelamis;
(G) Commercial egg yolk lecithin; (H) Commercial soy lecithin.
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Table 8. Phospholipid composition (zmol/g oil, %) of K. pelamis
determined by *'P NMR

Phospholipids (Iiommhei‘_m%l
Phospholipid DROSPROLDIAS
composition

HP VP SP EL SL
2991.30

PA N.D. N.D. N.D. N.D. (12.66)

30.81

LPE N.D. N.D. N.D. (1.46) N.D.
25.57 588.45

CD N.D. N.D. ¥ N.D. (9.49)
APE N.D. N.D. N.D. N.D. 2317.03

(9.8)
- 82.26 159.37 122.59 416.82 5173.47
(12.15) (6.95) (15.26) (19.71) (21.89)
4952.80
PI N.D. N.D. N.D. N.D. (20.095)

104.17 257.45 43.25 109.97

LPC (1539 | 123 | 639 | .20 N.D.
pC 490.38 | 1875.69 | 637.49 1556.94  7613.09
(72.15) (81.82) (79.36) (73.63) (32.21)
Total 676.81 | 229251 | 993.0121 | 2114.54 23636.14

— N.D.: Not detected.

— EL, egg lecithin; SL, soybean lecithin.

— HP, head phospholipid of K. pelamis, VP, viscera phospholipid of X.

pelamis, SP, skin phospholipid of K. pelamis.

— PA, phosphatidic acid; LPE, lysophosphatidylethanolamine; CD, cardiolipin;

APE, N—acyl phosphatidylethanolamine; PE, phosphatidylethanolamine; PI,

phosphatidylinositol; LPC, lysophosphatidylcholine; PC,phosphatidylcholine.
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4. Fatty acids composition of K. pelamis lipids

The fatty acid composition of the oil and PLs extracted using SC—COq

1s detailed in Table 9 and Table 10. The predominant fatty acids in
skipjack tuna were identified as palmitic acid, oleic acid, and do—
cosahexaenoic acid (DHA), an o —3 fatty acid. Palmitic acid exhibited
the highest content in the head, viscera, and skin, measuring 25.25%
* 0.61%, 31.70 £ 0.71%, and 23.15% * 0.42%, respectively. Fol—
lowing closely, DHA showed substantial presence at 23.08% * 0.19%,
12.33% £ 1.87%, and 24.81% £ 1.04% in the same respective parts.
Both oils and PLs demonstrated significant levels of polyunsaturated
fatty acids (PUFA), particularly @ —3 and o —6 fatty acids, primary
components in marine lipids known for their diverse health benefits.
The HO, VO, SO contained 28.26%, 15.74%, and 30.02% of o —3 PUFA,
while PLs exhibited 7.89%, 15.82%, and 19.91% of « —3 fatty acids.
Previous studies have underscored the efficacy of fish—derived v —3
fatty acids, especially EPA, in mitigating the risk of cardiovascular
disease, promoting brain development, and offering various health
advantages (Marik et al., 2009; Valentini et al., 2018). Additionally, PLs
are known to possess diverse functional activities. The incorporation
of w—3 and w—6 polyunsaturated fatty acids (PUFA) in MPLs sets
them apart from plant PLs, enhancing their health benefits and
underscoring their value as MPLs (Ahmmed et al., 2021a; Ahmmed et
al., 2021b; Zhang et al., 2019).
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Table 9. Fatty acid composition K. pelamis oil

Fatty acids (%)

Oil

HO

VO

SO

Mystric acid (C14:0)
Palmitic acid (C16:0)

5.10£0.53 2.84*0.07 3.99%0.57
25.25%0.61 31.70£0.71 23.15%£0.42

Heptadecanoic acid (C17:0) 7.44+052 7.09%24 6.86+0.57
Stearic acid (C18:0) 7.84%+0.27 9.37£1.01 7.56%x0.06
Arachidic acid (C20:0) 0.61£0.09 0.62£0.07 0.76+0.30
Behenic acid (C22:0) 0.14£0.52 0.16£0.01 0.26%*0.06
Lignoceric acid (C24:0) 0.01£0.02 0.02£0.09 0.02%0.18
Saturated fatty acids 46.39 51.80 42.60
Myristoleic acid (C14:1n—5) 1.72£0.30 1.08%£0.74 1.37%£0.12
Palmitoleic acid (C16:1n—7) 5.04*0.06 4.13£0.20 4.27%£0.01
cis—10—Heptadecanoic acid (C17:1) 0.78£0.02 0.79£0.03 0.72%£0.02
Oleic acid (C18:1cis—9) 10.82+0.38 2.48+0.03 2.15+0.08
Elaidic acid (C18:1trans—9) 0.50x0.78 17.48*=0.72 11.51=0.80
Eicosenoic acid (C20:1) 0.55*£0.77 0.79%£0.09 0.77%£0.16
Nervonic acid (C24:1n—9) 0.53*=0.11 0.57£0.47 0.61£0.78
Erucic acid (C22:1) 0.10x£0.07 0.05£1.09 0.10£0.07
Monounsaturated fatty acids 20.04 27.37 21.50
Linoleic acid (C18:2cis—9,12) 1.64+0.18 1.43%1.07 1.85*0.25
Linoelaidic acid (C18:2trans—9,12) 0.07£0.18 0.69£0.09 0.08%+0.18
y —Linolenic acid (C18:3cis—6,9,12) 0.19£0.58 0.31£0.99 0.4%+0.04
Eicosadienoic acid (C20:2cis—11,14) 1.09£0.20 0.66%+0.12 1.13£0.01
Dihomo— 7 —linolenic acid (C20:4cis—5,8,11,14) | 0.05+0.60 0.14£0.08 0.10£0.01
Arachidonic Acid (C20:4cis—=5,8,11,14) 1.83+0.06 1.47*0.76 1.84%*0.10
Docosadienoic acid (C22:2cis—13,16) 0.44%+0.18 0.39£0.08 0.49%+0.39
@ —6 Polyunsaturated fatty acids 5.31 5.09 5.89
@ —Linolenic acid (C18:3¢cis—9,12,15) 0.42*£0.54 0.43%£0.32 0.64*0.06
Eicosatrienoic acid (C20:3cis—11,14,17) 0.21£0.18 0.13%£0.11 0.19%0.01

Eicosapentaenoic acid (C20:5cis—5,8,11,14,17)
Docosahexaenoic acid (C22:6¢is—4,7,10,13,16,19)

4.55+0.24 2.85*1.31 4.38=0.01
23.08+0.19 12.33*1.87 24.81+1.04

o —3 Polyunsaturated fatty acids

28.26

15.74

30.02

— Values are expressed as Mean £ SD (n=3).
— HO, head oil of K. pelamis;, VO, viscera oil of K. pelamis; SO, skin oil of X.

pelamis.
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Table 10. Fatty acid composition K. pelamis phospholipid

Phospholipid

Fatty acids (%)

HP

VP

SP

Mystric acid (C14:0)
Palmitic acid (C16:0)
Heptadecanoic acid (C17:0)

