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Abstract

With the increase in the market demand for yellowfin tuna, it has become increasingly important to maintain the oxida—
tive stability and metabolic processes of the fish. The present study aimed to measure changes in oxidative stability
and biological processes during 7 d of refrigerated storage. The samples were vacuum packaged and stored under re-
frigerated conditions (4C) in the laboratory, and the pH, protein oxidation, and antioxidant activity were analyzed on the
1%, 39 5" and 7" days. Changes in metabolomic compounds were investigated between days 1 and 7. There was
no significant change in pH on 5 d of storage (0)0.05) but significantly increased after 7 d (£X0.05). With respect to
oxidation, as the storage time increased, the carbonyl content also increased (£0.05). Fresh fish showed the highest
antioxidant activity, which significantly decreased on days 3 and 5 (£X0.05). However, it increased again with the activa-
tion of antioxidant compounds after 7 d of storage. A 1D'H nuclear magnetic resource spectra of yellowfin tuna revealed
a significant increase in various metabolic components, including bitter peptides, antioxidants, and antimicrobials. In con—
clusion, although yellowfin tuna freshness and protein oxidative stability decreased, several beneficial compounds in-

creased during 7 d of refrigerated storage.
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Introduction

Tuna is a popular seafood dish consumed worldwide. Tuna
and tuna-like species have long been known as the major com-
modities of fisheries. Several types of tuna, such as Albacore,
Bigeye tuna, Atlantic Bluefin tuna, Pacific Bluefin tuna,
Southern Bluefin tuna, skipjack tuna and yellowfin tuna, exist
worldwide (Majkowski, 2007). Recently, the demand for tuna
has increased as people have become more health-conscious,
thus leading to a surge in the prices of tuna meat and oil (Bell
et al., 2015). Tuna production will increase over the next
decade as the demand for tuna products increases in both
developed and developing markets. Affluent Asian nations,
including China, Japan, and South Korea, drive market expan-
sion (Erauskin-Extramiana et al., 2023).

Yellowfin, bigeye, and skipjack are the three primary oceanic

tuna species commonly found in the Indian Ocean. Yellowfin
tuna is a fish species of major importance in seafood commerce
in Sri Lanka. The major constituents of yellowfin tuna are
73.28% moisture, 1.52% crude fat, 23.18% crude protein, and
1.52% ash (Ovissipour et al., 2010). In addition, tuna has a
diverse range of amino acid compositions, such as glutamic,
aspartic, and lysine, ranging from 7.93% to 12.45% (Peng et
al., 2013). Amino acids are crucial components of various
healing processes, and a lack of these essential building blocks
can impede recovery. Amino acids, such as alanine, proline,
arginine, serine, isoleucine and phenylalanine, combine to form
polypeptides that stimulate tissue healing and regeneration
(Witte et al.,, 2002). Therefore, yellowfin tuna is a highly
nutritious fish in Sri Lanka and is highly beneficial to human
health (Nemati et al., 2017).
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Both protein and lipid oxidation have major detrimental
effects on fish, including tuna (Yetisen, 2021). Lipid oxidation
in fish and fish products can lead to unpleasant odors and a
decline in the overall quality, which can negatively impact
consumer satisfaction. Moreover, lipid oxidation can alter the
structural makeup of fish muscle (Baron et al., 2007). It is
assumed that lipid oxidation modifies the nutritional value and
quality of fish based on prior data. On the other hand, the
omega-3 fatty acids found in yellowfin tuna are abundant and
susceptible to oxidation due to lipid breakdown. Therefore the
high amount of omega-3 fatty acids in yellowfin tuna may
decrease owing to lipid oxidation resulting in a reduction in its
overall nutritional value (Guizani et al., 2014).

Metabolomics is the dynamic field of analysis of small-
molecule metabolites (<1 kDa) in biological systems, offering
insights into biochemical pathways and cellular function, and
providing a holistic view of physiological states (Johanningsmeier
et al., 2016). Meat metabolic profiles linked to sensory accep-
tability (Antonelo et al., 2020), flavor and aroma (Aung et al.,
2023), color, and oxidative stability (Ma et al., 2017) have been
successfully obtained using 1D'H nuclear magnetic resource
(NMR). Therefore, metabolites should be investigated to evaluate
the quality of yellowfin tuna under refrigerated conditions.

With the increase in market demand, it is necessary to ensure
the oxidative stability and biochemical processes of yellowfin
tuna. However, not much study has been done on the bioche-
mical processes in yellowfin tuna under different storage condi-
tions. Therefore, this study aimed to evaluate oxidative stability
under refrigerated conditions. In addition, changes in metaboli-
tes were compared between the initial and final storage days
(day 7).

Materials and Methods

Sample collection

Yellowfin tuna were provided by Ceylon Fresh Seafood
(Pvt.) Ltd, Sri Lanka. After the catching fish, they were stored
under the frozen conditions, They were received to the company
after one month. Then loins were separated from the yellowfin
tuna fish, and their average weight was approximately 2.750+
0.250 kg. Samples were vacuum-packed and storing under
frozen condition shipped to the university laboratory same day,

and stored under refrigerated condition (40).

