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Abstract

The aquaculture of olive flounder (Paralichthys olivaceus) is increasingly threatened by climate-induced elevated water tem-
peratures, which negatively affect fish health and growth. This study explores the potential of dietary taurine supplementation
to alleviate the effects of acute temperature stress on the physiological adaptability of olive flounder. In total, 420 juvenile fish,
with an average initial weight of 12.97 + 0.1 g (mean + SEM), were randomly assigned to 21 tanks (20 fish per tank), forming sev-
en triplicate groups. The fish were fed seven experimental diets: taurine 0.13% (Tau0.13), taurine 0.56% (Tau0.56), taurine 0.96%
(Tau0.96), taurine 1.50% (Tau1.50), taurine 2.01% (Tau2.01), taurine 2.54% (Tau2.54), and taurine 2.87% (Tau2.87) at a rearing
temperature of 19.5 + 0.1C. The dietary treatments were assigned randomly to the tanks, and a growth trial lasted for eight
weeks. At the end of this period, one group of juveniles was exposed to lethal temperature stress (31°C) for 48 h, while another
group were subjected to acute temperature stress (29 C) for 6 h. We assessed the effects of taurine across different biological
levels. Growth performance remained relatively constant across all supplementation levels. However, there was a significant
reduction in whole-body crude lipid content, indicating taurine’s role in fat metabolism. Cummulative survival rates under lethal
temperature exposure showed no significant differences between the taurine-supplemented groups and the control (Tau0.13),
suggesting that taurine alone may not mitigate the effects of extreme temperatures in juvenile olive flounder. Furthermore,
taurine supplementation significantly altered the plasma free amino acid profile, reduced cortisol levels, and exhibited limited
effectiveness in enhancing antioxidant enzyme activity and immune function. Additionally, no significant changes were ob-
served in the expression levels of key stress-related genes in brain and liver tissues, including heat shock proteins (hsp60, hsp70,
and hsp90) and the warm water acclimation-related gene (wap65), suggesting that taurine supplementation did not trigger a
robust stress response at the molecular level. This research highlights taurine’s potential as a dietary intervention in aquaculture.
However, further studies are needed to investigate its long-term effects under various environmental stressors.
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Introduction

Olive flounder (Paralichthys olivaceus) is a commercially valu-
able species in East Asian aquaculture, particularly along the
southern coast of Korea. However, increasing sea surface tem-
peratures and rising ocean heat content are significantly impact-
ing marine ecosystems and aquaculture operations. In Korea
waters, these changes have been accelerating at approximately
2.6 times the global average over the past 55 years (1968-2023;
NIFS, 2023; Fig. 1). The prevalence of flow-through aquaculture
systems, which rely on direct seawater intake, exposes olive
flounder farms to these temperature fluctuations. This com-
plicates the maintenance of optimal rearing conditions (Lee et
al,, 2023). As water temperatures rise due to climate change,
fish in these systems increasingly face temperature stress which
adversely affects their growth, immune function, and overall
health.

The optimal temperature range for the growth and met-
abolic activity of olive flounder is between 19.5C and 25T
(Palaksha et al., 2008). Deviations from this optimal range,
particularly acute temperature stress, can trigger both primary
and secondary stress responses in fish. Primary stress responses
include the activation of the hypothalamic-pituitary-interrenal
axis, which leads to the release of stress hormones like cortisol
(CORT). This hormonal cascade initiates secondary stress re-
sponses, involving alterations in plasma glucose (GLU) levels,
electrolyte imbalances, and increased metabolic rates. These
responses can ultimately compromise immune function, reduce
growth, and increase mortality under chronic stress conditions
(Ciji & Akhtar, 2021). Managing these physiological challenges
has become a priority for sustainable aquaculture as climate-in-
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Fig. 1. Graph showing the rate of change in sea surface
temperature anomalies in Korea compared to the global
average (1968-2023). Data from NIFS (2023).
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duced stressors become more frequent.

Taurine, also known as 3-aminoethane sulphonic acid, is a
naturally occurring B-amino acid widely distributed in various
tissues throughout the body. Unlike other amino acids, taurine
is not incorporated into proteins and primarily exists in its free
form (O’Flaherty et al., 2003). The body synthesizes taurine
mainly in the brain and liver from the sulfur-containing amino
acids, such as methionine and cysteine via a reaction catalyzed
by cysteine-sulphonic acid decarboxylase. Traditionally, tau-
rine has been viewed as a mere end product of sulfur amino
acid metabolism, with its primary physiological role being bile
conjugation (O’Flaherty et al., 2003). However, recent research
indicates that taurine possesses broader physiological functions,
increasing interest in its potential benefits for fish health and
stress tolerance across various species. For instance, studies on
hybrid snakehead (Channa maculatus ¢ x C. argus3') indicated
that taurine reduced ammonia stress by lowering blood urea
nitrogen respiratory burst and blood cell apoptosis rate, relative
mRNA expression of hepatic catalase (cat), and heat shock pro-
tein 70 (hsp70; Tan et al., 2018).

Nonetheless, the effects of taurine on growth and stress tol-
erance appear to be both species-specific and size-dependent.
For instance, Kim et al. (2003) found that taurine supplemen-
tation was essential during the early growth stages of Japanese
flounder (P olivaceus), although its effects diminished in fin-
gerlings. Similarly, in juvenile turbot, taurine improved growth
performance at smaller sizes, while larger fish exhibited less
pronounced benefits (Qi et al., 2012). These findings suggest
that taurine’s efficacy may vary depending on the developmen-
tal stage of the fish and the specific environmental stressors they
encounter.

Given the limited research on the physiological responses
of olive flounder to acute temperature stress and the potential
role of taurine in enhancing stress resilience, this study aimed
to investigate the effects of taurine supplementation on the
physiological and stress responses of juvenile olive flounder
under elevated temperature conditions. We hypothesized that
taurine supplementation would mitigate the negative effects of
acute temperature stress, thereby improving survival, immune
function, and antioxidant defense mechanisms. The results of
this study will contribute to a deeper understanding of how
dietary interventions can support aquaculture species facing
climate-induced environmental challenges, ultimately aiding in
the sustainability of aquaculture practices and food security.
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Experimental diet preparation
The detailed experimental design is illustrated in Fig. 2, and Fig. 2. Experimental design of the feeding trial and stress
the ingredient composition of the basal diet is outlined in Table  exposure tests.

1. Based on previous studies investigating taurine’s efficacy in

Table 1. Feed formulation and proximate composition of the experimental diets

Ingredient (% inclusion) Treatment
Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Tau2.87

Anchovy Fishmeal 20 20 20 20 20 20 20
Starch 5 5 5 5 5 5 5
Wheat flour 10.5 10.5 10.5 10.5 105 10.5 10.5
Squid liver powder 5 5 5 5 5 5 5
Soybean meal 9.7 9.7 9.7 9.7 9.7 9.7 9.7
Poultry by-product 10 10 10 10 10 10 10
Isolated soybean protein 10 10 10 10 10 10 10
Tankage meal 14 14 14 14 14 14 14
Fish oil 55 55 55 55 55 55 55
Lecithin 09 09 09 09 09 0.9 09
Betaine 09 09 09 09 09 09 09
GABA premix (5%) 04 04 04 04 04 04 04
Monocalcium phosphate 0.9 0.9 0.9 0.9 09 09 09
Methionine 04 04 04 04 04 04 04
Lysine 04 04 04 04 04 04 04
Mineral mix 12 12 12 12 1.2 12 12
Vitamin mix 12 12 12 12 1.2 12 12
Vitamin C 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Choline 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Cellulose 3 25 2 1.5 1 0.5 0
Taurine 0 0.5 1 15 2 25 3
Total 100 100 100 100 100 100 100
Analyzed taurine concentration (%) 0.13 0.56 0.96 1.50 2.01 2.54 2.87
Proximate composition (%; dry matter)

Moisture (%) 14 14 1.7 23 24 2.7 28

Crude protein (%) 53.7 54.1 52.0 54.6 55.2 55.5 56.4
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Table 1. Continued
Ingredient (% inclusion) Treatment
Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Tau2.87
Proximate composition (%; dry matter)
Crude lipid (%) 121 1.7 126 1.9 12.7 12.3 1.9
Crude ash (%) 10.1 10.0 9.9 104 10.0 10.2 104
Gross energy
(kcal/kg) 5121 5119 5132 5,025 5,029 5,009 4,906

""The FEED, Goyang, Korea.
? Duksan Pure Chemicals, Ansan, Korea.

* Mineral mix (as g/kg premix): Ferrous fumarate, 12.50; Manganese sulfate, 11.25; Dried ferrous sulfate, 20.0; Dried cupric sulfate, 1.25; Cobaltous sulfate, 0.75; Zinc sulfate KVP, 3.75; Calci-

um iodate, 0.75; Magnesium sulfate, 80.20; Aluminum hydroxide, 0.75.