3.95£0.02 1.55%£0.71 1.98%0.11

30.54£0.02 33.19£0.02 19.46£1.07
15.81£0.18 14.12%0.48 12.74%0.02

Stearic acid (C18:0) 9.95+0.96 7.00+0.55 8.68+*0.06
Arachidic acid (C20:0) 1.31£0.01 0.54*0.88 0.67%+0.34
Behenic acid (C22:0) 1.49+£0.09 0.59£0.87 0.73%£0.12
Lignoceric acid (C24:0) 1.75£0.72 0.71£1.08 0.88%0.11
Saturated fatty acids 64.80 57.70 45.15
Myristoleic acid (C14:1n—5) 0.93*£0.51 0.25%+0.44 0.35%=0.08
Palmitoleic acid (C16:1n—7) 3.30%0.15 2.51*0.56 2.37£0.08
cis—10—Heptadecanoic acid (C17:1) 0.81+0.03 0.71%*0.69 0.89%0.07
Oleic acid (C18:1cis—9) 8.3970.04 12.13+0.69 3.49%0.10
Elaidic acid (C18:1trans—9) 0.55+0.02 0.34+0.04 15.04*0.01
Eicosenoic acid (C20:1) 0.89+£0.21 0.64%+0.18 0.79%£0.58
Nervonic acid (C24:1n—9) 1.01£0.20 0.77£0.90 0.95%0.18
Erucic acid (C22:1) 0.77+0.12 0.40+0.01 0.50%0.01
Monounsaturated fatty acids 16.66 17.75 24.38
Linoleic acid (C18:2cis—9,12) 1.68+0.72 1.38%£0.39 1.70*0.04
Linoelaidic acid (C18:2trans—9,12) 0.30+£1.02 0.19£0.29 0.23£0.62
y —Linolenic acid (C18:3cis=6,9,12) 0.66+£0.01 0.66%0.72 0.82£0.21
Eicosadienoic acid (C20:2cis—11,14) 1.57£0.06 0.62£0.09 0.74%0.21
Dihomo— y —linolenic acid (C20:4cis—5,8,11,14) | 0.61+0.26 0.40£0.09 0.50£0.22
Arachidonic Acid (C20:4cis—5,8,11,14) 1.37+0.24 2.82%£0.47 3.50%0.02
Docosadienoic acid (C22:2cis—13,16) 1.12£0.11 0.61£0.01 0.76%£0.78
o —6 Polyunsaturated fatty acids 7.31 6.68 8.25
@ —Linolenic acid (C18:3cis—9,12,15) 0.99+1.01 0.12+0.77 0.43%0.51
Eicosatrienoic acid (C20:3cis—11,14,17) 0.760.89 0.32+0.15 0.40*0.14
Eicosapentaenoic acid (C20:5c¢is—5,8,11,14,17) | 1.43+10.51 3.34+0.11 4.14*0.28
Docosahexaenoic acid (C22:6¢is—4,7,10,13,16,19)| 4.71£0.02 12.05%0.05 14.95+0.04

o —3 Polyunsaturated fatty acids

7.89

15.82

19.91

— Values are expressed as Mean £ SD (n=3).

— HP, head phospholipid of K. pelamis;, VP, viscera phospholipid of K. pelamis;

SP, skin phospholipid of K. pelamis.
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5. Fat—soluble vitamins of K. pelamis lipids

The fat—soluble vitamin content of oil and PLs extracted via SC—COzq
is displayed in Table 11. Retinol (vitamin A) and tocopherol (vitamin E)
have distinct physiological activities within the human body. Retinol
plays a definitive role in human growth and maintaining healthy vision
but is unable to be synthesized within the human body (Underwood et
al., 1996). A mere 1.06 = 0.02 mg/100g of retinol was detected solely
in VO. Tocopherol, also known as vitamin E, acts as a potent antioxidant
with anti—cancer and anti—inflammatory properties that aid in disease
prevention in the human body (Colombo et al., 2010). Tocopherol plays
a pivotal role in maintaining high lipid stability by thwarting radicals
before they react with unsaturated fats. It is frequently added to marine
products, particularly fish oil, and has been found to have a protective
effect during food storage and processing (Afonso et al., 2016; Zuta et
al., 2007). Tocopherol was present in high concentrations in both oil
and PLs. 7y —tocopherol displayed the highest concentration at 29.73
+ 0.13 mg/100g, 17.88 = 0.02 mg/100g, 76.57 = 0.84 mg/100g in
oil. In PLs, the concentrations were 25.98 = 0.12 mg/100g, 18.90 *
0.11 mg/100g, 19.49 £ 0.09 mg/100g. Due to tocopherol's sensitivity
to heat, the use of SC—CO: extraction for oil and PLs extraction can be

an effective technique in extracting valuable lipids.
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Table 11. Fat—soluble vitamin contents of lipids extracted from different parts of K. pelamis

Tocopherol (mg/100g)

Conditions (rige/tligglg)
a - B - 7Y - 6 -

HO N.D. 1.06*=0.09 N.D. 29.73%0.13 0.16%0.01

Oil VO 1.06*£0.02 0.68*0.03 N.D. 17.88+0.02 0.08£0.07

SO N.D. 3.8610.20 N.D. 76.57+0.84 0.61£0.10

HP N.D. 1.23%+0.06 N.D. 25.98+0.12 0.19£0.10

Phospholipid VP N.D. 0.96*0.03 N.D. 18.90%0.11 0.11£0.05
SP N.D. 1.64*0.05 N.D. 19.49%+0.09 0.07£0.05

— N.D.: Not detected.
— Values are expressed as Mean £ SD (n=3).

— HO, head oil of K. pelamrs; VO, viscera oil of K. pelamis; SO, skin oil of K. pelamis; HP, head phospholipid of K. pelamis; VP,

viscera phospholipid of K. pelamis; SP, skin phospholipid of K. pelamis.
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6. Thermogravimetric analysis (TGA) of K. pelamis lipids