Measurement of pH

Fish samples (2 g) and 18 mL of distilled water (DW) were
mixed and homogenized. A pH meter (PL-700PV, Gemmy
Industrial Corp., Taiwan) was used to measure the pH of the
filtrate after the homogenate had been filtered through the
Whatman No. 4 filter paper (Whatman, Seoul, Korea). The pH
was measured on days 1, 3, 5, and 7 under refrigerated
conditions (4C).

Measurement of protein oxidation

The 2,4-dinitrophenyl hydrazine (DNPH) assay was used to
figure out how much protein carbonyl was in the fish sample
according to (Alinasabhematabadi, 2015). A 3 g sample was
combined with 30 mL of phosphate buffer (20 mM, pH 6.5
containing 0.6 M NaCl) and thoroughly homogenized. From
this mixture, two aliquots of 0.2 mL each were taken for analy-
sis. Both aliquots were treated with 1 mL ice-cold trichloroa-
cetic acid (10% TCA) and were placed in cold water for 15
min. They were then centrifuged at 2,000xg for 30 min. After
discarding the supernatant, the residue was mixed with 1 mL
of TCA and the above procedure was repeated. A 0.5 mL
solution of DNPH [10 mM DNPH dissolved in 2.0 M Hydrogen
chloride (HCI)] was applied to one aliquot for treatment. 0.5
mL of 2.0 M HCl was used as the blank for another aliquot.
The samples were covered with aluminium foil and vortexed
for 1 h using a vortex machine (Model No; M 15, Vortex,
Milano, Italy). The sample was mixed with 0.5 mL of ice-cold
20% TCA solution before vortexing and placed in an ice bath
for 15 min. Then, 1.0 mL of ethanol/ethyl acetate (1:1, V/V)
was added after centrifugation at 2,000xg for 20 min, with the
supernatant being discarded. Next, the samples underwent vor-
texing and centrifuging at 2,000xg for 20 min. This procedure
was repeated three times. The pellets were kept in a hood for
15 min following the removal of the supernatant. The pellets
were dissolved in 1 mL of 6.0 M guanidine hydrochloride
prepared with a 20 mM phosphate buffer at pH 6.5. This
mixture was vigorously vortexed for 30 min covered with
aluminum foil to protect it from light. Centrifugation was
conducted to the final solution at 9,500xg for 10 min. An
absorbance was measured at 280 and 370 nm on days 1, 3, 5,
and 7 under refrigerated conditions (4C). This equation was

used to compute the carbonyl concentration;
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Cc= Asro % 10° (1
hydrazone,370 X (A280 - A:m X 0'43)

Measurement of antioxidant activity

The antioxidant activity of yellowfin tuna was evaluated
using the (2,2-diphenyl-1-picrylhydrazyl) DPPH radical sca-
venging activity (Alma et al., 2003). Firstly, homogenization
was performed for the combination of a 2 g sample and 18
mL DW. After filtration through Whatman No.4 paper
(Whatman), 3 mL of filtrate was centrifuged at 3,000xg for
10 min. The supernatant (4 mL), DW (1.6 mL), and DPPH
solution (2 mL) were mixed by vortexing and incubated in the
dark at room temperature for one hour. The absorbance was
measured at 517 nm on days 1, 3, 5, and 7 under refrigerated
conditions (47C). 2 mL of DW and 2 mL of methanol were
combined to create a blank solution. 2 mL of the DPPH
solution and 2 mL of DW were combined to create the
control solution. The scavenging activity was computed with

the below formula;

DPPH radical scavenging activity (%)=
Absorbance of control — Absorbance of sample

Absorbance of control 100 ?2)
Nuclear magnetic resonance (NMR) spectroscopy

The protocol reported by (Kim et al., 2019) was used for the
extraction of samples and NMR analysis. Firstly, 5 g of fish
sample using 20 mL of 0.6 M perchloric acid was homogeni-
zed, and centrifugation was conducted to the homogenate
(Continent 512R, Hanil, Daejeon, Korea) at 3,500xg for 20
min. The supernatant was centrifuged, after adjusting the pH
7.0 with Potassium hydroxide (KOH). After taking the filtrate
through Whatman No. 1 filter paper (Whatman), it was
lyophilized (Lyoph-Pride, LP03; Ilshin BioBase, Dongducheon,
Korea). Finally, lyophilized samples were diluted in 20 mM
phosphate buffer (pH 7.4) was used with D20 containing 1
mM 3-(trimethylsilyl) propionic-2,2,3,3 d4 acid (TSP). A
Bruker 600 MHz cryo-NMR spectrometer (Bruker BioSpin,
Rheinstetten, Germany) was used for NMR analysis, and
Topspin 4.0.8 (Bruker BioSpin) was used for spectral analysis.
TSP was used as an internal standard during the quantitative

analysis process.