“'Vitamin mix (as mg/kg premix): A, 1,000,000 IU; D, 200,000 IU; E, 10,000; B1, 2,000; B6, 1,500; B12, 10; C, 10,000; Calcium pantothenic acid, 5,000; Nicotinic acid 4,500; B-Biotin 10; Choline

chloride, 30,000; Inositol, 5,000.
GABA, gamma-aminobutyric acid.

aquaculture, we established varying concentrations to assess its
potential effects on the physiological responses of juvenile olive
flounder under acute temperature stress. Our experimental
diet concentrations were strategically designed to encompass a
range of taurine levels, allowing for a thorough evaluation of its
impact on stress resilience. Seven isonitrogenous (approximately
54.5% crude protein), isolipidic (approximately 12.2% crude lip-
id), and isocaloric diets (approximately 5,049 kcal/kg gross en-
ergy) were prepared to include taurine at levels of 0%, 0.5%, 1%,
1.5%, 2%, 2.5%, and 3%. The analyzed taurine concentrations
for each diet were as follows: 0.13% (named as Tau0.13), 0.56%
(Tau0.56), 0.96% (Tau0.96), 1.5% (Taul.50), 2.01% (Tau2.01),
2.54% (Tau2.54), and 2.87% (Tau2.87). The concentrations of
taurine were verified using high-performance liquid chroma-
tography (HPLC) to ensure accuracy and consistency across
the dietary treatments. The diet formulation process began by
mixing all the dry ingredients for 15 min using an electric mix-
er (HYVM-1214, Hanyoung Food Machinery, Hanam, Korea).
Fish oil was then gradually added to the mixture, followed by
an additional 15 min of mixing. Next, tap water, which consti-
tuted 45% of the total ingredient volume, was incorporated, and
the mixture was thoroughly blended for another 15 min. The
resulting wet dough was passed through a pelletizing machine
(SFD-GT, Shinsung, Gwacheon, Korea) fitted with a flat die
featuring holes approximately 2 mm in diameter. The pelleted
strands were manually fragmented into smaller pieces and then
oven-dried using a dryer (KE-010, Dongwon Industries, Seoul,
Korea) at 45°C for 18 h. This process resulted in a moisture con-
tent below 10% after cooling. Once cooled to room tempera-
ture, the experimental diets were packaged, labeled according to
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their re-spective compositions, and securely stored in a freezer
at —20 C until their scheduled use.

The proximate composition of the experimental diets (Ta-
ble 1) was determined using the methodology established by
the Association of Official Analytical Chemists (AOAC, 2005).
The moisture content was assessed by drying homogenized
diet samples to a constant weight at 105C. The ash content was
quantified by incinerating samples at 550 C in a muffle furnace
for 3 h. Nitrogen content (N x 6.25) was assessed through the
kjeldahl method, which involves acid digestion using the 2300
Auto analyzer (Foss Tecator AB, Hoganis, Sweden). The crude
lipid content was determined by ether extraction using the Sox-
tec System 1046 (Foss Tecator AB). The free amino acid profile
of the diets was analyzed by the methodology described by An-
toine et al. (1999).

Experimental fish and feeding trial
The juveniles were sourced from a local fish farm (Samboo
farm, Boryeong, Korea) and acclimated to the experimental
conditions at the Aquafeed Nutrition Laboratory of the College
of Fisheries, Pukyong National University, Busan. During the
initial acclimation phase, they were fed a commercial diet (pellet
size: 2mm; crud protein: > 52%, crude lipid: > 10%, crude ash: <
15%; Cargill Agri Purina, Seongnam, Korea) for one week. Fol-
lowing this period, they underwent a progressive transition to
the diet (Tau0.13). The acclimation phase concluded when their
feeding response reached a level of activity comparable to that
observed during the initial stage with the commercial diet. The
overall acclimation period lasted a total of three weeks.

Four hundred twenty juveniles with an initial weight aver-
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aging 12.97 + 0.1 g (mean + SEM) were randomly distributed
into 21 (25-liter rectangular) tanks (20 fish per tank). The seven
experimental diets were assigned randomly to the tanks in trip-
licate. An additional group of extra fish of the same size was kept in a
separate tank of equal volume within the same rearing system and la-
beled ‘Extra This additional group was fed the Tau0.13 diet throughout
the experimental period and was later used for a pre-exposure evalua-
tion before the temperature stress exposure test.

Feeding occurred twice daily at 9:00 and 17:00 h over 8
weeks, with a fixed feeding rate of 2% to 3% body weight per
day. Every other week, all fish in the tanks were weighed, and
the feed amount was adjusted accordingly. After feeding, a 30-
min interval was allowed before removing fecal materials. The
tanks were connected to a semi-recirculatory system. This sys-
tem included a protein skimmer (Model ORI-M, Dong yang en-
gineering, Yangju, Korea), which removed organic compounds,
proteins, and other impurities from the water. An electronic
thermostat (DOV-887, Daeil, Busan, Korea) maintained a con-
stant water temperature. This temperature was monitored every
10 min throughout the trial by a HOBO data logger (HOBO
water temperature Pro v2 data logger-U22-001, Onset, Bourne,
MA, USA). A flow rate of 2.5 L/min was maintained during the
experimental period. The system was continuously replenished
with fresh, UV-sterilized seawater after siphoning to compen-
sate for water loss, and a complete water change was performed
twice a week to maintain optimal conditions. The photoperiod
remained consistent, providing 9 h of light followed by 12 h of
darkness, facilitated by an artificial lighting system.

Daily water quality assessments included measurements
of dissolved oxygen (DO) and pH using a Multi-Parameter
Meter (YSI Model 58, YSI Incorporated, Yellow Springs, OH,
USA). Nitrogenous wastes were monitored using a commercial
kit, the API Saltwater Master Test Kit (Petco, San Diego, CA,
USA). Water temperature was kept constant with an electronic
thermostat (DOV-887, Daeil) and maintained at 19.5 + 0.1C.
Throughout the experiment, DO levels were recorded at 7.98
+ 0.18 mg/L, pH at 7.38 * 0.02, ammonia at 0.84 + 0.06 mg/L,
nitrite at 0.82 + 0.11mg/L, and nitrate at 53.41 + 2.34 mg/L.

Growth performance

At the end of the 8-week feeding trial, all fish (24-hour post-
prandial) in each tank were weighed to calculate growth per-
formance indices, including weight gain (WG), specific growth
rate (SGR), feed efficiency (FE), and survival rate (SR). The
following equations were used for each index:

https://doi.org/10.47853/FAS.2025.e15
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WG (%) = [(final weight (g) - initial weight (g)) /

initial weight (g)] x 100

SGR (%) = [In (final weight(g)) - In (initial weight (g))]

/ days of feeding x 100

FE (%) = [WG / total feed consumed (g)] x 100

SR (%) = [(initial number of fish - number of dead fish)

/ initial number of fish] x100

Feed conversion ratio = feed weight as dry (g) / wet WG (g)

Three fish from each tank were euthanized with phe-
noxyethanol (500 ppm; Sigma Aldrich, St. Louis, MO, USA)
and stored in a freezer (-20°C) until further analysis. The fro-
zen fish were pooled, homogenized, and freeze-dried for whole-
body proximate composition analysis through AOAC method-
ology (AOAC, 2005).

Temperature stress exposure test

Lethal temperature exposure

Before conducting the main lethal temperature exposure test,
we performed a pre-exposure test to evaluate the suitability of
the target temperature. Eight extra fish, which were kept on
the Tau0.13 diet throughout the experimental period, were
exposed to the same conditions planned for the main test. No
mortality was observed during this pre-test before reaching the
target temperature of 31°C, confirming that the chosen lethal
temperature was appropriate for the main test. Subsequently,
to investigate the whole-organism responses of the test diet-fed
experimental fish over eight weeks, eight fish that were 24-hour
postprandial were subjected to lethal temperature exposure. The
temperature was incrementally raised at a rate of 1°C every 30
min, starting from the rearing temperature of 19.5C and even-
tually reaching the target temperature of 31 C. This approach
was similar to the procedure outlined by Lu et al. (2016). Fish
survival was monitored and recorded hourly for a continuous
48-hour period, at which point the lethal stress experiment con-
cluded. All tanks were equipped with aeration systems to ensure
that DO levels remained near saturation. During the exposure
test, a data logger (HOBO Water Temperature Pro v2 data
logger-U22-001, Onset) was used to monitor the temperature
throughout the experiment, recording data every 10 min.