TGA was employed to assess the composition and thermal stability of
the lipid samples. Figure 7 illustrates the TGA output graph of the ex—
tracted oil. TGA profiles may differ based on lipid composition, quality,
and impurities present (Roy et al., 2022; Patil et al., 2018). The HO
and SO displayed considerable weight loss at nearly 350C, whereas
VO exhibited a two—stage reduction at nearly 200C and again at 350C.
The DTG curve for oil extracted from skipjack tuna reveals a decom—
position curve at approximately 380—4007T, suggesting that the ex—
tracted oil can be utilized for various industrial purposes at room tem—
perature (Roy et al., 2022). Moreover, the HO began to lose weight
around 302.141°C and underwent significant weight loss, reaching a fi—
nal weight of 0.631% at 600C. The VO and SO also experienced a de—
crease in weight at 284.775C and 314.923C, showing a final weight
of 0.609% and 0.765%, respectively. In the case of oil, it was confirmed
that the majority of organic substances decomposed around 500C. The
TGA analysis results of the phospholipids revealed a weight loss that
was more complex than the simple weight loss demonstrated in the oil.
In HP, there were three stages of weight loss achieved at temperatures
of 34.811°C, 55.766C, and 301.615C. VP and SP both exhibited four
stages of weight loss at specific temperatures (VP: 32.238C, 49.128C,
288.8027C, 390.272TC; SP: 89.773C, 209.1247C, 283.0277,
397.3297C). This finding is consistent with previous research by Haq
& Chun (2018), which also reported that the pyrolysis of phospholipids
extracted from salmon bones shows rapid weight loss between 200T

and 450C (Haq & Chun, 2018).
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Figure 7. TGA (Thermogravimetric Analysis) of lipids extracted from
different parts of K. pelamis.
(A) Head oil of K. pelamis; (B) Viscera oil of K. pelamis; (C) Skin

oil of K. pelamis; (D) Head phospholipid of K. pelamis; (E) Viscera
phospholipid of K. pelamis; (F) Skin phospholipid of K. pelamis.
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7. Yield and MRPs of K. pelamis hydrolysate

Table 12 presents the yield of STH at varying temperatures. As the
temperature increased, hydrolysis efficiency also tended to increase.
At the highest temperature of 2407C, yield differences were 73.17% =*
0.39% (Head hydrolysate, HH), 90.17% £ 0.96% (Viscera hydrolys—
ate, VH), and 79.50% = 0.12% (Skin hydrolysate, SH), respectively.
Notably, the VH produced the highest yield while the HH generated the
lowest. The increase in yield is attributed to higher temperatures
providing greater energy to break down peptide bonds, thereby
facilitating the penetration of the solvent into the low molecular weight
peptide sample (Ramachandraiah et al., 2017).

Maillard reaction products occur naturally during heat treatment via
the interaction between reducing sugars and available amino acids. The
process entails the creation of melanoidins, high molecular weight
compounds that possess chromophores with an absorbance maximum
at 420 nm. According to Table 13, MRPs tended to rise with tempera—
ture. Amino acid decomposition increases with temperature alongside
Maillard reaction products (Cho et al., 2019; Jeong et al., 2021). Lee J.
H. (2018) has discussed that the Maillard reaction products level in red
ginseng extracts typically increases with amino acid content. This is
due to a simultaneous increase in the ionization constant of water (Kw)

at high temperatures (Lee et al., 2018).
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Table 12. Yield of SWE hydrolysates from different parts of K. pelamis

Hydrolysis efficiency (%)

Conditions
HH VH SH
160T 42.83+0.69° 72.50+0.31° 57.33%+0.33°
1807 52.00+0.24¢ 76.00+0.11¢ 65.33%+0.60°
200 63.00+£0.48° 82.50+1.27¢ 72.67+0.61°
220C 67.83%+0.23" 88.00+0.22° 76.67+1.38"
240°C 73.17+0.39° 90.17+0.96* 79.50+0.12°

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis, VH, viscera hydrolysates of X.

pelamis, SH, skin hydrolysates of K. pelamis.
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Table 13. Maillard reaction products (MRPs) of SWE hydrolysates
from different parts of K. pelamis

Conditions

MRPs (Abs 420 nm)

HH

VH

SH

160C

180T

200C

220C

2407C

0.085%+0.001°

0.140+0.004¢

0.177+0.002¢

0.200£0.001°

0.247=0.003%

0.194=0.002°

0.263+0.002°

0.375+0.006*

0.397+0.026°

0.372%£0.013%

0.083+0.027¢

0.172%0.004°

0.195+0.002°

0.197£0.003°

0.222%0.117%

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis; VH, viscera hydrolysates of A.

pelamis, SH, skin hydrolysates of K. pelamuis.

59



8. pH and color of K. pel/amis hydrolysate

The pH levels of STH at varying temperatures are displayed in Table
14. The pH ranged from 5.86 = 0.01 to 8.37 £ 0.02, with the lowest
value observed at HH and the highest at SH. As the temperature in—
creased, the pH levels also increased, which can be explained by the
promotion of the self—ionization process of water by subcritical water,
resulting in an increase in [OH ] groups (Park et al., 2022).

The color of hydrolyzed skipjack tuna at different temperatures is
displayed in Table 15. As illustrated in Figure 8, the color of STH
shifted from yellow to brown and darkened as the reaction temperature
increased. As the hydrolysis process advanced, the L value decreased,
while the redness index (a’) and b* values increased. These results
demonstrate an inverse correlation between the L* value and the a’
value, supporting the theory that Maillard's response rises with
increasing temperature (Delga—Andrade et al., 2010). The VH extract
exhibited a distinctive color with a low L® value and a high a" value,
unlike the extracts from other parts. This color variation is known to
result from non—enzymatic browning reactions, including the Maillard

reaction, due to an increase in temperature (Plaza et al., 2010).
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Table 14. pH properties of SWE hydrolysates from different parts of

K. pelamis
pH
Conditions
HH VH SH
160T 5.86+£0.01¢ 6.35+0.02¢ 6.32+£0.01¢
180T 5.73%0.02¢ 6.310.01° 6.25+0.01°
200 5.75+0.01¢ 6.45+0.01° 6.36+0.01¢
220C 6.61£0.01° 7.16%0.01° 7.15%0.01°
240°C 7.91£0.11% 8.13+0.01° 8.3740.02°

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis,; VH, viscera hydrolysates of AX.

pelamis, SH, skin hydrolysates of K. pelamis.
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Table 15. Color properties of SWE hydrolysates from different parts of K. pelamis

HH VH SH
Conditions
Lx a* b L a* b# L a* b*
160C 53.83+0.64* —0.96+0.02° 11.29+0.49°|46.15+0.29* 2.45+0.11° 16.10+0.40*[55.14*0.67* —0.61*£0.02° 7.46+0.06¢
180C |49.69%+1.04> 0.71£0.04¢ 14.79+0.77°|40.74*0.12> 4.50£0.07¢ 11.92+0.23°|50.43+0.18"> 0.29+0.03¢ 11.27+0.16°
200°C 46.260.23¢ 3.3220.05° 15.87%0.32°[38.69+0.19° 5.18+0.08° 9.20+0.03% | 46.20+0.39¢ 2.20%+0.04¢ 13.92+0.17°
220°C 46.00=0.26° 4.44%0.05" 17.71+0.29%|38.01+£0.80° 5.88+0.25° 7.52+0.40° |46.78%+0.11¢ 3.59%+0.06* 17.24*0.402
240°C 43.41*0.19¢ 5.14+0.34* 14.38+1.53"140.17+0.20> 7.36%=0.05*° 11.32%+0.15°|44.10+0.88¢ 3.05+0.41> 15.90*2.34°

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis, VH, viscera hydrolysates of K. pelamis; SH, skin hydrolysates of K. pelamis.
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Figure 8. Visual appearance of SWE hydrolysates from different parts
of K. pelamis.