Statistical analysis

Experimental data with three replicates were analyzed using

the Minitab statistical software package, version 20. One-way
analysis of variance (ANOVA) analysis with a 95% confidence
level was used to statistically analyze the data. MetaboAnalyst
6.0 (https://www.metaboanalyst.ca/) was used to analyze partial
least squares discriminant analysis (PLS-DA) and variable im-

portant projection (VIP) score.

Results and Discussion

pH measurement

Changes in pH and lipid oxidation play a crucial role in
meat quality during storage by influencing the oxidation of
myoglobin (Chauhan and England, 2018). Fig. 1 illustrates how
the pH of yellowfin tuna changes while it is being stored.
Overall, the pH increased from 6.13 to 6.27 during storage (p<
0.05). After storing 3 d, the pH value decreased insignificantly
but increased again after day 5 of storage (p>0.05). It is
assumed that the occurrence of glycogenolysis, which causes
the breakdown of glycogen into lactic acid, decreases pH in the
fish tissue (Nazir and Magar, 1963). On the final storage day

pH of Yellowfin tuna
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Fig. 1. Changes in pH of yellowfin tuna during refrige-
rated storage. The pH of the yellowfin tuna increased
from 6.13 to 6.27 during storage (0€0.05). After 3
days, the pH slightly decreased, but this change was
not significant. It then increased again on day 5
(0>0.05), with a significant increase on day 7 (0{0.05).
ab Different letters show significant differences bet-
ween storage days (0€0.05).
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(day 7), the pH of the yellowfin tuna increased significantly
(p<0.05). The pH is affected by inorganic compounds contain-
ing nitrogen as well as by the release and formation of inorga-
nic phosphates. Bu et al. (2022) reported a positive correlation
between pH and freshness, and that the pH of southern bluefin
tuna increased during storage. the pH value of tuna fish biofluid
increased after 7 d of storage owing to the production of
alkaline bacterial metabolites (Fazial et al., 2017). Rodriguez et
al. (2004) claimed that muscle pH rises as a result of secondary
alkaline substances such as ammonia being released by endo-
genous and microbial enzymes encouraging protein breakdown.
In general, the pH of fish is stated to be between 6.0 and 6.5
immediately after it is caught, while rotten fish have a pH
above 7.0 and pH values up to 6.8 are acceptable (Jinadasa et
al., 2015). Therefore, the present results show that yellowfin
tuna still had an optimal pH range after 7 d of storage.

Measurement of protein oxidation

The DNPH is a common method to evaluate the total number
of carbonyls in a protein, allowing for the quantification of
protein oxidation (Dalle-Donne et al., 2003). In yellowfin tuna,
the carbonyl content is a crucial marker of protein oxidation.
Fig. 2 shows how the carbonyl content of yellowfin tuna
changed over 7 d in the refrigerator. As the number of storage
days increased, the carbonyl content of the yellowfin tuna
increased (p<0.05). No significant contrast was between days 1
and 3, or between days 3 and 5 (p>0.05). Kjaersgard and Jessen
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Fig. 2. Changes in carbonyl concentration of yellowfin
tuna during refrigerated storage. Within the storage
time period, the carbonyl content in the yellowfin tuna
also increased (0€0.05). However, no significant diffe-
rences were observed between days 1 and 3, or bet—
ween days 3 and 5 (p)0.05). ®° Different letters show
significant differences between storage days (p{0.05).

(2004) mentioned that the increase in carbonylation was caused
by high salt-soluble proteins, primarily carbonylated protein
fractions. This was substantiated by an increase in the carbonyl
concentration of myofibrillar protein in thin-lipped mullets after
10 d of refrigerated storage (Tokur and Polat, 2010). Protein
oxidation may deteriorate the overall quality of meat products,
affecting their texture and flavor (Xiong and Guo, 2020). In
addition, high levels of protein oxidation can impair the
nutritional value of foods, reducing the bioavailability of amino
acids and resulting in the loss of essential amino acids
(Dominguez et al., 2022). Therefore, there should be a great
concern regarding higher protein oxidation in yellowfin tuna

during long-term refrigerated storage.

Measurement of antioxidant activity

The DPPH assay determines the potential of substances to
act as free radical scavengers. It is also used to determine the
antioxidant capacities of fish fillets, other foods, and food items
(Ceylan et al., 2019). The DPPH radical scavenging activity of
yellowfin tuna is shown in Fig. 3. After 7 d of storage, the
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Fig. 3. Changes in DPPH radical scavenging activity of
yellowfin tuna during refrigerated storage. After 7
days of storage, the DPPH scavenging activity dec—
reased from 51.90% to 39.50%. A significant decrease
was observed on day 3 (0€0.05), but DPPH activity
increased significantly on days 5 and 7 (¢X0.05), though
still lower than the initial level. NS, non significant;
DPPH, 2,2-diphenyl-1-picrylhydrazyl.
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initial 51.90% DPPH scavenging activity decreased to 39.50%.
The DPPH radical scavenging activity significantly decreased
on day 3 (p<0.05). A decrease in DPPH levels, as observed
during refrigerated fish storage, indicates an increase in the
production of secondary lipid oxidation products, such as alde-
hydes (Kolakowska, 2002). However, there was a significant
increase on days 5 and 7 (p<0.05), but with a lower value than
the initial value (p<0.05). These alterations could include the
activation of antioxidant mechanisms or the ingestion of pro-
oxidants, thereby increasing the DPPH levels. DPPH radical
scavenging activity may increase due to the formation of anti-
oxidant compounds such as tryosine, creatine and lactat (Lawler
et al,, 2002; Torkova et al., 2015). Rest of this response of

microbial activity, and activation of enzymes during refrige-
rated storage affect to the DPPH radical scarvenging activity.
The current metabolite compound results also showed an inc-
rease in the levels of antioxidant compounds in the refrigerated

yellowfin tuna.