Acute temperature exposure

A group of three test diet-fed juveniles (24-h postprandial) per
tank was abruptly transferred into separate tanks filled with
seawater at an elevated temperature of 29 C. This elevated tem-
perature exposure lasted for six h. The selection of this tempera-
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ture and the duration of exposure was based on the outcomes of
a preliminary test conducted with the same group of juveniles.
Importantly, this preliminary test revealed no observable mor-
tality within 24 h post-exposure, indicating that the selected
conditions did not result in ecological mortality and were there-
fore suitable for acclimation in our experiment. To investigate
any stress effects (e.g., handling stress) apart from the tem-
perature stress during the acute test, an additional set of three
juveniles from each tank was moved from their original rearing
tank to a separate tank maintained at the rearing temperature
of 19.5C. This handling stress exposure was sustained for six h,
aligning with the duration of the acute stress exposure.

At the end of the exposure test, the fish were euthanized
using 2-phenoxyethanol (500 ppm, Sigma Aldrich). Blood sam-
ples were collected from the caudal vein using a 1 mL syringe
pre-treated with dipotassium ethylenediaminetetraacetic acid
(EDTA; Bylabs, Hanam, Korea) as an anticoagulant. The col-
lected blood samples from each tank were then pooled into a
3-mL siliconized vacuum tube treated with EDTA, divided into
1-mL microtubes, and immediately centrifuged at 11,000 rpm
for 5 min. The resulting clear plasma was decanted into 1.5-mL
microtubes and snap-frozen in liquid nitrogen until all samples
had been collected. The plasma-filled microtubes were stored at
-84C until further analysis. Additionally, whole brain and liver
samples were extracted from each individual from their respec-
tive tanks. These tissues were also snap-frozen in liquid nitro-
gen until all samples were collected and subsequently stored at
-84C until further analysis.

Free amino acid analysis

The free amino acid analysis of the samples after the growth
trial was conducted using the method described by Antoine et
al. (1999). A 0.3 g of tissue sample (whole brain and intestine)
was homogenized using a hand-held homogenizer (Model
D-130, Wiggens, Beijing, China). After homogenization, 10
mL of HPLC grade distilled water was added, and the mixture
was vortexed for 1 min at 5,000 rpm using a high-performance
multifunction vortex mixer (Maxshake™, Daihan Scientific,
Wonju, Korea). This was followed by sonication for 20 min. The
samples were then centrifuged at 4,500 rpm for 10 min at 4C.
From the resulting supernatant, 0.7 mL was placed into 1.5 mL
microtubes, where 0.7 mL (at a ratio 1:1) of 7% sulfosalicylic
acid was added. The mixture was kept in the dark at 4C over-
night. Afterward, it was centrifuged at 4,500 rpm for 10 min
at 4C, and a 1 mL of the supernatant was filled through a 0.2

168 | https://www.e-fas.org

Dietary taurine supplementation to increase temperature tolerance in olive flounder

micron filter and dispensed into HPLC vials for analysis. For
plasma samples, the same steps were followed except for the ho-
mogenization step, which was skipped due to the liquid nature
of the sample.

Plasma metabolites and biomarker analyses

The plasma samples from both the stress group and non-stress
group (handling) collected during the acute exposure test were
analyzed for plasma metabolites, including GLU (#1050), total
cholesterol (TCHO; #1450), triglycerides (TG; #1650), total
protein (TP; #1850), glutamic oxaloacetic transaminase (GOT;
#3150), and glutamic pyruvic transaminase (GPT; #3250). The
analysis was conducted using a dry biochemical automatic ana-
lyzer (Fuji DRI-CHEM nx500i, Fuji Photo Film, Tokyo, Japan)
following the manufacturer’s instruction.

The enzyme-linked immunosorbent assay (ELISA) quan-
tification kits (Cusabio, Wuhan, China) were utilized according
to the manufacturer’s instructions. A microplate reader (AMR-
100, Allsheng, Hangzhou, China) set to an optical density of
450 nm facilitated the quantification process. The analyses
performed included the assessment of antioxidant system indi-
cators such as glutathione peroxidase (GPx; CSB-E15930Fh) and
superoxide dismutase (SOD; CSB-E15929Fh). In addition, immu-
nological parameters were evaluated, including lysozyme (LZM;
CSB-E17296Fh) and immunoglobulin M (IgM; CSB-E12045Fh),
along with CORT (CSB-E08487f) as a stress-related indicator in
the plasma samples obtained after the acute exposure test.

Molecular response

The brain and liver tissues collected from the acute temperature
exposure test underwent gene expression analysis. A sample of
less than 100 mg was homogenized in a microtube containing
1-mL RiboEx™ (GeneAll Biotechnology, Seoul, Korea) using a
homogenizer (Model D-130, Wiggens). Total RNA was extract-
ed using a commercial kit (Hybrid-R™, GeneAll Biotechnolo-
gy) following the manufacturer’s protocol. The concentration
and purity of the RNA were checked with a NanoDrop ASP-
2680 spectrophotometer (ACTgene, Piscataway, NJ, USA). It
was confirmed that the purified RNA was free of DNA and
proteins, with an A260/A280 ratio of 2.21 + 0.01 (mean *
SEM). Complementary DNA (cDNA) was synthesized using a
commercial kit (PrimeScriptTM Ist Strand cDNA Synthesis Kit,
Takara Bio, Shiga, Japan) following the manufacturer’s protocol.
The obtained cDNAs were used as templates for quantitative
real-time polymerase chain reaction (PCR) to assess mRNA
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ex-pression levels of four selected stress-related genes, including
heat shock protein 60 (hsp60), heat shock protein 70 (hsp70),
heat shock protein 90 (Asp90), and the warm water stress-relat-
ed gene (wap65). Beta-actin (B-actin) was used as the internal
control. The primer sequences for the genes are listed in Table
2. The reaction was performed using the StepOne Real-Time
PCR system (Applied Biosystems, Waltham, MA, USA) with
TB"® Green Premix Ex TaqTM II (Tli RNaseH Plus, Takara Bio).
The qPCR program was set to 95°C for 30 s, followed by 40
cycles of 95C for 5 s and 60C for 30 s. After the reaction, a
melting curve analysis was conducted to verify the specificity
of the products. For each selected gene, qPCR reactions were
performed on three replicate samples. The mRNA levels of the
tested genes were normalized to the corresponding S-actin
value and analyzed using the 2-“““ method (Liyak et al., 2001).
Data analysis was performed using StepOne Software version 2.0
(Applied Biosystems).

Statistical analysis

Results of the growth response, whole-body proximate compo-
sition, and free amino acid profile obtained following the eight-
week feeding trial were subjected to a one-way analysis of vari-
ance (ANOVA) using SAS version 9.4 (SAS Institute, Cary, NC,
USA). For the survival analysis, we used R 4.4.1 (R Core Team,
2023) with the survival and survminer packages to perform
Kaplan-Meier survival analysis. This approach allowed us to
estimate survival curves and compare SRs among groups using
the log-rank test. Specifically, the Kaplan-Meier method (via the
survfit function) was employed to analyze survival data across
different dietary treatments.

Fisheries and Aquatic Sciences FA S

Results of the plasma metabolites, biomarker analyses, and
relative gene expression levels obtained from the acute tem-
perature exposure test were subjected to a two-way ANOVA
to assess ttemperature exposure teste interactive effect between
dietary treatment (different taurine levels in the diet) and
temperature stress (non-stress exposure and stress exposure).
Orthogonal polynomial regression analyses were performed in
SAS version 9.4 (SAS Institute) using PROC REG to examine
whether the measured responses to the graded taurine levels
were linear or quadratic.

Regression analyes using one-slope straight broken-line,
two-slope straight broken-line, quadratic broken-line, and
quadratic models were conducted to determine the optimal in-
clusion levels of taurine based on the plasama free amino acids
of juvenile olive flounder following the acute temperature stress
exposure. These regression models were selected for their best
fit to datasets encompassing dose-response relationships (Lee
et al,, 2014). Once estimates were obtained from each model
analysis, model selection crtieria, including the Akaike informa-
tion criterion corrected (AICc) and adjusted R-squared, were
evaluted to select the best estimate among them. This regression
analysis was conducted using the statitiscal software R 4.4.1 (R
Core Team, 2023).