(A) Head hydrolysates of K. pelamis
(B) Viscera hydrolysates of K. pelamis
(C) Skin hydrolysates of K. pelamis
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9. Total sugar and reducing sugar in K. pel/amis hydrolysate

The sugar contents of STH are given in Table 16. Total sugar refers
to the combination of reducing sugar and non—reducing sugar, and re—
ducing sugar refers to sugar containing an aldehyde group that is oxi—
dized to carboxylic acid. The total and reducing sugars varied depend—
ing on the hydrolysis temperature. The total amount of sugar decreased
with the increase in temperature. For the HH, it went from 6.44 £ 0.22
to 13.34 £ 0.67 mg glucose/g, and for the VH and SH, it went from
12.81 £ 0.20 to 55.19 £ 0.82 mg glucose/g, 6.34 £ 0.11 to 13.69
£ 0.49 mg glucose/g. These findings are attributed to decreased sugar
content resulting from the browning reaction or caramelization at high
temperatures (Jang & Moon, 2005). The VH and SH showed peak val—
ues of 23.62 = 2.04 mg glucose/g and 7.95 * 0.43 mg glucose/g at
2207TC. Meanwhile, for the HH, the maximum value of 8.87 = 1.09 mg
glucose/g occurred at 200C. However, after surpassing 200T, the
concentration decreased due to the conversion of reducing sugars into

decomposition products (Mohan et al., 2015).
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Table 16. Total sugar & reducing sugar contents of SWE hydrolysates from different parts of K. pelamis

Total sugar (mg glucose/g)

Reducing sugar (mg glucose/g)

Conditions
HH VH SH HH VH SH
160°C 11.17+0.23° 55.19+0.82° 13.69+0.49° 1.45%0.66° 8.28+0.52¢ 4.28+0.25°
1807 12.03£0.55" 48.56+0.90" 11.86+0.36" 5.12+0.52° 13.87+£2.98° 4.53%0.63°
200C 13.34+0.67° 38.07£2.06° 12.16%0.21° 8.87+1.09° 19.53%+1.39" 6.03%£0.63"
220C 11.33+0.45° 24.02+0.43¢ 10.90£0.19¢ 7.87+0.13% 23.621+2.04° 7.95+0.43%
240°C 6.44+0.22° 12.81£0.20° 6.34+0.11¢ 5.53%0.66" 15.20£1.09° 3.78+0.38°

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis, VH, viscera hydrolysates of K. pelamis; SH, skin hydrolysates of K. pelamis.
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10. Total protein content in K. pelamis hydrolysate

The protein content of STH at different temperatures is presented in
Table 17. Changes in the relative dielectric constant impact the ex—
traction and solubilization of proteins, resulting in increased solubility
of proteins when the dielectric constant decreases. All three parts
demonstrated the highest protein content at 200C with values of
219.86 £ 2.26 mg BSA/g, 297.36 £ 2.17 mg BSA/g, and 265.88 *
0.85 mg BSA/g, respectively. However, the protein content gradually
decreased after reaching 200C. This is believed to occur due to the
Maillard reaction between the sugar and the protein or thermal decom—
position of the protein caused by the high subcritical water temperature
for an extended period (Zhang et al., 2020). This is consistent with the
findings of a prior study on oyster hydrolysate extraction using sub—

critical water (Lee et al., 2021).
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Table 17. Total protein contents of SWE hydrolysates from different
parts of K. pelamis

Total protein (mg BSA/g)

Conditions
Head Viscera Skin
160C 162.45+0.89° 262.18+£1.82° 230.79+0.32¢
180T 199.77+1.28°¢ 288.01+2.22° 248.01%1.31°
200°C 219.86+2.26° 297.36+£2.17° 265.88+£0.85
220T 202.73+0.89" 285.23+£1.67° 239.49+0.42°
240°C 175.14+1.25¢ 261.34+1.89° 214.58+0.16°

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis; VH, viscera hydrolysates of A.
pelamis, SH, skin hydrolysates of K. pelamuis.
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11. SDS—PAGE of K. pelamis hydrolysate

The SDS—PAGE electrophoresis in Figure 9 illustrates the molecular
weight pattern of STH at different temperatures. The protein of skip—
jack tuna is decomposed through subcritical water hydrolysis, and the
amount of reduction rises with increasing temperature. At 1607TC, the
HH generated a band of 75 KDa, while the VH produced a 35 KDa band,
and the SH formed a 63 KDa band. This shows the highest molecular
weight achieved. However, at a temperature of 1807, the peptide
bands decreased to 25 KDa, 11 KDa, and 25 KDa in the VH and SH,
respectively. Most of the peptide bands disappeared at temperatures
above that and became low—molecular —weight, except for the 11 KDa
band identified in the HH. This might be attributed to the decay of low
molecular weight peptides caused by the relatively high temperature
(Ramachandraiah et al., 2017). Thus, subcritical water temperature
conditions may reduce the molecular weight of STH. The average size
of peptides in hydrolysates is crucial in determining functional activity,
with numerous bioactive peptides weighing less than 1 KDa already

reported (Ahmed & Chun, 2018).
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Figure 9. SDS—PAGE pattern of SWE hydrolysates from different
conditions of K. pelamis.
(A) Head hydrolysates of K. pelamis
(B) Viscera hydrolysates of K. pelamis

(C) Skin hydrolysates of K. pelamis
M: Marker; 1-5: hydrolysates at 160, 180, 200, 220, 240C.
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12. FT—IR spectrum of K. pelamis hydrolysate

FT—IR spectral analysis was conducted using a freeze—dried sample
of the STH that was extracted at 200C, the temperature at which the
previous results showed the highest total protein content. The analysis
compared the STH sample with the DST, and the resulting FTIR spec—
trum is presented in Figure 10. The presence of amide A and B bands,
as well as amide I, II, and III peaks, was confirmed in all regions. The
amide A band typically corresponds to the free NH stretching, while
stretching vibrations occur within the range of 3400—3440 cm™!. When
involved in hydrogen bonding, the NH group of the peptide typically
experiences a shift towards a lower frequency, reaching roughly 3300
cm™ ! (Doyle et al., 1975). In every region, the amide bands were
identified at 3280 cm™', 3270 cm™', and 3282 cm~'. Meanwhile, the
Amide B band occurs in the asymmetric stretching of CHs, noted at
2925 cm™ !, 2925 cm™ ! and 2927 cm ! per region. These results coin—
cide with the analysis of collagen obtained from bigeye tuna by Ahmed
R. (2019) (Ahmed et al., 2019). Amide I stretching occurs mainly due
to C=0 (carbonyl) vibrations within the spectral range of 1600—1660

cm !, while amide II stretching appears at approximately 1550 cm

1
and is attributed to N-H and C-N stretching. Similarly, amide III
stretching arises mainly due to C-N stretching and N-H vibrations, and
C—H banding can also be seen at these frequencies (Asaduzzaman et
al., 2020; Muyonga et al., 2004). For the head, the respective bands

! and 1236 cm™}; for the viscera,

were observed at 1639 cm™!, 1544 cm™
the frequencies were 1639 cm™!, 1535 cm™}, and 1238 cm™}; and for

the skin, they were 1639 cm™!, 1538 cm ™!, and 1234 cm™!. For the
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head, the respective bands were observed at 1639 cm™', 1544 cm™/,
and 1236 cm™'; for the viscera, the frequencies were 1639 cm ™, 1535
cm™ !, and 1238 cm™!; and for the skin, they were 1639 cm™!, 1538 cm ™~
' and 1234 cm™!. All bands were recorded in terms of cm™!. After the
hydrolysis process, slight differences in the width and depth of the
spectrum are noticeable. This allows for identification of the structural
disparities between STH and DST, as well as characterization of the

compounds.
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Figure 10. Infrared absorption properties of K. pelamis by FT—IR

Analysis.