Water-soluble metabolite analysis

The 1D'H NMR spectra from the first and seventh days of
refrigerated storage of yellowfin tuna are shown in Figs. 4A
and B, respectively. The 'H NMR spectra of the yellowfin tuna
muscle samples contained a few assignable amino acids,
nucleotide-related metabolites, miscellaneous metabolites, and

energy-related metabolites. According to the principal compo-
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Fig. 4. 1D "H NMR differential concentration spectrum of

perchloric acid extract of yellowfin tuna (a) day 1, and

(b) day 7 refrigerated storage. NMR, nuclear magnetic resource; H20, water; TSP, 3-(trimethylsilyl)propionic-

2,2,3,3-d4 acid.
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Fig. 6. Changes of metabolite compounds of yellowfin tuna along with the refrigerated storage days. (A) principal
component analysis (PCA) biplot, (B) partial least squares—discriminant analysis (PLS-DA), and (C) variable
importance in projection (VIP) score. According to the scores plot, metabolite compounds increased after 7 days
of storage. There are 97.7% geographical distance between days 1 and 7 according to the Component 1. VIP
scores described the most important difference compounds such as threonine, lactate, tyrosine, and creatine.

nent analysis (PCA) biplot and PLS-DA, the metabolite com-
pounds on days 1 and 7 are significantly different from each
other geographically, with Component 1 accounting for 97.7%
(Figs. SA and B). Significant variation in group discrimination
for PLS-DA is reflected in the VIP score, which displayed four

metabolite compounds (threonine, lactate, tyrosine, and creatine).

Based on 1D'H NMR spectra, 23 metabolites were identi-
fied, and the assigned compounds are listed in Table 1. During
meat storage, proteins undergo various changes, including de-

gradation. This process leads to the release of free amino acids
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Table 1. Changes in metabolites (mg/100 g) of yellowfin tuna between the initial and final storage days (day 7)

Metabolite compounds (mg/100 g) Day 1 Day 7 SEM"
Free amino acids

Alanine 0.05 0.06 0.006
Glycine 0.12 0.12 0.023
Isoleucine 0.04° 0.13° 0.009
Leucine 0.05° 0.17° 0.015
Threonine 1.97° 7.20° 0.724
Tyrosine 2.37° 5.16° 0.235
Valine 0.04° 0.11° 0.004
Sarcosine 0.04 0.07 0.000
Niacinamide 0.02° 0.06° 0.003
Nucleotide related metabolites

Hypoxanthine 0.18° 0.35° 0.018
Inosine 0.17° 0.31° 0.025
Miscellaneous metabolites

Choline 0.07° 0.23° 0.026
O-Phosphocholine 0.21° 0.36° 0.038
Energy-related metabolites

Acetate 0.32° 1.50° 0.159
Creatine 0.63° 2.51° 0.003
Acetoacetate 0.01 0.02 0.009
Acetone 0.01 0.02 0.012
Succinate 0.09 0.12 0.006
Fumarate 0.00 0.02 0.088
Glucose 1.50° 2.51° 0.136
Glycerol 0.70 0.69 0.538
Lactate 1.51° 5.33° 0.003
Malonate 0.02 0.03 0.002

Y SEM, standard error of the mean.

b Means with a column with different letters are significantly different (cX0.05).

and peptides from large protein structures. They enhance the
production of savory and umami flavors in fish (Konosu and
Yamaguchi, 1982) and increase fish antioxidant activity (Chan
et al., 1994). According to the current research, free amino
acids, including isoleucine, leucine, threonine, tyrosine, valine,
and niacinamide significantly increased after 7 d of storage.
Ruiz-Capillas and Moral (2001) and Shiba et al. (2014) found