Before conducting ANOVA, data integrity was evaluated
for assumptions, including normality and homogeneity of vari-
ance, using the Shapiro-Wilk and Levene’s tests, respectively.
The results of these tests indicated that the assumptions of
normality and homogeneity were met. Type III sums of squares
ANOVA was employed to test all possible interactions or main
effects. Significance was tested at p < 0.05. When significance

Table 2. List of primers used for the gene expression analysis for juvenile olive flounder after the acute temperature

exposure test
Genes Primer sequences Tm(°C)  Accession number  Productsize (bp)  Efficiency (%) R Slope  Reference
B-actin F: GGAATCCACGAGACCACCTACA 62.1
XM_020109620.1 264 99.9 0.9515 3.3250 Nieetal.(2021)
R: CTGCTTGCTGATCCACATCTGC 62.1
hsp60 F: TGACTTCGGGAAAGTCGGTG 59.3
XM_020105844.1 2927 100.1 0.8904  3.3200 NCBI(2023)
R: ACGATCTCCAGTGCACGTTT 573
hsp70 F: TTCAATGATTCTCAGAGGCAAGC 589
XM_020089177.1 113 994 0.9994 33364 Morietal.(2022)
R: TTATCTAAGCCGTAGGCAATCGC 60.6
hsp90 F: GAGCGAGACAAGGAGGTGAG 614
XM_020091873.1 100 96.8 09944 34016 Leeetal. (2023)
R: CTGGCTTGTCTTCGTCCTTC 59.3
wap65  F: AACCAAGGCTGTGGGAAGAAAGAG 63
XM_020105098.1 1727 98.6 09398 3.3550 Choietal.(2010)

R: GTGTCCGTGGAAGCAGTAGTAGTG 644

hsp60, Heat shock protein 60 kDa; hsp70, Heat shock protein 70 kDa; hsp90, Heat shock protein 90 kDa; wap65, Warm temperature acclimation-related protein 65 kDa.
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was detected, a post-hoc test using Tukey’s HSD test for pair-
wise comparisons following ANOVA to evaluate differences
between treatment groups. This test is specifically designed to
control the family-wise error rate, reducing the risk of Type I
errors that can arise from multiple comparisons.

Results

Effects of taurine supplementation on growth perform and
whole-body nutrient composition

The effects of dietary taurine supplementation on the growth
performance of juvenile olive flounder were assessed at the end
of the eight-week experiment and are presented in Table 3 (top).
No statistically significant differences (p > 0.05) were detected
based on the ANOVA analysis for the measurments, including
final body weight (FBW), WG, SGR, FE, SR, condition factor,
hepatosomatic index, and viscerosomatic index (VSI). However,
a significant quadratic trend was observed in FBW (p = 0.0262)
and WG (p = 0.0099), indicating that these measurements in-
creased with dietary taurine inclusion up to a maximum point
before decreasing. Additionally, the lowest values for these mea-
surements were found in the diet treatment containg the lowest
taurine inclusion (Tau0.13).

Dietary taurine supplementation to increase temperature tolerance in olive flounder

The whole-body nutrient composition results of juvenile
olive flounder fed the experimental diets for eight weeks are
provided in Table 3 (bottom). Across all evaluated whole-body
parameters, taurine supplementation at different inclusion lev-
els did not lead to statistically significant variations, except for
whole-body crude lipid levels. A significant reduction in crude
lipid content was observed with increasing taurine supplemen-
tation compared to the Tau0.13 treatment, which was supported
by a significant linear trend (p = 0.0090).

Temperature stress tolerance assessment

Lethal temperature exposure

The cumulative SR of juvenile olive flounder exposed to lethal
temperature stress for 48 h following the eight-week feeding
trial is depicted in the Kaplan-Meier survivorship curve (Fig. 3).
The first occurrence of mortality in all the diet groups occurred
after the first eight h of exposure. However, at the end of the 48-
hour exposure period, the SRs among all experimental groups
were not significantly different.

Changes in free amino acid profile in the whole brain, intes-
tine, and plasma after the acute temperature exposure
The free amino acid profile in the whole brain, intestine, and

Table 3. Growth performance and whole-body nutrient composition of juvenile olive flounder fed the experimental diets for

eight weeks
Parameters Treatment Pr>F
Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Tau2.87 ANOVA Linear Quadratic

IBW (g) 128403  129+02  128+0.1 125405 132401 126402  13.1+02 04369 0.6661 03427
FBW (g) 478+10  523+11  518+04 509+ 1.1 507+15 514+13 51305  0.1529 02070  0.0262"
WG (%) 274+8 30646 30446 309+ 14 285+16  309+3 29147 0.1160 04035  0.0099"
SGR (%) 254+004 2554003 258+001 2584006  255+005 257+£004 249+001 06696 06245 05014
FE (%) 101£2 105+3 106+ 1 1043 103+5 107 +4 997+10 0599 06542 02737
SR (%) 983+17  100+0 100£0 952426 100£0 983+17 983+17 03133 07573 07939
CF 099+002 103+001 1.02+003 105+003  100+£002 099+002 106002 03252 06428  0.1576
HSI (%) 1774013 194014  16+0.09 196+012 181009 17301  182+013 06919 07549 08949
VSI (%) 4374031 464+036 422+025 4914029 4894022 5124029 467+028 03829 01820  0.6355

Body composition (%; as is)
Moisture 749401  752+02  749+02 749+0.1 750401 749402 747+01 04824 06946 05953
Crudeprotein  176+00 177403  17.7+03 176+00 179402 18102 183+02  0.1179 03132 06883
Crude lipid 409+007" 3.17£005° 356+003°  345+0.18" 3.19+004° 307+0.18" 306+032° 00044’ 00090  0.1820
Crude ash 340+010 360+0.10 3.60%0.10 36+0.1 370+0.10 350£0.10 3.60+020 07749 0.1381 06767

""Values are significantly different (p< 0.05).

*PValues are means + SEM from triplicate groups (n = 3) where the values in each row with different superscripts are significantly different (o < 0.05).
IBW, initial body weight; FBW, final body weight; WG, weight gain; SGR, specific growth rate; FE, feed efficiency; SR, survival rate; CF, condition factor; HIS, hepatosomatic index; VSI, vis-

cerosomatic index.
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Fig. 3. Kaplan-Meier survivorship curves (cumulative survival %) depicting the percentage survival of olive flounder over
50 h under acute temperature stress following taurine supplementation at various doses. The taurine treatment groups
include 0.13 (red), 0.56 (yellow), 1.50 (green), 2.02 (blue), 2.54 (light blue), and 2.87 (pink). Survival rates (SRs) were monitored hourly,
with distinct curves emerging after approximately 20 h of exposure. While higher taurine concentrations, such as 2.87, suggested
prolonged survival and intermediate levels indicated greater declines, there were no statistically significant differences in SRs across
all groups (p > 0.05), as determined by the Log-rank test.

plasma of juvenile olive flounder fed the experimental diets for Table 4 details the levels of free amino acids within the
eight weeks was assessed. The results are presented in Tables 4  whole brain in response to varying levels of taurine supplemen-
and 5, providing a comprehensive overview of the responses  tation. Taurine supplementation did not result in significant
observed in each biological compartment. changes across all inclusion levels in the brain. In contrast, Table

Table 4. Free amino acid accumulation in the brain of juvenile olive flounder following the acute temperature stress
exposure

Treatment Pr>F
Free amino acids
Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Tau2.87 ANOVA Linear Quadratic

Phosposerine 200+£1.0 182+38 150+36 11.8+32 168+1.1 146+14 160+12 0.3972 0.1272 0.1680
Taurine 272+26 28838 277+16 250+20 29620 283+13 281+2 0.8298 0.9075 0.5991
Phospho ethanol amine 0.00+0.00 0.00+0.00 17.1+86 144+72 0.00+0.00 000+0.00 0.00+0.00 0.0511 0.3031 0.0587
Aspartic acid 344+44 382+98 399+1.1 298 +4.1 396+22 346+16 379+50 0.7606 0.8913 0.9927
Threonine 39.1+£54  366+120 313+25 21.7+42 401+24 360+42 343%25 0.3595 04815 0.1001
Serine 80.6+134 687x217 617+134 414+£62 626+27 628+79 522+36 0.3069 0.0816 0.2073
Glutamic acid 182+ 16 162 42 163+10 120+ 22 155+6 159+ 16 154+ 21 0.6250 0.1799 04261
Proline 21.7+45 225+72 183+22 123+20 21.0x21 214+£26 186%1.0 0.5048 0.3313 0.3163
Glycine 346+33 315+98 299+2.1 21.9+31 332+£17 307+48 269+38 0.5882 04218 0.2327
Alanine 771+175 800+242 747+76 565+13.1 768+36 73.1+114 669+73 0.9023 0.5882 0.6780
Valine 243+£6.1 304+108 225+27 15127 280+15 265+3.1 235+05 0.4970 0.6366 0.4689
Methionine 279+35  290+9.1 240+08 178+43 268105 252+41 250+1.7 0.6555 0.3486 0.3955
Isoleucine 279+35  290+9.1 240+08 17.8+43 268105 252+41 250+1.7 06182 0.2318 0.6069
Leucine 395+63 481+164 34825 250+45 415+14 407£5.1 369+1.7 04771 04158 0.4839
Tyrosine 187+28 21165 16.1+1.1 11.3+£22 206+08 188+25 167x0.1 0.3457 0.5303 0.2302
Phenylalanine 243+28 265+83 204+14 147+26 230+15 236+26 21.1£07 0.4306 0.2373 0.3753
GABA 816+96 822+186 975+3.1 670+156 872+103 833+49 828+5.1 0.6744 0.9077 0.8738
Histidine 134+ 21 69.9+392 144+6 114+25 131£10 129+15 128 +24 0.3633 0.6025 0.5009
3-Methylhistidine 0.00£0.00 57.1+571 000+0.00 0.00+£0.00 0.00+£000 000+000 000+0.00 04628 04168 04911
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Table 4. Continued
Treatment Pr>F
Free amino acids
Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Tau2.87 ANOVA Linear Quadratic
Lysine 293+28 398+113 31.8%2.1 252+38 321+32 392+59 349+27 0.5002 06111 0.7783
Arginine 139+ 11 16241 155+ 11 132+£20 172+ 11 167+£9 155+11 0.7443 0.5612 0.8146

Values are meanstsem from triplicate groups (n = 3) There was no significant difference observed (p > 0.05).