(A) Head hydrolysates and de—oiled raw sample of KA.
pelamis; (B) Viscera hydrolysates and de—oiled raw sample

of K. pelamis; (C) Skin hydrolysates and de—oiled raw sample
of K. pelamis.
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13. Amino acid analysis of K. pelamis hydrolysate

Amino acid analysis used a freeze—dried sample of the STH extracted
at a temperature of 200C, which had the highest total protein content
in the previous results. The DST was then compared to this. The total
amino acid content for DST was 450.14%, 443.73%, and 633.63%, re—
spectively. The total amino acid content for STH was 484.63%,
537.58%, and 588.82%. Dominant contents of leucine, glutamic acid,
glycine, arginine, and alanine were noted among them, as shown in
Table 18. The free amino acid content of the DST was 13.96%, 33.72%,
and 45.83%, respectively, while for the STH, it was 39.56%, 47.10%,
and 26.24%, with histidine and taurine as the dominant constituents.
Free amino acid content is shown in Table 19. However, each part ex—
hibited differences in composition and content. These results align with
those of a previous study that used collagen extracted from tuna skin
(Ahmed & Chun, 2018). Glutamic acid is a significant group of neuro—
transmitters under investigation for enhancing the effectiveness of an—
ticancer drugs (Dutta et al., 2013). Further research has revealed that
glycine, as a neurotransmission inhibitor, may prove useful in treating
ailments such as sepsis, arthritis, and inflammatory diseases (Wheeler
et al., 1999). Taurine is currently being examined for its protective
capabilities, such as membrane stabilization, detoxification, antioxidant
properties, calcium homeostasis, glycolysis, and glycogenesis
(Stapleton, 1997). Subcritical water has the ability to dissolve less sol—
uble molecules at increasing temperatures due to the temperature de—
pendence of the dielectric constant. Therefore, the content of amino

acids with low molecular weight, like glycine or alanine, tended to in—
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crease as they underwent hydrolysis at 200C. However, there was a
decreasing pattern in thermosensitive and high molecular weight amino
acids at high temperatures. Additionally, the tendency to increase or
decrease depending on hydrolysis was found to be slightly different for
each site, and further research is required to ascertain the underlying

mechanism (Ziero et al., 2022).
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Table 18. Constituent amino acids profiles of SWE hydrolysates from different parts of K. pelamis

Amino Acid Constituent amino acid
Compositions Raw sample 200TC hydrolysates
mg/g (%) Head Viscera Skin HH VH SH
Essential Amino Acid (EAA)
Histidine 15.48 (3.44) 12.82 (2.89) 34.57 (5.46) 20.81 (4.29) 14.83 (2.76) 30.38 (5.16)
Threonine 27.63 (6.14) 33.03 (7.44) 35.90 (5.67) 22.22 (4.58) 25.01 (4.65) 29.72 (5.05)
Valine 21.06 (4.68) 28.62 (6.45) 29.51 (4.66) 24.86 (5.13) 35.72 (6.64) 29.47 (5.01)
Methionine N.D. N.D. N.D. N.D. N.D. N.D.
Tryptophan N.D. N.D. N.D. N.D. N.D. N.D.
Phenylalanine 20.84 (4.63) 23.79 (5.36) 23.81 (3.76) 20.75 (4.28) 24.72 (4.60) 23.06 (3.92)
Isoleucine 18.16 (4.03) 23.91 (5.39) 23.68 (3.74) 21.66 (4.47) 27.99 (5.21) 23.01 (3.91)
Leucine 33.49 (7.44) 42.06 (9.48) 41.46 (6.54) 36.48 (7.53) 46.68 (8.68) 41.17 (6.99)
Lysine 18.59 (4.13) 23.31 (5.25) 40.28 (6.36) 22.17 (4.57) 32.35 (6.02) 30.48 (5.18)
Total 155.24 (34.49) 187.54 (42.26) 229.22 (36.19) 168.95 (34.85) 207.30 (38.56)

207.29 (35.22)

Non—Essential Amino Acid (NEAA)
Aspartic acid 29.75 (6.61) 32.77 (7.39) 45.44 (7.17) 19.95 (4.12) 21.30 (3.96) 21.53 (3.66)
Glutamic acid 61.38 (13.64) 62.25 (14.03) 85.36 (13.47) 78.25 (16.15) 95.72 (17.80) 91.97 (15.62)
Asparagine N.D. N.D. N.D. N.D. N.D. N.D.
Serine 18.56 (4.12) 20.14 (4.54) 24.15 (3.81) 16.35 (3.37) 20.60 (3.83) 19.11 (3.25)
Glutamine N.D. N.D. N.D. N.D. N.D. N.D.
Glycine 71.73 (15.94) 26.21 (5.91) 85.39 (13.48) 68.07 (14.04) 41.83 (7.78) 88.73 (15.07)
Citrulline N.D. N.D. N.D. N.D. N.D. N.D.
Arginine 45.78 (10.17) 40.48 (9.12) 54.16 (8.55) 39.22 (8.09) 38.23 (7.11) 49.48 (8.40)
Alanine 46.28 (10.28) 33.04 (7.45) 55.81 (8.81) 47.76 (9.86) 46.53 (8.66) 57.45 (9.76)
Taurine 5.67 (1.26) 18.47 (4.16) 4.03 (0.64) 7.94 (1.64) 29.50 (5.49) 4.49 (0.76)
GABA N.D. N.D. N.D. N.D. N.D. N.D.
Tyrosine N.D. 14.09 (3.18) N.D. N.D. 7.56 (1.41) N.D.
Ornithine N.D. N.D. N.D. N.D. N.D. N.D.
Proline 15.75 (3.50) 8.74 (1.97) 50.08 (7.90) 38.13 (7.87) 29.02 (5.40) 48.78 (8.28)
Total 294.90 (65.51) 256.19 (57.74) 404.42 (63.81) 315.68 (65.15) 330.27 (61.44) 381.53 (64.78)
EAA + NEAA 450.14 443.73 633.63 484.63 537.58 588.82

— N.D.: Not detected.
— HH, head hydrolysates of K. pelamis, VH, viscera hydrolysates of K. pelamis, SH, skin hydrolysates of K. pelamis.
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Table 19. Free amino acids profiles of SWE hydrolysates from different parts of K. pelamis