that muscle autolysis and microbial growth caused these amino
acid changes. Ozden (2005) and Ruiz-Capillas and Moral (2004)
also found that maintaining fish at a specific temperature signi-
ficantly increases their isoleucine content. Previous studies have
revealed that isoleucine, leucine, tyrosine, and valine are linked
with bitterness (Kodani et al., 2017). Li et al. (2004) and Pripp
and Ardd (2007) reported that bitter peptides have certain
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structural properties and many bitter dipeptides exhibit angio-
tensin-converting-enzyme (ACE)-inhibitory action. The structu-
ral requirements for ACE-inhibitory activity are related to these
properties. In addition, alanine, glycine, isoleucine, leucine,
threonine, and valine are involved in protein breakdown, where
bacterial metabolism of these amino acids leads to the produc-
tion of ammonia, contributing to the increase in pH. Niacina-
mide, also known as vitamin B3 or nicotinamide, is found in
various foods, including meat, fish, dairy products, and grains
(Gehring, 2004). Niacinamide (nicotinamide) is a derivative of
niacin (nicotinic acid) and a precursor to the coenzymes
nicotinamide adenine dinucleotide and nicotinamide adenine
dinucleotide phosphate (Gehring, 2004). Niacin and its deriva-
tives indirectly contribute to antioxidant defense by supporting
the function of enzymes involved in neutralizing free radicals
and protecting tissues from oxidative damage (Finger et al.,
2009). Therefore, increasing niacinamide levels may help pro-
tect yellowfin tuna from oxidative processes that can lead to
rancidity and off-flavors.

With the use of "H NMR, the nucleotide-related metabolites
hypoxanthine and inosine were identified. Enzymes present in
fish muscles gradually deplete adenosine triphosphate, convert-
ing it successively into adenosine diphosphate, and adenosine
monophosphate. Subsequently, the inosine 5’-monophosphate
(IMP) formed undergoes degradation into inosine, further
breaking down into hypoxanthine through autolytic and micro-
bial action (Surette et al., 1988). This hypoxanthine is further
transformed into uric acid. The freshness indices are based on
the ratios of nucleotide-related metabolites to adenosine tri-
phosphate (ATP) degradation components (Karube et al., 1984).
Notably, there is an inverse relationship between uric acid
content and the freshness of fish meat, making it a significant
analytical method for freshness evaluation (Gokoglu and
Yerlikaya, 2015). In addition, Bodin et al. (2022) reported that
hypoxanthine contributes to the bitter, and off-flavors of fish.
The current study found a substantial increase in hypoxanthine
and inosine levels after 7 d of storage (p<0.0), likely due to
bacterial activity.

Recent studies have found that choline and its derivative
metabolites, phosphoethanolamine, significantly increase after
7 d of storage. It is one of the products released during the
phospholipid hydrolysis (Sardenne et al., 2016). Choline is an
essential nutrient that plays various crucial roles in the body

and is a component of several important molecules, such as

acetylcholine (a neurotransmitter), phosphatidylcholine (a major
component of cell membranes), and sphingomyelin (Moretti et
al., 2020). However, the production of these compounds indi-
cates both the oxidative susceptibility and health benefits of
yellowfin tuna because the ester bond between the glycerol
backbone and fatty acids undergoes hydrolysis, releasing free
fatty acids such as docosahexaenoic acid and eicosapentaenoic
acid (Refsgaard et al., 2000).

Furthermore, 10 energy-related metabolites were collected
during the refrigerated storage of yellowfin tuna. Acetate,
lactate, glucose, and creatine levels significantly increased after
7 d of storage (p<0.05). Acetate, lactate, and succinate are
organic acids produced by microbial metabolism, particularly in
the context of muscle-based food storage (Chiou et al., 1998).
Acetic acid contributes to the flavor profile of fish and may act
as a preservative by creating an acidic environment that inhibits
the growth of spoilage microorganisms (Borquez et al., 1994).
Lactate, which is generated from pyruvate via glycosis, is
abundant in tuna muscle because of its role in burst swimming
activity (Guppy and Hulbert, 1979). Succinate and lactate can
reduce metmyoglobin activity, improve meat color and lower
lipid oxidation (Bramstedt, 1962). Additionally, lactate is crucial
for the development of pleasant scents and the degree of fresh-
ness degree (Ramanathan et al., 2011). Creatine, a type of
phosphocreatine retained in muscle tissue, may contribute to
the reduction of oxidative stress (Wu, 2009). In addition, an
increase in the glucose levels in fish during refrigerated storage
can occur because of various biochemical and microbial proce-
sses. The usual source of glucose is the stored muscle glyco-
gen. Glucose reduces water activity by creating an osmotic
environment, and (Sionek et al., 2021) found that glucose has
a substantial negative correlation with pH. Therefore, high
glucose concentrations, whether synthetic or endogenous, can
inhibit meat deterioration (Nychas et al., 1998).

The ID'H NMR spectra of yellowfin tuna revealed a
significant increase in several metabolite components after 7 d
of refrigerated storage. In addition to an increase in bitter pep-
tides, which are beneficial to health, the levels of antioxidant
compounds also increased. Although refrigerated yellowfin tuna
lost some freshness, increased organic acids may inhibit micro-
biological growth. Furthermore, the products of phospholipid
hydrolysis indicated an increase in the nutritional quality of

yellowfin tuna.
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Conclusion

The study found that while yellowfin tuna’s freshness dec-
reased during 7 days of refrigerated storage, its pH remained
acceptable. Antioxidant activity increased after 7 days, and
protein carbonyl content increased. NMR analysis showed a
increase in beneficial compounds like bitter peptides, antioxi-

dants, and antimicrobials.

Conflicts of Interest

The authors declare no potential conflict of interest.

Acknowledgments
Not applicable.