GABA, gamma-aminobutyric acid.

5 shows that, while most amino acid exhibited no significant
differences in the intestine, there was a significant accumulation
of taurine across all tested levels except for the Taul.50 diet.
However, no dose-dependent accumulation pattern was ob-
served in the taurine levels in response to dietary taurine inclu-
sion.

On the other hand, in the plasma (Table 6), a more diverse
response to taurine supplementation was observed, with sev-
eral amino acids showing significant alterations. Phosphoser-

ine, taurine, threonine, serine, glutamic acid, glycine, alanine,
valine, cystine, methionine, leucine, tyrosine, phenylalanine,
gamma-aminobutyric acid (GABA), and lysine all demon-
strated significant changes across the taurine supplementation
spectrum. The levels of these amino acids exhibited intricate
patterns, with some displaying linear or quadratic trends in re-
sponse to different levels of taurine supplementation. Therefore,
regression analyses were conducted to determine the optimal
inclusion levels of dietary taurine for the aforementioned free

Table 5. Free amino acid accumulation in the intestine of juvenile olive flounder following the acute temperature stress
exposure

Free amino acids Treatment ProF
Control Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Taurine2.87  ANOVA Linear Quadratic

Phosposerine 394+034 466+026 4.77+052 4.72+057 5.18%03 504+066 521+037 0.5088 0.0981 0.6865
Taurine 46.1+24° 738+14 725443 687+54° 760+35 718+100° 724+49 0.0178" 0.0051" 0.0431"
Aspartic acid 192+£20 232+08 245+3.0 211+£1.7 240+16 241+42 252+38 0.7363 0.4056 0.5201
Threonine 21.8+22 265+09 272+34 247+33 289+ 1.1 279+48 29.2+43 0.6738 0.2383 0.7300
Serine 270+23 327+09 33.2+35 303+35 352+1.0 342+57 352+46 0.6365 0.2222 0.7029
Asparagine 434+38 513 1.1 463 5.1 508+5.2 56.7+88 51.7+7. 56.9+80 0.6823 0.1986 0.8122
Glutamic acid 499+35 625+21 607+72 561+67 648+21 632+108 673194 06175 0.2907 0.6789
a-aminoadipicacid  209+029 327+022 297+045 389+107 3.19+0.17 266066 286+044 04333 0.1227 0.2318
Proline 18120 219+08 23.1£26 188+24 21.7£20 246£5.1 184+95 09120 0.7816 0.6627
Glycine 144+£09 181+09 181+20 166+20 196+09 188+33  189+22 05773 0.1717 0.6808
Alanine 301+25 364+15 390+44 334+38 397+09 388+71 396+58 06218 0.2492 0.6102
Citulline 0.00+000 000+0.00 000+0.00 3.17+3.17 000+000 000+£0.00 0.00+0.00 04628 04168 04911
Valine 203+25 245+13  264+23  218+27 261+20 275+53  282+49 05928 0.4005 0.6230
Cystine 376+1.18 321+023 408+058 224+1.17 667+178 443+057 451+£079 01714 0.1541 0.0787
Methionine 194+£17 238+06  238+29 229+24 263+12 241+36 254+34 0.5088 0.0981 0.6865
Isoleucine 171£22 203+09 219+31 17723 216+24 22.7+43 23.6+39 0.6379 0.4938 0.6842
Leucine 456+4.2 57125 57.0+7.1 534+6.3 62.1+£26 57.5+94 60.8+838 0.6330 0.1696 0.7137
Tyrosine 216+2.1 25905 259+27 25.0+3.0 284+038 251+3.7 27.0+4.2 0.7166 0.1562 0.7968
Phenylalanine 21.8+2.1 267+16 25.0+3.9 22.7+4.2 279+24 289+49 295+3.7 0.6521 0.4646 0.9891
GABA 598+134 804+080 794+148 863+099 964+042 791+053 944+1.13 0.2760 0.0583 0.7342
Histidine 847+241 122+06 122155 112+14 133£06 13.0+£24 135+21 0.4706 0.1438 0.5297

"'Values are significantly different (p < 0.05).
*PValues are means+sem from triplicate groups (n = 3) where the values in each row with different superscripts are significantly different (o < 0.05).
GABA, gamma-aminobutyric acid.
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Table 6. Free amino acid accumulation in the plasma of juvenile olive flounder following the acute temperature stress

exposure
Free amino Treatment Pr>F
acids Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Tau2.87 ANOVA Linear Quadratic
Phosposerine  11.3+05°  123+05® 141+03® 142+07° 137+05° 136+08® 147+10°  0.029" 0.0059" 0.0678
Taurine 337+035° 696+0.10° 6.60+051® 657+055° 776+109° 7.99+085 734+146° 00237" 0.0060" 0.1675
Asparticacid ~ 200+054 182+031 206+030 1714019 301081 3224027 2624035 01615 0.1932 0.1742
Threonine 627+033° 652+044° 833+082° 835+040° 9.16+068 848+024° 883+073" 00138" 0.0007" 0.7584
Serine 879+058 887+045 1069+085 9974032 106+08  105+0.1  968+078  0.2029 0.0319" 05113
Asparagine 10204256 921+174 161+24 16509 137422 102427  130%3.1 02167 0.0700 0.2682
Glutamicacid 10807 105+005 143+10° 130+04™ 128+02™ 132+03® 131+05°  00017" 0.0020" 0.0284"
Proline 3354012 2804035 399+044 3854022 460+062 397+038 4144034 00935 0.0111" 0.3851
Glycine 1954018 211+006™ 284+028° 280+005° 307+020° 283+007° 295+020° 0.0016" <00001” 03928
Alanine 829+073° 925+036” 112+09° 119408  980+038° 9.62+027° 105+05”°  00175" 0.0116" 0.0069"
Valine 323+028° 281+009° 344+025° 363+0.17° 452+058 4.18+033° 372+013" 00217" 0.003" 0.0739
Cystine 292+035™ 163+0.82° 3.64+027" 403+080™ 596+054 510+064” 510+036® 0.0018" 0.0004" 0.0428"
Methionine 977044 723+342° 127+17° 135+03® 156+14  146+06° 144+10°  0.0247" 0.0032" 04394
Isoleucine 2914035 5234222 358+057 2884023 2554021 342+0.17 279+020 04362 0.2926 0.212
Leucine 129402 102+39° 190+17° 180£10° 198+18  176+09”° 180+09™®  0.0219" 0.0025" 0.9275
Tyrosine 906+1.14 133423  140£23  130+10  149+11  147+09  137%15 0.2297 0.037" 03038
Phenylalanine 506+0.11 642+120 803+062 853+130 793+143 802+079 843+034 01703 0.0206" 0.1797
B-alanine 0004000 973+973 0004000 000+£000 000+000 000+000 000+000 04628 04168 04911
GABA 132402  100+51  167+06  180+12 172404 17307  182+15 0.1131 0.0288" 0.9467
Histidine 484+023 7134258 5604065 557+016 6.15+044 610+027 608+032 08263 07517 06272
Ornithine 108+17  7.88+424 256+256 115+57 183426  166+63  102+52 04628 04168 04911
Lysine 376+12a 370+40  441+54 443429 555457 527421  51.8+38 0.0243" 0.0037" 0.2769
Ammonia 815+168° 875+120° 7.87+019" 670+006° 107+11* 131+16  934+078" 00226" 03896 0.136
Arginine 310437 347419 412433  455+21  446+43  380%75  459+44 0.164 0.0139" 04897

""Values are significantly different (p < 0.05).

*PValues are means=sem from triplicate groups (n = 3) where the values in each row with different superscripts are significantly different (p < 0.05).