Amino Acid Free amino acid
Compositions Raw sample 200TC hydrolysates
mg/g (%) Head Viscera Skin HH VH SH
Essential Amino Acid (EAA)
Histidine 6.16 (44.10) 0.12 (0.34) 13.51 (29.48) 8.05 (20.33) 0.92 (1.95) 18.04 (68.75)
Threonine 0.18 (1.28) 0.56 (1.65) 0.70 (1.53) 0.75 (1.89) 2.01 (4.26) 0.17 (0.66)
Valine 0.16 (1.16) 1.09 (3.24) 0.82 (1.78) 0.79 (2.00) 1.72 (3.66) 0.37 (1.41)
Methionine 0.02 (0.12) 0.53 (1.58) 0.57 (1.23) 0.47 (1.19) 0.32 (0.68) 0.07 (0.25)
Tryptophan N.D. N.D. N.D. N.D. 0.28 (0.59) 0.04 (0.14)
Phenylalanine 0.07 (0.51) 1.23 (3.63) 0.83 (1.80) 0.82 (2.06) 1.26 (2.68) 0.11 (0.40)
Isoleucine 0.09 (0.66) 0.87 (2.58) 0.62 (1.36) 0.58 (1.47) 1.29 (2.73) 0.22 (0.83)
Leucine 0.19 (1.39) 2.59 (7.69) 1.88 (4.09) 1.79 (4.51) 2.50 (5.30) 0.47 (1.77)
Lysine 0.37 (2.65) 2.28 (6.76) 2.20 (4.81) 1.73 (4.37) 1.98 (4.21) 0.92 (3.50)
Total 7.24 (51.87) 9.27 (27.47) 21.12 (44.30) 14.97 (37.82) 12.28 (26.06) 20.39 (77.71)
Non—Essential Amino Acid (NEAA)
Aspartic acid 0.04 (0.27) 0.97 (2.89) 3.71 (8.09) 5.23 (13.22) 1.30 (2.77) 0.06 (0.21)
Glutamic acid 0.32 (2.30) 0.08 (0.24) 0.16 (0.36) 0.17 (0.45) 4.28 (9.08) 0.31 (1.19)
Asparagine 0.004 (0.03) 0.03 (0.07) 0.11 (0.25) 0.10 (0.25) 0.12 (0.25) 0.004 (0.02)
Serine 0.09 (0.63) 1.49 (4.41) 1.52 (3.32) 1.40 (3.54) 1.48 (3.14) 0.13 (0.51)
Glutamine 0.64 (4.57) 0.01 (0.03) 0.02 (0.04) 0.01 (0.03) 2.49 (5.29) 0.50 (1.89)
Glycine 0.15 (1.08) 2.16 (6.41) 5.85 (12.77) 4.04 (10.20) 1.42 (3.01) 0.17 (0.63)
Citrulline N.D. N.D. N.D. N.D. 0.18 (0.38) N.D.
Arginine 0.12 (0.87) 3.46 (10.26) 1.72 (3.76) 1.46 (3.69) 1.66 (3.53) 0.12 (0.45)
Alanine 0.55 (3.91) 3.91 (11.61) 3.79 (8.28) 3.36 (8.48) 4.56 (9.67) 0.69 (2.62)
Taurine 4.43 (31.74) 8.74 (25.91) 3.86 (8.43) 5.93 (15.00) 15.00 (31.82) 3.43 (13.08)
GABA 0.02 (0.15) 0.04 (0.12) 0.08 (0.17) 0.05 (0.11) 0.07 (0.14) 0.04 (0.14)
Tyrosine 0.08 (0.59) 1.13 (3.36) 0.87 (1.89) 0.71 (1.79) 1.22 (2.59) 0.13 (0.49)
Ornithine 0.04 (0.31) 0.96 (2.85) 2.16 (4.71) 1.27 (3.20) 0.14 (0.30) 0.10 (0.40)
Proline 0.24 (1.69) 1.47 (4.36) 0.85 (1.86) 0.88 (2.22) 0.91 (1.93) 0.17 (0.66)
Total 6.72 (448.13) 24.45 (72.53) 24.71 (55.70) 24.60 (62.18) 34.82 (73.94) 5.85 (22.29)
EAA + NEAA 13.96 33.72 45.83 39.56 47.10 26.24

— N.D.: Not detected.
— HH, head hydrolysates of K. pelamis, VH, viscera hydrolysates of K. pelamis, SH, skin hydrolysates of K. pelamis.
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14. Antioxidant activities of K. pelamis hydrolysate (DPPH,
ABTS?, FRAP)

The antioxidant activity of STH was assessed utilizing DPPH radical
scavenging, ABTS" radical scavenging, and FRAP assays. Table 20
presents the results obtained. The DPPH radical scavenging approach
is based on the antioxidant's ability to donate hydrogen atoms and is
commonly employed in the evaluation of the radical scavenging capacity
of natural compounds (Hao et al., 2019). The highest DPPH radical
scavenging ability was observed in HH, VH, and SH, 9.50 £ 0.06 mg
TE/g, 15.45 £ 0.10 mg TE/g, and 10.71 £ 0.39 mg TE/g. ABTS"
radical scavenging activity is determined using the decolorization pro—
cess, which involves antioxidants reacting with cationic free radical
hydrogen—donating antioxidants to measure their antioxidant activity
(Jeong et al., 2021). The results of ABTS" radical scavenging ability
exhibited a similar pattern to the DPPH radical scavenging ability re —
sults. The highest values of 52.21 * 1.05 mg TE/g, 80.30 * 1.70 mg
TE/g, and 68.28 £ 7.19 mg TE/g were observed in the 240C HH, VH,
and SH, indicating high activity. FRAP, which determines the antioxi—
dant's ability to donate electrons or hydrogen by reducing Fe®* to Fe®",
was also used for measurement purposes (Je et al., 2015). Higher ac—
tivity was observed as the temperature increased, as evidenced by the
previous ABTS" and DPPH radical scavenging activity results. These
results were attributed in a previous study to the decrease in the die—
lectric constant of subcritical water, resulting in increased antioxidant
extraction efficiency (Park et al., 2022). Furthermore, alterations in

the quantity and makeup of unbound amino acids and small peptides
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during hydrolysis seem to have a correlation with the antioxidant ca—

pability of mackerel hydrolysate (Sila & Bougatef, 2016).
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Table 20. Antioxidant activities of SWE hydrolysates from different parts of K. pelamis

Antioxidant activities

ABTS" radical scavenging

DPPH radical scavenging

FRAP assays

Conditions (mg TE/g) (mg TE/g) (mg TE/g)