Ethics Approval
This article does not require IRB/IACUC approval because

there are no human and animal participants.

Author Contributions

Conceptualization: Wimalarathne W, Abeyrathne EDNS, Nam
KC.

Methodology: Aung SH, Abeyrathne EDNS, Nam KC.

Formal analysis: Abeyranthna MGAS, Yapa YMDM, Aung
SH, Rupasinghe RN.

Validation: Nam KC.

Writing - original draft: Abeyranthna MGAS, Aung SH.

Writing - review & editing: Abeyrathne MGAS, Yapa
YMDM, Wimalarathna W, Aung SH, Rupasinghe RN,
Abeyrathne EDNS, Nam KC.

Author Information

Madiththe Gedara Asela Sandaruwan Abeyrathna
(Graduate Student, Uva Wellassa University)
https://orcid.org/0009-0004-4170-7894

Yapa Mudiyanselage Dishan Maduranga Yapa
(Graduate Student, Uva Wellassa University)
https://orcid.org/0009-0002-8343-7656

Wathsala Wimalarathna
(Manager, Quality Assuarance, Ceylon Fresh Sea Food
(Pvt) Ltd.)
https://orcid.org/0009-0003-5292-2488

Shine Htet Aung (Researcher, Sunchon National University)
https://orcid.org/0000-0002-9470-0141

Ramesh Nimantha Rupasinghe
(Graduate Student, Sunchon National University)
https://orcid.org/0000-0002-9984-5622

Edirisinghe Dewage Nalaka Sandun Abeyrathne
(Professor, Uva Wellassa University)
https://orcid.org/0000-0002-6284-2145

Ki-Chang Nam (Professor, Sunchon National University)
https://orcid.org/0000-0002-2432-3045

References

Alinasabhematabadi L. 2015. Protein oxidation in atlantic
mackerel (Scomber scombrus) during chilled and frozen
storage. Master’s thesis, NTNU, Trondheim, Norway.

Alma MH, Mavi A, Yildirim A, Digrak M, Hirata T. 2003.
Screening chemical composition and in vitro antioxidant
and antimicrobial activities of the essential oils from
Origanum syriacum L. growing in turkey. Biol Pharm
Bull 26:1725-1729.

Antonelo DS, Coénsolo NRB, Gomez JFM, Beline M, Goulart
RS, Corte RRPS, Colnago LA, Schilling MW, Gerrard
DE, Silva SL. 2020. Metabolite profile and consumer
sensory acceptability of meat from lean nellore and angus
x nellore crossbreed cattle fed soybean oil. Food Res Int
132:109056.

Aung SH, Abeyrathne EDNS, Hossain MA, Jung DY, Kim HC,
Jo C, Nam KC. 2023. Comparative quality traits, flavor
compounds, and metabolite profile of Korean native black
goat meat. Food Sci Anim Resour 43:639-658.

Baron CP, Kjersgard IVH, Jessen F, Jacobsen C. 2007. Protein
and lipid oxidation during frozen storage of rainbow trout
(Oncorhynchus mykiss). J Agric Food Chem 55:8118-8125.

Bell JD, Allain V, Allison EH, Andréfouét S, Andrew NL,
Batty MJ, Blanc M, Dambacher JM, Hampton J, Hanich
Q, Harley S, Lorrain A, McCoy M, McTurk N, Nicol S,
Pilling G, Point D, Sharp MK, Vivili P, Williams P. 2015.
Diversifying the use of tuna to improve food security and
public health in pacific island countries and territories.
Mar Policy 51:584-591.

Bodin N, Amiel A, Fouché E, Sardenne F, Chassot E,
Debrauwer L, Guillou H, Tremblay-Franco M, Canlet C.
2022. NMR-based metabolic profiling and discrimination
of wild tropical tunas by species, size category, geogra-
phic origin, and on-board storage condition. Food Chem
371:131094.



52 Food and Life (2025) 2025(2)-43-54

Borquez R, Espinoza M, Ormefio R. 1994. Effects of storage
time and chemical preservatives on the total volatile basic
nitrogen content in chilean mackerel (7Trachurus murphy)
prior to fish meal production. J Sci Food Agric 66:181-
186.

Bramstedt F. 1962. Amino acid composition of fresh fish and
influence of storage and processing. In Fish in nutrition.
Heen E, Kreuzer R (ed) . Fishing News Books, London,
UK. pp 61-67.

Bu Y, Han M, Tan G, Zhu W, Li X, Li J. 2022. Changes in
quality characteristics of southern bluefin tuna (Thunnus
maccoyii) during refrigerated storage and their correlation
with color stability. LWT-Food Sci Technol 154:112715.

Ceylan Z, Uslu E, Ispirli H, Meral R, Gavgali M, Tahsin'yilmaz
M, Dertli E. 2019. A novel perspective for Lactobacillus
reuteri: Nanoencapsulation to obtain functional fish fillets.
LWT-Food Sci Technol 115:108427.

Chan KM, Decker EA, Feustman C. 1994. Endogenous skeletal
muscle antioxidants. Crit Rev Food Sci Nutr 34:403-426.