GABA, gamma-aminobutyric acid.

amino acids. Using regression models, inlcuding one-slope
straight broken-line, two-slope straight broken-line, quadratic
broken-line, and quadratic mdoels, the estimated optimal lev-
els selected by the model selection criteria (AICc and adjusted
R-squred) varied for each amino acid (Table 7). The lowest
estimate was 0.64% for tyrosine, while the highest estimate was
2.25% for threonine.

Temperature stress and taurine supplementation on plasma
metabolites

The interaction effect of temperature stress and taurine sup-
plementaiton did not result in significant alterations in plasma
levels of GOT, GPT, TG, TP, and TCHO (Table 8). However, a
significant main effect of temperature stress on GOT and GPT

https://doi.org/10.47853/FAS.2025.e15

levels was detected, showing that these tranaminases were dra-
matically elevated under temperature stress. Interestingly; a sig-
nificant interactive effect between temperature stress and tau-
rine supplementation on GLU levels was observed. While GLU
levels did not change in response to varying dietary taurine
levels, they were elevated when exposed to temperature stress.
Notably, the treatment with the lowest taurine supplementation
exhibited the highest GLU level compared to the other treat-
ments under the stress exposure.

Temperature stress and taurine supplementation on antiox-
idant enzymes, immune response, and stress hormone

The results of GPx, SOD, IgM, LZM, and CORT in response to
the interactive effects of temperature stress and dietary taurine
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Table 7. Optimal inclusion of dietary taurine for specific plasma amino acids determined by the regression models

Regression models Ph(::’;:z_ Taurine Thrnei:e Serine GIu:cair;ic Glycine Alanine Valine Cystine Mer::::— Leucine Tyr;)i;]e th:?z_ GABA
One-slope broken-line  0.99” 1.70 1.62 NA 0.94 1.11 NA NA 2.02 1.91 NA 064" 102 NA
Two-slope broken-line  NA? NA NA NA NA NA NA NA  NA NA NA NA NA NA
Quadratic broken-line  NA 1.84 104" 094" 094" 099" NA 201" 197" 099" 097" NA 0.96" 0.94"
Quadratic NA 215" 225 NA NA 217 171" NA NA NA NA NA NA NA

"The values represent the preferred values based on calculation of model selection criterion, including the Akaike information criterion corrected (AICc) and the adjusted R-squared val-
ues.

? Not applicable due to the non-significance of the regression estimation coefficients of the corresponding models.

GABA, gamma-aminobutyric acid.

Table 8. Effects of temperature stress and taurine supplementation on plasma metabolites of juvenie olive flounder followed
by the acute temperature exposure

Temperature (C)  Diet GOT (U/L) GPT (U/L) GLU (mg/dL) TG (mg/dL) TP (g/dL) TCHO (mg/dL)

Interactive effect between the temperature stress and diet

19.5 Tau0.13 183+393 143+1.20 150+ 1.7 480+ 17 3.17x0.27 166+ 8
Tau0.56 140+0.0 127403 133+03" 307+3 330+0.15 174+ 11
Tau0.94 13.7+09 11.7+15 13.7 03¢ 346 + 26 3.10£0.00 156 +5
Tau1.50 193+3.0 143126 133+0.3¢ 326+ 69 3.30+0.06 1752
Tau2.02 13712 127+1.2 13.0+0.6" 419+ 35 297 +£0.09 1613
Tau2.54 120+1.0 113+0.7 123+03" 328+ 66 2.87 £0.07 150+3
Tau2.87 14.7+09 10703 13.0 £ 06" 315+43 3.20+0.06 1717

29 Tau0.13 350%0.0 295+0.0 197 +0° 500+0 3.10+0.00 1690
Tau0.56 88309 508+ 149 90.8 126" 289+ 28 3.40x0.15 162+9
Tau0.94 98.2+227 483+11.1 643 +16.5™ 286 £ 59 3.00+0.55 143 +37
Tau1.50 281123 68.7 £27.4 440+ 186" 382+30 357+£0.12 155+ 12
Tau2.02 109+ 16 420+43 553+ 16.7° 336+8 320+0.15 161+8
Tau2.54 63.2+46 387+23 458+11.8™ 357+29 3.27+0.18 1587
Tau2.87 107 £ 41 495+ 144 475+ 280" 337187 330x0.17 146 + 21

Main effect of temperature stress

19.5 15110 125+13° 134+15 360+ 38 3.1£0.1 165+18

29 112+30° 46.8+54° 65.3+94° 366 27 33£0.1 156+ 2

Main effect of diet
Tau0.13 225+5.01 219+7.58 106+91° 490+ 10 3.15+0.03 167 +1
Tau0.56 5121166 31.8+£19.1 52.1+388" 298+9 3.35+0.05 168+ 6
Tau0.94 559+215 30.0+£183 3904253 316+30 3.05+0.05 149+7
Tau1.50 150+ 80 4151272 328+12.2° 354+28 343+0.13 165+ 10
Tau2.02 613226 2731147 342+120° 37741 3.08+0.12 161+0.33
Tau2.54 376+11.6 25.0+13.7 291492 343+ 14 3.07+0.20 154+4
Tau2.87 60.9£27.6 30.1+£194 303+7.8 32611 325+1.62 159+13

Two-way ANOVA (p-values)

Temperature <0.0001" <0.0001" <0.0001" 0.8554 0.2622 0.2877

Diet 0.0735 0.06909 <0.0001" 0.0525 0.3943 0.8123

Temperature x Diet 0.0991 0.7606 <0.0001" 0.7187 0.9035 0.8844

"Values are significantly different (p < 0.05).

“4Values are means + SEM from triplicate groups (n = 3) where the values in each column with different superscripts are significantly different (p < 0.05).
GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvate transaminase; GLU, glucose; TG, triglycerides; TP total protein; TCHO, total cholesterol.
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supplementation are presented in Table 9. A significant main
effect on IgM and LZM levels, as indices of immune response,
was detected, indicating that their levels were highly reduced
under stress. In contrast, the responses of GPx and SOD, which
are antioxidant enzymes, were not comparable in response to
both temperature stress and taurine supplementation. The GPx
level was significantly reduced under stress but was not affected
by taurine supplementation. Conversely, the SOD level was sig-
nificantly elevated under temperature stress and was also influ-

Fisheries and Aquatic Sciences FA S

enced by taurine supplementation, with the lowest taurine level
resulting in the highest SOD level.

Furthermore, a significant interactive effect between tem-
perature stress and taurine supplementation on CORT levels
were detected. No change in the CORT levels was observed un-
der non-stress conditions; however, the levels were significantly
affected by both temperature stress and taurine supplemen-
tation. This showed that the lowest taurine supplementation
resulted in the highest CORT level under temperature stress.

Table 9. Effects of temperature stress and taurine supplementation on plasma antioxidant enzymes, immune response, and
stress hormone of juvenile olive flounder followed by the acute temperature exposure

Temperature (°C) Diet GPx (mU/mL) SOD (ug/mL) IgM (ug/mL) LZM (pg/mL) CORT (ng/mL)

Interactive effect between the temperature stress and diet

19.5 Tau0.13 303+90 265+0.93 1.11+040 2.17+052 423+105
Tau0.56 156 +33 1.60 +0.89 1.69+0.53 438+0.10 4324010
Tau0.94 116+3 1474061 189+0.75 470+0.12 412+082°
Tau1.50 165+ 25 0.75+0.08 259+0.57 351+1.00 3.23+065°
Tau2.02 139+43 1224052 159+ 042 3.81+091 295+0.24°
Tau2.54 227+ 14 1344005 0.63 +0.07 242+058 3.14+1.18°
Tau2.87 187 +47 1.00+0.12 1.76+0.10 268+132 543+069°

29 Tau0.13 99.0+1.2 6.67 +1.84 0.57 +0.04 0.94+0.15 46.55+582°
Tau0.56 141£18 1.77 £0.54 157 +0.80 1304048 16.80 £3.71%
Tau0.94 256+64 0.23+023 1.08+0.51 1.20+0.34 154+23°
Tau1.50 4224121 1.75+1.06 030+0.17 0.23+0.00 242+125%
Tau2.02 203+ 24 416+1.15 0.83+0.05 127 +046 245+48"
Tau2.54 152+15 1.99 +0.62 0.61+0.07 1.66 + 0.60 204+073°
Tau2.87 232+89 133+ 1.06 044+0.16 146+0.53 16.1+3.9%

Main effect of temperature stress

195 185 +28° 143+038° 161+0.25° 338+045 3.92+039°

29 128 +29° 256+0.52° 0.77+0.29° 1154022 208+3.8°

Main effect of diet
Tau0.13 201 +41 4.66+045° 0.84+0.18 1.56+0.19 254424
Tau0.56 148+7 167+017° 1.63+0.14 2.84+0.19 106+ 1.8
Tau0.94 709423 1.09+061° 1494035 2.95+0.01 9.74+250®
Tau1.50 103+7 125+049 145+0.20 1.87+0.50 137 +£59%
Tau2.02 171£1 269+032" 1.21+0.19 2544022 13.7+23%
Tau2.54 189+ 1 167 +£0.29° 0.62+0.00 2.04+0.01 259+023°
Tau2.87 21021 1.50+0.52° 1.10+0.03 207+039 108+ 1.6

Two-way ANOVA (p-values)

Temperature 0.0344" 0.0087" 0.0026" <0.0001" <0.0001"

Diet 0.0747 0.0157" 0.3041 05829 0.0164"

Temperature X Diet 0.1242 0.1866 0.2045 0.4442 0.0169"

"Values are significantly different (o < 0.05).
*PValues are means:sem from triplicate groups (n = 3) where the values in each row with different superscripts are significantly different (p < 0.05).