HH VH SH HH VH SH HH VH SH
160°C [11.14+1.22° 33.58+3.51° 18.82£5.60°|2.36-0.66° 5.89+0.14° 2.06=1.68% [0.67+0.04° 3.28+0.05° 2.48+0.03°
180°C [19.47+0.10% 42.68+3.53% 28.22+2.50%(3.92£0.239 8.58+£0.27Y 4.93+£0.15° [1.95+£0.11¢ 5.3+£0.09¢ 3.37£0.01¢
200C [29.89£2.30° 52.39+3.59° 37.63+2.85°(6.524+0.06° 11.58 £0.07° 8.14+0.10" [3.62£0.11° 8.57+0.09° 4.47+0.08°
220C [37.68%=1.70" 65.07+£0.72" 48.28 +2.75"|8.77+0.17" 14.88+0.38" 9.95+0.30* [5.42%0.16" 12.00+0.16" 5.31+0.14"
240C |[52.21%+1.05% 80.30+1.70% 68.28+7.19%|9.50+0.06% 15.45+0.10* 10.71+0.39%|6.24+0.21* 12.71+0.30* 6.34+0.20°

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis, VH, viscera hydrolysates of K. pelamis, SH, skin hydrolysates of K. pelamis.
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15. Antidiabetic activity of K. pelamis hydrolysate

a —Glucosidase is an enzyme that catalyzes the hydrolysis of poly—
saccharides like @ —glucose. Limiting these enzymes can help regulate
the postprandial blood sugar surge. Our study measured the @ —
glucosidase inhibitory activity of STH. Table 21 demonstrates STH's
inhibitory activity by various temperatures and sections. As the tem—
perature increased, the activity levels of the HH, VH, and SH increased.
Specifically, the activity of the HH increased from 17.92% * 1.60% to
73.83% = 0.92%, the activity of the VH increased from 27.52% =*
0.80% to 93.47% £ 0.68%, and the SH increased from 2.09% = 1.60
% to 79.68% £ 0.49%. It was observed that the VH exhibited superior
inhibitory activity compared to other parts even at 160TC, with an
activity level of 27.52% =+ 0.80%. Table 22 presents a comparison of
the ICso values of inhibitory activity for the most active temperature
condition of 240C. The @ —glucosidase inhibition rate was highest in
the VH, with values of 6.38 £ 0.09 mg/mL, 2.08 = 0.17 mg/mL, and
5.18 £ 0.14 mg/mL. Further research is necessary to comprehend the
mechanism of antidiabetic activity with regards to temperature change

and location.
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Table 21. a —Glucosidase inhibitory activity of K. pelamis de—oiled

hydrolysates obtained at different conditions.

@ —Glucosidase Inhibitory Activity (%)

Conditions
HH VH SH Acarbose
160 C 17.92+1.60¢ 27.52£0.80" 2.09+1.60°
180 T 29.13+0.49% 42.43+0.18% 24.88+2.28¢
200 C 40.83+2.96° 60.10+1.85° 46.43+0.68° | 97.91+0.15
220 C 54.68+0.01" 79.93+0.62" 62.99+0.62"
240 C 73.831£0.92° 93.47+0.68" 79.68%0.49°

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis,; VH, viscera hydrolysates of AX.

pelamis, SH, skin hydrolysates of K. pelamuis.
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Table 22. ICs0 values of @ —glucosidase inhibitory activity of KA.
pelamis hydrolysate extracted at 240TC.

a —Glucosidase

Inhibitory Activity Is0 value
HH (mg/mL) 6.38+0.09%
VH (mg/mL) 2.08£0.17°¢
SH (mg/mL) 5.18+0.14°

Acarbose (g g/mL) 0.02£0.00001

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis;, VH, viscera hydrolysates of A.
pelamis, SH, skin hydrolysates of K. pelamuis.
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16. Analysis of in vitro anti—inflammatory activity K.
pelamis hydrolysate

Oxidative stress arises from an imbalance between free radical pro—
duction and the antioxidant defense system, potentially leading to in—
flammation (Murugan & Parimelazhagan, 2014). Chronic inflammation
is associated with aging—related diseases such as vascular disease,
cancer, diabetes, dementia, and obesity (Hernandez—Ledesma et al.,
2014). Inflammatory responses can result in increased vascular per—
meability, protein denaturation, membrane deformation, and the over—
activation of phagocytes, leading to free radical generation (Umapathy,
E. et al., 2010). Autoantigens may be produced in inflammatory dis—
eases due to in vivo protein denaturation. Since agents that inhibit pro—
tein denaturation may have anti—inflammatory effects, in vitro protein
denaturation assays are often employed in preliminary screening of
potential anti—inflammatory drugs (Chamika W. A. S., et al 2021).
Non—steroidal anti—inflammatory drugs (NSAIDs), comprising
approximately 50 distinct types, are currently the most commonly
prescribed treatments for inflammation (Vonkeman H. E. & van de Laar
M. A., 2010). However, pharmaceuticals can be associated with various
side effects. Therefore, evaluating the anti—inflammatory properties of
natural substances is an important research objective. This study em—
ploys the protein denaturation method to assess the in vitro anti—
inflammatory benefits of STH. Table 23 displays the results of protein
denaturation inhibition analysis for K. pelamis de—oiled hydrolysates
obtained under different conditions. Diclofenac sodium (1%, w/v), used

as a standard drug, demonstrated an activity rate of 92.15% = 0.23%.
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Significant variations in STH activity were observed across different
each part. The activity range of HH ranged from 1.44% = 0.03% to
16.30% £ 0.53%, while VH exhibited a higher activity range of 11.31
% £ 0.48% to 20.52% £ 0.09%. SH displayed an activity range be—
tween 1.88% £ 0.49% and 10.35% £ 0.96%, with 240C showing
maximum activity in all parts. Although there were slight differences in
trends by parts, it can be observed that the viscera extract exhibited

the most outstanding activity.
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Table 23. Analysis of protein denaturation inhibition of X, pelamis de—

oiled hydrolysates obtained at different conditions.

Protein denaturation inhibition (%)

Conditions
HH VH SH
160°C 1.44+0.23¢ 11.31£0.48¢ 5.28+0.51¢
180T 6.88+0.18" 15.63+0.29¢ 1.88+0.49¢
200°C 6.72+0.18" 20.52+0.09° 4.64%0.26°
220T 6.98+£0.55" 14.09+0.46¢ 9.04%0.39"
240°C 16.30+0.53° 17.80+0.31° 10.35+0.96°
Dsig(lici’i‘;‘ac 92.15+0.03

— Values are expressed as mean = SD (n=3).

— Different letters indicate significant differences (p<0.05).

— HH, head hydrolysates of K. pelamis; VH, viscera hydrolysates of A.

pelamis, SH, skin hydrolysates of K. pelamuis.