Chauhan SS, England EM. 2018. Postmortem glycolysis and
glycogenolysis: Insights from species comparisons. Meat
Sci 144:118-126.

Chiou TK, Lin JF, Shiau CY. 1998. Changes in extractive
components and glycogen in the edible meat of hard clam
Meretrix lusoria during storage at different temperatures.
Fish Sci 64:115-120.

Dalle-Donne I, Rossi R, Giustarini D, Milzani A, Colombo R.
2003. Protein carbonyl groups as biomarkers of oxidative
stress. Clin Chim Acta 329:23-38.

Dominguez R, Pateiro M, Munekata PES, Zhang W,
Garcia-Oliveira P, Carpena M, Prieto MA, Bohrer B,
Lorenzo JM. 2022. Protein oxidation in muscle foods: A
comprehensive review. Antioxidants 11:60.

Erauskin-Extramiana M, Chust G, Arrizabalaga H, Cheung
WWL, Santiago J, Merino G, Fernandes-Salvador JA.
2023. Implications for the global tuna fishing industry of
climate change-driven alterations in productivity and body
sizes. Glob Planet Change 222:104055.

Fazial FF, Ling LT, Ahmad AAA, Zubairi SI. 2017. Physico-
chemical characterization of biofluid metabolites from
liquid residual of tuna fish (Euthynnus affinis) throughout
refrigerated storage condition. J Food Qual 2017:4189638.

Finger S, Boller F, Tyler KL. 2009. Historical aspects of the

major neurological vitamin deficiency disorders: The

water-soluble B vitamins. In History of Neurology. Finger
S, Boller F, Tyler KL (ed). Elsevier, Amsterdam,
Netherland. pp. 445-476.

Gehring W. 2004. Nicotinic acid/niacinamide and the skin. J
Cosmet Dermatol 3:88-93.

Gokoglu N, Yerlikaya P. 2015. Seafood chilling, refrigeration
and freezing: Science and technology. John Wiley &
Sons, Hoboken, NJ, USA.

Guizani N, Rahman MS, Al-Ruzeiqi MH, Al-Sabahi JN,
Sureshchandran S. 2014. Effects of brine concentration on
lipid oxidation and fatty acids profile of hot smoked tuna
(Thunnus albacares) stored at refrigerated temperature. J
Food Sci Technol 51:577-582.

Guppy M, Hulbert WC, Hochachka PW. 1979. Metabolic
sources of heat and power in tuna muscles: II. Enzyme
and metabolite profiles. J Exp Biol 82:303-320.

Jinadasa BKKK, Galhena CK, Liyanage NPP. 2015. Histamine
formation and the freshness of yellowfin tuna (Thunnus
albacares) stored at different temperatures. Cogent Food
Agric 1:1028735.

Johanningsmeier SD, Harris GK, Klevorn CM. 2016. Meta-
bolomic technologies for improving the quality of food:
Practice and promise. Annu Rev Food Sci Technol 7:413-
438.

Karube I, Matsuoka H, Suzuki S, Watanabe E, Toyama K.
1984. Determination of fish freshness with an enzyme
sensor system. J Agric Food Chem 32:314-319.

Kim HC, Ko YJ, Kim M, Choe J, Yong HI, Jo C. 2019.
Optimization of 1D 'H quantitative NMR (nuclear mag-
netic resonance) conditions for polar metabolites in meat.
Food Sci Anim Resour 39:1-12.

Kjersgard IVH, Jessen F. 2004. Two-dimensional gel electro-
phoresis detection of protein oxidation in fresh and tainted
rainbow trout muscle. J Agric Food Chem 52:7101-7107.

Kodani Y, Miyakawa T, Komatsu T, Tanokura M. 2017.
NMR-based metabolomics for simultaneously evaluating
multiple determinants of primary beef quality in Japanese
black cattle. Sci Rep 7:1297.

Kolakowska A. 2002. Lipid oxidation in food systems. In
Chemical and functional properties of food lipids. Sikorski
Z, Kolakowska A (ed). CRC Press, London, UK. pp 133-
165.

Konosu S, Yamaguchi K. 1982. The flavor components in fish
and shellfish. In Martin RE, Flick GL, Hebard CE, Ward



Quality characteristics of yellowfin tuna 53

CR (ed). Chemistry and biochemistry of marine food
products. AVI & Co, Westport, CT, USA. pp 367-404.

Lawler JM, Bames WS, Wu G, Song W, Demaree S. 2002.
Direct antioxidant properties of creatine. Biochem Biophys
Res Commun 290:47-52.

Li GH, Le GW, Shi YH, Shrestha S. 2004. Angiotensin I-
converting enzyme inhibitory peptides derived from food
proteins and their physiological and pharmacological
effects. Nutr Res 24:469-486.

Ma D, Kim YHB, Cooper B, Oh JH, Chun H, Choe JH,
Schoonmaker JP, Ajuwon K, Min B. 2017. Metabolomics
profiling to determine the effect of postmortem aging on
color and lipid oxidative stabilities of different bovine
muscles. J Agric Food Chem 65:6708-6716.