GPx, glutathione peroxidase; SOD, superoxide dismutase; IgM, immunoglobulin M; LZM, lysozyme; CORT, cortisol.
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Molecular responses following the acute temperature expo-
sure

The gene expression levels of stress-related parameters, includ-
ing heat shock protein 60 (Asp60), heat shock protein 70 (hsp/0),
heat shock protein 90 (hsp90), and warm water stress-related
gene (wap65), in the brain and liver of juvenile olive flounder
fed the experimental diets and subjected to acute temperature
stress are detailed in Tables 10 and 11. The results indicated no
significant differences in the expression levels of these genes
among the different dietary groups in both tissues.

Discussion

All experimental diets were readily accepted and rapidly
consumed by the fish, minimizing the possibility of nutrient
leaching into the water. In this study, we assessed the potential
impact of taurine across various levels of organization in juve-
nile olive flounder. At the whole organism level, taurine supple-
mentation did not significantly improve growth performance.
Comparable findings have been reported in studies involving
taurine supplementation in juvenile carp (Qi et al., 2012), and
hybrid striped bass (Qi et al., 2012), where taurine supplemen-
tation did not also significantly enhance growth performance
indices. However, Qi et al. (2012) found that in smaller turbot
(6.3 g), feed intake and utilization improved with taurine sup-
plementation, leading to significantly enhanced growth perfor-

Dietary taurine supplementation to increase temperature tolerance in olive flounder

mance. Conversely, in larger turbot (165.9 g), taurine did not
significantly enhance feed utilization. Similarly, Kim et al. (2003)
reported that while taurine induced significant growth during
the juvenile stage (initial size 0.4 g) of olive flounder, growth
was not substantially affected in fingerlings (initial size 14.7 g).
These findings suggest that the effects of taurine on growth may
be both species-specific and size-specific, which could explain
the lack of significant differences observed in our study with
olive flounder juveniles averaging 13.0 £ 0.09 g at the beginning
of the trial.

Additionally, our analysis of the whole-body proximate
composition revealed no significant differences in moisture,
crude protein, and crude ash content among the experimental
groups, indicating that the dietary treatments did not affect
these macronutrient levels in juvenile olive flounder. However,
a significant reduction in crude lipid composition was ob-
served, exhibiting a linear trend (p = 0.09) as the dietary taurine
level increased. Similar results have been reported in studies
involving the same species (Kim et al., 2008), Atlantic salmon
(Espe et al., 2011), turbot (Qi et al., 2012), and red sea bream
(Matsunari et al., 2008). The lower whole-body crude lipid con-
tent influences lipid metabolism and storage, affecting overall
metabolism (Shi et al., 2022). Taurine plays a crucial role in fat
digestion by conjugating bile acids, such as cholic acid and che-
nodeoxycholic acid, in the liver explaining the possible reason
for the significant reduction in whole-body fat as observed in

Table 10. Relative gene expression levels in the brain of juvenile olive flounder after the acute temperature exposure test

Treatment Pr>F
Genes

Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Taurine2.87 ANOVA Linear Quadratic
hsp60  1.00+0.09 0.91+0.63 1.06 +0.77 1.12+0.15 1.2+0.83 1.22+091 09+046 0.99 0.77 0.93
hsp70 0741094 0.77 £1.29 1.12+0.21 1.17+0.18 0.84+0.25 0.73+£0.14 093+0.24 0.97 0.83 0.50
hsp90  0.94+0.74 1.29+0.77 1.12+0.21 1.17+0.18 0.84+0.25 0.73+£0.14 093+0.24 0.99 093 0.56
wap65  0.99+0.09 1.09+0.32 1.1+0.06 1.04+0.1 0.99+0.2 0.92+0.13 1.00+0.13 0.80 0.78 0.29

Values are means+sem from triplicate groups (n = 3) There was no significant difference observed (p > 0.05).

Table 11. Relative gene expression levels in the liver of juvenile olive flounder after the acute temperature exposure test

Treatment Pr>F
Genes
Tau0.13 Tau0.56 Tau0.96 Tau1.50 Tau2.01 Tau2.54 Taurine2.87 ANOVA Linear Quadratic
hsp60 1.00+0.09 0.91+0.63 1.06 +0.77 1.12+0.15 1.20+0.83 1.22+091 0.90 £ 0.46 0.99 0.77 0.93
hsp70 0.74+0.94 0.77+1.29 1.12+£0.21 1.17+0.18 0.84+0.25 0.73+0.14  093+0.24 0.97 0.83 0.50
hsp90 0.99 £ 0.09 1.09+0.32 1.10+0.06 1.04+0.10 0.99 £0.20 0.92+0.13 1.00+0.13 0.99 0.93 0.56
wap65  1.02+0.06 1.05+0.32 1.09 +0.06 1.18+0.12 0.89+0.11 0.91£0.05 1.06 +0.08 0.80 0.78 0.29

Values are meanstsem from triplicate groups (n = 3) There was no significant difference observed (p > 0.05).
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this study. In lipid metabolism, taurine is involved in the deg-
radation of cholesterol metabolites and participates in micelle
formation, which enhances fat absorption in the small intestine
(Ferreira et al., 2014).

The deleterious effects of high temperatures are usually a
consequence of energetic tradeofts at organism levels with or-
ganisms tending to make higher energetic investments in phys-
iological compensatory mechanisms, resulting in depletion of
energy reserves, mainly lipids, especially in marine organisms
where lipid provides the densest form of energy (Madeira et al.,
2021). Therefore, future studies could investigate the mecha-
nisms of action of taurine in lipid metabolism to gain additional
insights into the possible role of taurine supplementation in
managing lipid reserves in teleost fish during exposure to in-
creased temperatures.

Furthermore, we investigated the potential effects of tau-
rine supplementation on juvenile olive flounder at other levels
of biological organization, analyzing free amino acids in the
brain and intestine (organ level) and in the plasma (extracellu-
lar fluid). Taurine supplementation did not induce significant
changes in free amino acid levels in the brain at any supplemen-
tation level, suggesting a robust regulatory mechanism, likely
maintained by the blood-brain barrier, which controls the entry
of amino acids into the central nervous system (Segarra et al,
2021). In contrast, the intestine exhibited significant taurine ac-
cumulation across most inclusion levels, except for the Taul.50
group, where levels did not significantly differ from the Tau0.13
group. This finding implies effective dietary taurine absorption
and highlights its potential role in digestive health (O’Flaherty
et al,, 2003). According to Wu (2020), taurine is absorbed intact
by the intestinal mucosa, entering the portal circulation without
degradation.

Regarding the lethal stress exposure of juvenile olive floun-
der after the feeding trial, there was no significant difference in
cumulative SR after the 48-h exposure period among the vari-
ous taurine supplementation groups. Although initial variations
in survival were observed, particularly with the 0.13% and 1.50%
taurine groups showing delayed mortality, these differences
diminished over time. By the end of the trial, cumulative SRs
across all taurine levels converged, suggesting that taurine sup-
plementation did not provide a sustained long-term advantage
in survival under our tested conditions. This indicates that the
effect of taurine on juvenile olive flounder under extreme tem-
peratures may be limited. The mechanism underlying taurine’s
limited effect on olive flounder survival in extreme tempera-
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tures should be further investigated.