87



IV. Conclusion

In this study, lipids and proteins were extracted from skipjack tuna
by—products using clean process technologies, including SC—CQOs and
SWH, and then evaluated for physicochemical and physiological activity.
The extracted lipids (oil and PLs) underwent comprehensive analyses,
including yield and purity, PLs composition, color, fatty acid composi—
tion, fat—soluble vitamin content, and TGA. Notably, the SO yield was
more than twice as high as that of HO and VO. The net PL yield, con—
sidering applied purity, was highest at 3.24% from the head and lowest
at 1.68% from the SP. The analysis confirmed that skipjack tuna PLs
consist of PC, LPC, and PE, with a small amount of CD found in the skin.
All extracted oils contained substantial amounts of ® —3 unsaturated
fatty acids, with the highest content observed in lipids extracted from
the skin. w —3 was also detected in PLs, indicating their distinction as
MPLs. Retinol was exclusively found in VO, while both oil and PLs from
all parts contained high amounts of tocopherol. Furthermore, the TGA
results established that the oil extracted through SC—CO: exhibited
thermal stability, providing valuable data for future research. The STH
obtained through SWH was analyzed for yield, color, MRPs, total sugar,
reducing sugar, and total protein content. The SDS—PAGE and amino
acid composition analyses revealed changes in protein content and
composition at different temperatures. The physiological activities, in—
cluding antioxidant, anti—diabetic, and anti—hypertensive, were evalu—
ated. The hydrolysate exhibited an increasing yield with rising tem—
perature, with the VH yielding the highest amount. The VH also showed

the highest levels of total sugar and reducing sugar contents. The total
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protein content exhibited a decreasing trend from 200 C, and the SDS—
PAGE results showing that most protein bands became low molecular
weight above 200C. The amino acid composition of the 200C extract
contains the largest amounts of leucine, glutamic acid, glycine, arginine,
and alanine. Additionally, histidine and taurine were identified as the
highest free amino acids. The VH exhibited particularly elevated ac—
tivity levels compared to other parts, showcasing superior antidiabetic
and anti—inflammatory activities. Therefore, the use of subcritical wa—
ter in producing STH shows excellent physiological activity, especially
in the case of VH, while HH and SH are also considered viable raw
materials for utilization in the food and pharmaceutical sectors due to

their amino acid composition.
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Abstract (In Korean)

7V43 oy (Katsuwonus pelamis) FAME S 7} 3 QA o|Ata A s} oA &
o] &3 A& 49 a7 3|5

A
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o

2o A
sYgwAdan dgd 4F T
2 o

Vgl (Katsuwonus pelamis) = FA71e#2 F 82 AMGEY, o2 g 718 s o)A Bk A=
= AR89 ¢k 50%E AAFT Ly o) g FAES g ek H = gl

AAL AFAd HEy Y AeAd weg FEoR o]Fojz FXvfjA 35tE-=E, phosphatidylcholine (PC),

=
K

phosphatidylethanolamine (PE), phosphatidylinositol (PI) % lysophosphatidylcholine (LPC) %2 ¥3}3
FF AA AL T2 DHA EE EPAE &/ AAAS @atd, ol st o —3 Wik 17el thefst o3-S Al
stop, whEhA], 2 AT e FY 71eQ] 294 ojAakstEr A W ol Al ¢ FHS FEsto] JiuEe] RAME (H

2, Wd, Ad) 28y AdRe dmds e, oled 2deY =e3E

gstel & AAHE e, @R BLE Al ofd A
9] 160—240ColA wwatgon, ¢+de 4 MPa, WH3-A1ZF 158, ¥ & 1:50 (w/v) & 1133k

Folo] NA FFoA AAoA 9L 2ol 31.18% = 0.59%% 7FF E& F&% B, Hee g 7zt
14.20% £ 0.67%%} 13.79% = 1.05%%th. A A F5F FHERE v=2rn, & XA e vlgdA
Vg = veren, 27t 3.24%, 2.47%, 1.68% % th. A4 'PNMR A EHE 7|fte g F4 P FF &
Agpglom Fo SYAEA, PC, PE B LPC7F &1HloH, PC7F 2 SdlA F 70% oS AA A &F,
A9 F&o AHAFC = palmitic acid, oleic acid, DHAZ} &xglom, o]zd AHAare 2 doA 28.26%,
15.74%, 30.02% % X Ao|x 7.89%, 15.82%, 19.91%2 ©—3 ALiS st At dE=ES 49
Aot 1.06 = 0.02 mg/100gl. 2 HEHN N, EFHEL 2dF A4 BFo EAs= F2 vlghvo
2 2dx #Avt EmFEo] 29.73 + 0.13 mg/100g, 17.88 £ 0.02 mg/100g, 76.57 £ 0.84 mg/100g°] 3} 1.
AAAoflA 2598 £ 0.12mg/100g, 18.90 + 0.11 mg/100g, 19.49 £ 0.09 mg/100goAtt. A5 ¥4 A3}
2 58 299 @ed % s He 949 97 S ZAa dta fdsslth dEe] AgeRsES
257} FA 8] whel & go] F7kekH 240CeolM 73.17% £ 0.39%, 90.17% + 0.96%, 79.50% = 0.12%
2 UG FEEAA 7S 2 F&S vEdth MRPs 295 53 2% F7IE mlojof2 nkg-Eo] Ao Frt
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st As gRlskgith & BEe 257F At fadte A4S Hlow, FHE 6.44 + 0.22004
8 82, 6.34 = 0.11°14 13.69 = 0.49 mg glucose/g dried
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glucose/g dried sampleC® Hu) &S Uellon, 27t F7hge] me} @ako] Faske FdFe 23tk
SDS—PAGEE &3l 160TelA HE 75 KDa, 35 KDa, 63 KDaol 9"l #2F&Fo] 200TC o] el ] ulf& A&
2t = AL et & whild ekl pE BTl 200TCoA 219.86 = 2.26 mg BSA/g dried sample,
297.36 = 2.17 mg BSA/g dried sample, 265.88 = 0.85 mg BSA/g dried sample® 7} & %S shFx o
o, 5 Al wet Fade AES Ve 7P 58 9id RkE 7E 200C THEEEsE Y] obv Al &
NS BX3% Ay, 8 FA ol =40 = leucine, glutamic acid, glycine, arginine, alanine $°] &2l%glomn,
T2 8 o =Aro %= histidine ¥ taurine®] o] fASHA B oW Tiokge] e vustds W o
ol zpol7h STt Tl e FAkEt 842 2ETF el wet S1skslen, 240CelA 52.21 +
1.05 mg Trolox/g dried sample, 80.30 £ 1.70 mg Trolox/g dried sample, 68.28 £ 7.19 mg Trolox/g dried
sample® 7} %2 845 etk 39ds 845 $UA 257 Adsdtel wek Sr1esien vh d4o]

=3 240C 7FRES @ —glucosidase JAZAF Y 1Cs0 23, 247 6.38 £ 0.09 mg/ml, 2.08 £ 0.17
mg/ml, 5.18 * 0.14 mg/mle2 W& FFF0] thE Folo v 7Hg w2 @48 deblleh 395 24 A
240ColA AL Yo g FE2E4 7 22 @A S dEllth kA, & A79 235 F
ThehRoles AE gl Aok ZokellA &8 F Qe E wesEn, 297 ojitstea 9 oldA & F
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s 98
AgeonH FT AF WU Ao HEgow 48 F Qe Fod MNxAERE &85 5 Q.
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