Majkowski J. 2007. Global fishery resources of tuna and
tuna-like species. FAO, Rome, Italy.

Moretti A, Paoletta M, Liguori S, Bertone M, Toro G, Iolascon
G. 2020. Choline: An essential nutrient for skeletal
muscle. Nutrients 12:2144.

Nazir DJ, Magar NG. 1963. Biochemical changes in fish
muscle during rigor mortis. J Food Sci 28:1-7.

Nemati M, Huda N, Ariffin F. 2017. Development of calcium
supplement from fish bone wastes of yellowfin tuna
(Thunnus albacares) and characterization of nutritional
quality. Int Food Res J 24:2419-2426.

Nychas GJE, Drosinos EH, Board RG. 1998. Chemical changes
in stored meat. In Microbiology of meat and poultry.
Davies AR, Board RJ, Board RG (ed). Springer Science
& Business Media, Berlin, Germany. pp. 288-320.

Ovissipour M, Benjakul S, Safari R, Motamedzadegan A. 2010.
Fish protein hydrolysates production from yellowfin tuna
Thunnus albacares head using alcalase and protamex. Int
Aquat Res 2:87-95.

Ozden O. 2005. Changes in amino acid and fatty acid compo-
sition during shelf-life of marinated fish. J Sci Food Agric
85:2015-2020.

Peng S, Chen C, Shi Z, Wang L. 2013. Amino acid and fatty
acid composition of the muscle tissue of yellowfin tuna
(Thunnus albacares) and bigeye tuna (Thunnus obesus). J
Food Nutr Res 1:42-45.

Pripp AH, Ardo Y. 2007. Modelling relationship between
angiotensin-(i)-converting enzyme inhibition and the bitter
taste of peptides. Food Chem 102:880-888.

Ramanathan R, Mancini RA, Dady GA. 2011. Effects of

pyruvate, succinate, and lactate enhancement on beef
longissimus raw color. Meat Sci 88:424-428.

Refsgaard HHF, Brockhoff PMB, Jensen B. 2000. Free polyun-
saturated fatty acids cause taste deterioration of salmon
during frozen storage. J Agric Food Chem 48:3280-3285.

Rodriguez O, Losada V, Aubourg SP, Barros-Velazquez J.
2004. Enhanced shelf-life of chilled European hake
(Merluccius merluccius) stored in slurry ice as determined
by sensory analysis and assessment of microbiological
activity. Food Res Int 37:749-757.

Ruiz-Capillas C, Moral A. 2001. Changes in free amino acids
during chilled storage of hake (Merluccius merluccius L.)
in controlled atmospheres and their use as a quality
control index. Eur Food Res Technol 212:302-307.

Ruiz-Capillas C, Moral A. 2004. Free amino acids and biogenic
amines in red and white muscle of tuna stored in con-
trolled atmospheres. Amino Acids 26:125-132.

Sardenne F, Chassot E, Fouché E, Ménard F, Lucas V, Bodin
N. 2016. Are condition factors powerful proxies of energy
content in wild tropical tunas? Ecol Indic 71:467-476.

Shiba T, Shiraki N, Furushita M, Maeda T. 2014. Free amino
acid and ATP-related compounds in sterile tiger puffer
fish (Takifugu rubripes) fillets stored at 4C. J Food
Process Preserv 38:791-797.

Sionek B, Przybylski W, Banska A, Florowski T. 2021.
Applications of biosensors for meat quality evaluations.
Sensors 21:7430.

Surette ME, Gill TA, LeBlanc PJ. 1988. Biochemical basis of
postmortem nucleotide catabolism in cod (Gadus morhua)
and its relationship to spoilage. J Agric Food Chem 36:
19-22.

Tokur B, Polat A. 2010. Myofibrillar and sarcoplasmic protein
oxidation and degradation of thin-lipped gray mullet (Liza
ramada) during refrigerated storage (4C). J Muscle Foods
21:102-118.

Torkova A, Koroleva O, Khrameeva E, Fedorova T,
Tsentalovich M. 2015. Structure-functional study of tyro-
sine and methionine dipeptides: An approach to antioxi-
dant activity prediction. Int J Mol Sci 16:25353-25376.

Witte MB, Thornton FJ, Tantry U, Barbul A. 2002. L-arginine
supplementation enhances diabetic wound healing:
Involvement of the nitric oxide synthase and arginase
pathways. Metab Clin Exp 51:1269-1273.

Wu G. 2009. Amino acids: Metabolism, functions, and nutri-



54

Food and Life (2025) 2025(2)-43-54

tion. Amino Acids 37:1-17.
Xiong YL, Guo A. 2020. Animal and plant protein oxidation:

Chemical and functional property significance. Foods
10:40.

Yetisen M. 2021. Volatiles of canned tuna fish and the effects

of different parameters: A review. J Raw Mater Process

Foods 2:8-24.

© Copyright. Korean Society for Food Science of Animal Resources.

Date Received Feb. 11, 2025
Date Revised  Mar. 23, 2025
Date Accepted Mar. 24, 2025