Nutrients dissolved in plasma can enter into the tissues
from the capillaries through diffusion, filtration, and osmo-
sis. In this study, our assessment of juvenile olive flounder’s
plasma revealed significant alterations in several free amino
acids, including branched-chain amino acids (valine, leucine,
and isoleucine), taurine, phosphoserine, threonine, serine,
glutamic acid, glycine, alanine, cystine, methionine, tyrosine,
phenylalanine, and GABA. This suggests that taurine influences
various metabolic pathways and interactions among amino
acids, thereby providing a substrate pool for energy or protein
synthesis (Hardy & Kaushik, 2021). As these amino acids may
be redirected where metabolic demand is highest, sufficient
availability of these free amino acids may support the organisn’s
adaptive response (Hardy & Kaushik, 2021; Fig. 4). Therefore,
the elevated levels of free amino acids may indicate enhanced
stress resilience and improved physiological responses in olive
flounder. For instance, increased branched-chain amino acids
suggest a heightened potential for protein synthesis and energy
production, particularly under stress. Elevated plasma leucine
supports muscle protein synthesis and metabolic regulation.
Additionally, juveniles fed taurine-supplemented diets showed
significantly higher plasma alanine, a key gluconeogenic amino
acid, indicating improved energy regulation during metabolic
stress. Elevated methionine, cysteine, and taurine levels may
enhance antioxidant activity through glutathione synthesis
(Métayer et al., 2008), further promoting stress resilience. The
rise in plasma tyrosine and phenylalanine levels suggests an
increased potential for neurotransmitter synthesis, potentially
improving stress responses via catecholamine modulation, such
as dopamine and norepinephrine (Fernstrom & Fernstrom,
2007). Additionally, the significant increase in GABA levels may
further indicate taurine’s role in supplying GABA to regulate
neural excitability, potentially offering neuroprotective effects
during stress (Mezzomo et al., 2017). Overall, the observed
changes in plasma amino acid levels suggest that taurine supple-
mentation may play a crucial role in enhancing stress resilience
and metabolic plasticity across various physiological pathways,
particularly when the availability of key nutrients is limited due
to environmental stress.

Regarding the assessment of plasma metabolites, partic-
ularly those related to liver function, GLU metabolism, lipid
metabolism, and protein status, we observed that temperature
is a key factor modulating some of these metabolites. Elevated
temperatures significantly increased levels of GOT, GPT, and
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Fig. 4. Polar plot representation of the potential physiological role of the significantly elevated free amino acids in the
plasma of olive flounder subjected to acute temperature stress following taurine supplementation. The plot categorizes these
amino acids into five distinct functions: Neurotransmitters, Branched Chain Amino Acids, Energy Metabolism, Protein Synthesis, and
Regulatory Functions. Each category is represented as a colored bar radiating from the center of the plot, with specific amino acids
and their relevance positioned accordingly within each category. The visual representation was created in Python (Python, 2023).

GLU at 29C compared to 19.5C. GOT and GPT, common
indicators of liver health, were markedly higher at the elevated
temperature, suggesting stress and potential liver damage. Simi-
lar observations were made in Nile tilapia (Oreochromis niloti-
cus; Hegazi et al., 2010) under environmental stress. The rise in
plasma GLU supports the notion of a stress response, as hyper-
glycemia is often associated with physiological stress. However,
despite the significant effects of temperature on liver function
and GLU metabolism, no significant changes were observed in
plasma TG, TCHO, or TP levels. This finding aligns with those
of Han et al. (2014), who reported that taurine supplementation
did not significantly alter blood parameters such as hematocrit,
hemoglobin, GLU, TP, TCHO, total bilirubin, and TG in olive
flounder. Our results suggest that while temperature stress pri-
marily disrupts liver function and GLU regulation, olive floun-
der may have mechanisms to maintain lipid and protein metab-
olism under temperature stress. This could be due to the short
duration of temperature exposure or adaptive responses that
buffer lipid and protein homeostasis during short-term thermal
challenges. A key aspect of such adaptation in ectotherms is
homeoviscous adaptation, where membrane lipid composition
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is adjusted to restore fluidity during temperature fluctuations
by altering glycerophospholipid ratios. These mechanisms may
contribute to the stability of lipid and protein metabolism in
olive flounder under temperature stress (Ernst et al., 2016).

Additionally, we observed a significant interaction between
taurine supplementation and temperature for GLU levels with
higher taurine diets showing reduced GLU concentrations at
elevated temperatures, emphasizing taurin€’s role in alleviating
stress-induced metabolic disturbances, particularly in GLU reg-
ulation. The reduction in GLU concentrations with increased
taurine supplementation, especially at higher temperatures,
suggests that taurine may play a protective role against stress-in-
duced hyperglycemia (Kaplan et al., 2004). This finding is
consistent with those reported by Qian et al. (2021) in hybrid
grouper (§ Epinephelus fuscoguttatus x & E. lanceolatus) fed
taurine-supplemented diets.

Furthermore, we investigated the effect of taurine on
antioxidant enzyme activities, immune responses, and stress
hormone levels of juvenile olive flounder after stress exposure.
Our results revealed that temperature, rather than taurine
supplementation, had the most significant impact on these
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parameters. Levels of GPx, IgM, and LZM levels all significant-
ly decreased at higher temperatures, while levels of SOD and
CORT were significantly increased. Additionally, we observed a
significant interaction between temperature and diet concern-
ing CORT levels. The Tau0.94 group exhibited a reduction com-
pared to the control group at 29C. This suggests that taurine
supplementation may mitigate the stress-induced rise in CORT.
This finding aligns with studies showing that taurine supple-
mentation reduces stress hormone levels in juvenile rock bream
(O. fasciatus; Ferreira et al., 2014).

While taurin€’s primary role in stress mitigation is often
linked to its antioxidant and osmoregulatory functions, its
effects on the immune system are also noteworthy. Research
on red sea bream (Matsunari et al., 2008) and Atlantic salmon
(Espe et al.,, 2011) has shown that taurine can enhance immune
function by modulating antioxidant enzyme activity. However,
the absence of significant interaction effects on SOD, GPx, IgM,
and LZM in our study suggests that taurine alone may not be
sufficient to counteract the physiological impacts of acute tem-
perature stress on these parameters in juvenile olive flounder.

At the molecular level, gene expression analysis of stress-re-
lated parameters in the brain and liver of juvenile olive flounder
subjected to acute temperature stress showed no significant dif-
ferences in the mRNA levels of key stress-related genes (hsp60,
hsp70, hsp90, and wap65) among the different dietary groups.
This indicates that taurine supplementation may not signifi-
cantly influence the expression of these genes under acute tem-
perature stress conditions. Given the critical roles these genes
play in cellular stress management, other mechanisms, such as
post-translational modifications or metabolic pathways, may
be more directly involved in the physiological response to tem-
perature stress.

Interestingly, several studies have reported that taurine sup-
plementation enhanced the expression of stress-related genes in
other fish species, such as hybrid snakehead (C. maculatus ¢ x
C. argus?) and yellow catfish (Pelteobagrus fulvidraco) under
ammonia stress (Tan et al., 2018). However, in species like Sibe-
rian sturgeon (Acipenser baerii) and rainbow trout, the expression
of the hsp70 gene was not affected (Shi et al., 2020). This variation
suggests that taurine’s effect on stress-related gene expression may
depend on the type of stressor and the species involved.

Conclusion

The results of our study provide valuable insights into the re-
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sponse of juvenile olive flounder to taurine supplementation
across various levels of biological organization. While taurine
did not significantly enhance growth performance, it demon-
strated a notable metabolic influence, particularly by reducing
whole-body crude lipid content. This reduction aligns with
taurine’s established role in lipid metabolism, which facilitates
fat digestion and absorption through bile acid conjugation and
micelle formation. Furthermore, taurine supplementation sig-
nificantly altered the plasma free amino acid profile when ex-
posed to the acute temperature stress. These alterations suggest
that taurine has the potential to contribute to energy regulation
and metabolic adaptation by providing a reservoir of amino
acids that can be utilized during periods of increased metabolic
demand.

At the molecular level, our findings indicate that taurine
may play a role in stress regulation by helping to mitigate the
elevation of CORT levels during acute temperature stress. This
points to a potential stress-attenuating role of taurine, which
may help fish cope with environmental challenges. However,
the expression levels of key stress-related genes (Asp60, hsp70,
hsp90, and wap65) remained unchanged across dietary groups,
indicating that taurines protective effects may not involve direct
modulation of these genes under acute temperature stress con-
ditions. Instead, other mechanisms such as post-translational
modifications or metabolic pathways may be more influential.

While taurine did not significantly affect immune respons-
es or antioxidant enzyme activity, it underscores the complexity
of its role in fish physiology. In conclusion, although taurine
supplementation did not improve growth in juvenile olive
flounder, its influence on fat metabolism, plasma free amino
acid profiles, and stress hormone regulation suggests potential
metabolic and stress-related benefits under specific conditions.
Further research is needed to optimize taurine inclusion levels
and investigate its long-term effects, particularly in environ-
ments subject to temperature fluctuations, with the goal of en-
hancing the resilience and overall health of aquaculture species.
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